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Four years have passed since the last edition of Clinical Pediatric 
Endocrinology and 28 since the fi rst and still the emphasis remains 
on Clinical. The science has changed but the discipline of clinical 
medicine – history and clinical examination – has not and my 
co-editors and I make no apology for continually stressing the 
relevance of careful thought before reaching for the investigation 
pad. Advances in our understanding of molecular mechanisms 
has led to the introduction of many new tests but a diagnosis is 
seldom made by untargeted indiscriminate investigation.

We have been ably assisted on this occasion by the team at what 
used to be Blackwell and is now Wiley-Blackwell, and especially 
by Rob Blundell and Helen Harvey, but it is the authors delivering 
their commissions on time (and most of them did) that makes a 
book. Some of them are new to this book and some are trusty 
friends: we thank them all.

Preface

The contributions were edited by me so I take full responsibil-
ity for idiosyncrasies of spelling and punctuation as well as for 
errors and omissions. Commissions were solicited on the advice 
of Rosalind Brown and Peter Clayton with whom working has 
again been a pleasure. In launching this edition at the 2009 joint 
meeting of the world’s pediatric endocrinology societies, we 
acknowledge the global spread of our discipline which happily 
thrives in the 21st century.

 C.G.D. Brook
 Hadspen Farm
 Somerset, UK
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1 Genetics and Genomics

Peter A. Kopp
Division of Endocrinology, Metabolism and Molecular Medicine, Northwestern University, Chicago, IL, USA

The understanding of the molecular basis of many endocrine and 
non-endocrine disorders has grown during the last decade (see 
OMIM, Online Mendelian Inheritance in Man, a comprehensive 
catalog of human genes and genetic disorders: http://www.ncbi.
nlm.nih.gov/sites/entrez?db=omim) (Table 1.1). With the excep-
tion of simple trauma, every disease has a genetic component. In 
monogenic disorders, for example, congenital adrenal hyperplasia 
(CAH), the genetic component is the major etiologic factor. In 
complex disorders, multiple genes in conjunction with environ-
mental and lifestyle factors contribute to the pathogenesis; hence 
their designation as polygenic or multifactorial disorders. In other 
instances, genetic factors infl uence the manifestation of disease 
indirectly by defi ning the host’s susceptibility and resistance as, 
for example, in an environmental disease such as infection.

Genetics can be defi ned as the science of heredity and variation. 
Medical genetics, the clinical application of genetics, has histori-
cally focused on chromosomal abnormalities and inborn errors 
of metabolism, because of readily recognizable phenotypes and 
techniques to diagnose the conditions. Analysis of the transmis-
sion of human traits and disease within families, together with 
the study of the underlying molecular basis, has culminated in 
understanding many monogenic or Mendelian disorders, which 
has led to a signifi cant modifi cation in the diagnostic process for 
an increasing number of them. Many major health care problems, 
such as diabetes mellitus type 2, obesity, hypertension, heart 
disease, asthma and mental illnesses, are complex and we are at 
the early stages of unraveling the genetic alterations predisposing 
to these disorders, which are signifi cantly infl uenced by exoge-
nous factors. It is important to recognize that phenotype can also 
be infl uenced by genetic and environmental modifi ers in mono-
genic disorders. For example, the expression of the phenotype in 
monogenic forms of diabetes mellitus due to mutations in the 
MODY (Maturity Onset of Diabetes in the Young) genes is infl u-
enced by factors such as diet and physical activity.

Cancer can also be viewed as a genetic disease, because somatic 
mutations in genes controlling growth and differentiation are key 
elements in its pathogenesis. Many cancers are associated with a 
predisposition conferred by hereditary germline mutations.

The term genome, introduced before the recognition that DNA 
is the genetic material, designates the totality of all genes on all 
chromosomes in the nucleus of a cell. Genomics refers to the dis-
cipline of mapping, sequencing and analyzing genomes. Because 
of the rapidly growing list of sequenced genomes in numerous 
organisms, genomics is currently undergoing a transition with 
increasing emphasis on functional aspects.

Genome analysis can be divided into structural and functional 
genomics. The analysis of differences among genomes of individu-
als of a given species is the focus of comparative genomics. The 
complement of messenger RNAs (mRNAs) transcribed by the 
cellular genome is called the transcriptome and the generation of 
mRNA expression profi les is referred to as transcriptomics. Epi-
genetic alterations, chemical modifi cations of DNA or chromatin 
proteins, infl uence gene transcription. The sum of all epigenetic 
information defi nes the epigenome and is a current focus of high-
throughput analyses (epigenomics).

The term proteome has been coined to describe all the proteins 
expressed and modifi ed following expression by the entire genome 
in the lifetime of a cell. Proteomics refers to the study of the pro-
teome using techniques of large-scale protein separation and 
identifi cation. The fi eld of metabolomics aims at determining the 
composition and alterations of the metabolome, the complement 
of low-molecular-weight molecules. The relevance of these analy-
ses lies in the fact that proteins and metabolites function in 
modular networks rather than linear pathways. Hence, any physi-
ological or pathological alteration may have many effects on the 
proteome and metabolome. Metagenomics refers to the analysis 
of the genomes of the microorganisms present in a specifi c com-
partment (e.g. the gut fl ora).

The growth of biological information has required computer-
ized databases to store organize, annotate and index the data. 
This has led to the development of bioinformatics, the applica-
tion of informatics to (molecular) biology. Computational and 

Brook’s Clinical Pediatric Endocrinology, 6th edition. Edited by C. Brook, 

P. Clayton, R. Brown. © 2009 Blackwell Publishing, 
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Table 1.1 Selected databases relevant for genomic medicine.

Site Content URL

National Center for Biotechnology Information 
(NCBI)

Portal with extensive links to genomic databases, PubMed, 
OMIM. Links to educational online resources including 
guidelines for the use of genomic databases

http://www.ncbi.nlm.nih.gov/

Online Mendelian Inheritance in Man (OMIM) Catalog of human genetic disorders http://www.ncbi.nlm.nih.gov/omim/

National Human Genome Research Institute Information about the human genome sequence, genomes 
of other organisms and genomic research

http://www.genome.gov/

European Bioinformatics Institute (EBI) Portal to numerous databases and tools for the analysis of 
sequences and structures

http://www.ebi.ac.uk

DNA Database of Japan Portal to numerous databases and tools for the analysis of 
sequences and structures

http://www.ddbj.nig.ac.jp/

University of California, Santa Cruz (UCSC) 
Genome Bioinformatics

Reference sequence of the human and other genomes. 
Multiple tools for sequence analysis

http://genome.ucsc.edu/

Swiss-Prot Protein sequence database with description of protein 
function, domains structure, post-translational modifi cations 
and variants

http://www.ebi.ac.uk/swissprot/index.html

Protein Structure Database Portal to Biological Macromolecular Structures http://www.rcsb.org/pdb/home/home.do

American College of Medical Genetics Access to databases relevant for the diagnosis, treatment 
and prevention of genetic disease

http://www.acmg.net/

Genecards A database of human genes, their products and 
involvement in diseases

http://bioinformatics.weizmann.ac.il/cards/

GeneTests·GeneClinics Directory of laboratories offering genetic testing http://www.genetests.org/

Gene Ontology The Gene Ontology project provides a controlled vocabulary 
to describe gene and gene product attributes in any 
organism

http://www.geneontology.org/

Chromosomal Variation in Man Catalog of chromosomal disorders http://www.wiley.com/legacy/products/subject/life/
borgaonkar/access.html

Database of Chromosomal Imbalance and 
Phenotype in Humans using Ensembl Resources 
(DECIPHER)

Catalog of genomic and clinical information of patients with 
chromosomal disorders

http://www.sanger.ac.uk/PostGenomics/decipher

Mitochondrial disorders, DNA repeat sequences 
& disease

Catalog of disorders associated with mtDNA mutations and 
DNA repeats

http://neuromuscular.wustl.edu/

National Organization for Rare Disorders Catalog of rare disorders including clinical presentation, 
diagnostic evaluation and treatment

http://www.rarediseases.org/

mathematical tools are essential for the management of nucleo-
tide and protein sequences, the prediction and modeling of sec-
ondary and tertiary structures, the analysis of gene and protein 
expression and the modeling of molecular pathways, interactions 
and networks. Numerous continuously evolving databases 
provide easy access to the expanding information about the 
genome of humans and other species, genetic disease and genetic 
testing (Table 1.1). The integration of data generated by tran-
scriptomic, proteomic, epigenomic and metabolomic analyses 
through informatics, systems biology, is an emerging discipline 
aimed at understanding phenotypic variations and creating com-
prehensive models of cellular organization and function. These 

efforts are based on the expectation that an understanding of the 
complex and dynamic changes in a biological system may provide 
insights into pathogenic processes and the development of novel 
therapeutic strategies and compounds.

DNA, genes and chromosomes

Structure of DNA
The recognition in 1944 that DNA carries the genetic information 
was followed by the deduction of its structure in 1953. DNA is a 
double-stranded helix. Each strand consists of a backbone formed 
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Figure 1.1 Top: The four bases of DNA and the DNA helix. Semiconservative 
replication generates two identical daughter molecules, each composed of one 
parental strand and one newly synthesized strand.
Bottom: General structure of a gene. The 5′ regulatory regions contain enhancer 
elements, response elements (RE) and often a CAAT box and a TATA box. The 

by a deoxyribose-phosphate polymer (Fig. 1.1). Four different 
nitrogen-containing bases are attached to the sugar ring: the 
purines, adenine (A) and guanine (G), and the pyrimidines, cyto-
sine (C) and thymidine (T). The two strands of DNA are comple-
mentary and held together by hydrogen bonds pairing adenine 
with thymidine and guanine with cytosine. The double-stranded 
nature of DNA and its strict base pair complementarity permit 
faithful replication during cell division, as each strand can serve 
as a template for the synthesis of a new complementary strand 
referred to as semiconservative replication. The complementary 

structure of the two strands is also of importance as a defense 
against DNA damage. Damage or loss of a base on the opposite 
strand can be repaired using the intact strand as a template.

The presence of four different bases provides surprising genetic 
diversity. In the protein-coding regions of genes, the DNA bases 
are arranged into codons, triplets of bases that encode one of the 
20 different amino acids or a stop codon. Combinatorial arrange-
ment of the four bases creates 64 different triplets (43). Many 
amino acids, as well as the stop of translation, can be specifi ed 
by several different codons. Because there are more codons 

exons (dark gray) are separated by introns (light gray). Alternative splicing may 
generate distinct mRNA products from a given gene and is an important 
mechanism generating diversity at the protein level. ATG, start codon; Met, 
methionine; TATA box, TATA-binding protein box; UTR, untranslated region.
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than amino acids, the genetic code is said to be degenerate. 
Arranging the codons in different combinations of various 
length permits the generation of a tremendous diversity of 
polypeptides.

The human genome
The Human Genome Project, launched in the 1980s, fi rst led to 
the creation of genetic and physical maps. A genetic map describes 
the order of genes and defi nes the position of a gene relative to 
other loci on the same chromosome. It is constructed by assessing 
how frequently two markers are inherited together, i.e. linked, by 
linkage studies. Distances of the genetic map are expressed in 
recombination units or centimorgans (cM). One centimorgan 
corresponds to a recombination frequency of 1% between two 
polymorphic markers and corresponds to approximately 1  Mb of 
DNA. Physical maps indicate the position of a locus or gene in 
absolute values. Sequence-tagged sites (STSs), any site in a chro-
mosome or genome that is identifi ed by a known unique DNA 
sequence, have been widely used for physical mapping and, after 
cloning of DNA fragments, they have served as landmarks for 
arranging overlapping cloned DNA fragments in the same order 
as they occur in the genome. These overlapping clones then 
allowed the characterization of contiguous DNA sequences 
(contigs). This approach led to high-resolution physical maps by 
cloning the whole genome into overlapping fragments. The com-
plete DNA sequence of each chromosome provides the highest 
resolution physical map and, after publication of a fi rst draft of 
the whole genome in 2000, its sequence analysis was largely com-
pleted in 2003.

Human DNA consists of about 3 billion base pairs (bp) of 
DNA per haploid genome contained in the 23 chromosomes. The 
smallest chromosome (chromosome 21) contains approximately 
47 million bp, the largest (chromosome 1) 247 million bp. The 
human genome is estimated to contain about 30 000–40 000 
genes. This number is smaller than the original estimates (up to 
100 000 genes), which were derived from the large diversity of 
proteins. This observation indicates that alternative splicing of 
genes and the use of various promoters are important mecha-
nisms generating protein diversity (Fig. 1.1).

Historically, genes were identifi ed because they conferred spe-
cifi c traits that are transmitted from one generation to the next. 
Genes can be defi ned as functional units that are regulated by 
transcription and encode RNA (Fig. 1.1). The majority of RNA 
transcripts consist of mRNA which is subsequently translated 
into protein. Other RNA transcripts exert specialized functions, 
such as transfer of amino acids for polypeptide synthesis (tRNA), 
contribute to ribosome structure (rRNA) or regulate transcrip-
tion. MicroRNAs (miRNAs) are small non-coding RNAs that 
regulate gene expression by targeting mRNAs of protein coding 
genes or non-coding RNA transcripts. They have an important 
role in developmental and physiologic processes and can act as 
tumor suppressors or oncogenes in cancer development.

Genes account for 10–15% of the genomic DNA. Much of the 
remaining DNA consists of highly repetitive sequences, the func-

tion of which remains incompletely understood. These repetitive 
DNA regions, along with non-repetitive sequences that do not 
encode genes, are, in part, involved in the packaging of DNA 
into chromatin and chromosomes or in the regulation of gene 
expression. Genes are unevenly distributed across the various chro-
mosomes and vary in size from a few hundred to more than 2 
million base pairs. The vast majority of genes are located in nuclear 
DNA but a few are found in mitochondrial DNA (mtDNA).

A major goal of human genetics aims at understanding the role 
of common genetic variants in susceptibility to common disor-
ders. This involves identifying, cataloging and characterizing gene 
variants, followed by performing association studies. The variants 
include short repetitive sequences in regulatory or coding regions 
and single-nucleotide polymorphisms (SNPs), changes in which 
a single base in the DNA differs from the usual base at that posi-
tion (Fig. 1.2). SNPs occur roughly every 300  bp and most are 
found outside coding regions. SNPs within a coding sequence can 
be synonymous (i.e. not altering the amino acid code) or non-
synonymous. There are roughly 3 million differences between the 
DNA sequences of any two copies of the human genome. The 
identifi cation of approximately 10 million SNPs that occur com-
monly in the human genome through the International HapMap 
Project is of great relevance for genome-wide association studies 
(GWAS).

Structure and function of genes
The structure of a typical gene consists of regulatory regions fol-
lowed by exons and introns and downstream untranslated regions 
(Fig. 1.1). The regulatory regions controlling gene expression 
most commonly involve sequences upstream (5′) of the tran-
scription start site, although there are examples of control 
elements located within introns or downstream of the coding 
region of a gene. Exons designate the regions of a gene that are 
eventually spliced together to form the mature mRNA. Introns 
refer to the intervening regions between the exons that are 
spliced out of precursor RNAs during RNA processing. A gene 
may generate various transcripts through the use of alternative 
promoters and/or alternative splicing of exons (Fig. 1.1). These 
mechanisms contribute to the diversity of proteins and their 
functions.

The regulatory DNA sequences of a gene, which are typically 
located upstream of the coding region, are referred to as the pro-
moter. The promoter region contains specifi c sequences, response 
elements that bind transcription factors. Some transcription 
factors are ubiquitous; others are cell-specifi c. Gene expression is 
controlled by additional regulatory elements, enhancers and locus 
control regions, which may be located far away from the promoter 
region. The transcription factors that bind to the promoter and 
enhancer sequences provide a code for regulating transcription 
that is dependent on developmental state, cell type and endoge-
nous and exogenous stimuli. Transcription factors interact with 
other nuclear proteins, co-activators and co-repressors and gener-
ate large regulatory complexes that ultimately activate or repress 
transcription.
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In the eukaryotic cell nucleus, DNA is packaged by histones 
into nucleosomes. This packaging inhibits transcription by 
impeding the binding of transcriptional activators to their cognate 
DNA sites. Therefore, alterations in chromatin structure typically 
precede gene transcription. Repression is often associated with 
histone deacetylation. Conversely, activation of transcription 
may involve histone acetylation, which results in the remodeling 
of chromatin and subsequent binding of trans-acting factors to 
DNA (Fig. 1.3). Once bound to DNA, the transcription factor 
complexes recruit proteins that form the basal transcription 
complex including RNA polymerase. Gene transcription occurs 
with the synthesis of RNA from the DNA template by RNA poly-
merase. mRNA is encoded by the coding strand of the DNA 
double helix and is translated into proteins by ribosomes. The 
transcriptional termination signals reside in the 3′ region of a 
gene. A polyadenylation signal encodes a poly-A tail, which infl u-
ences mRNA export to the cytoplasm, stability and translation 
effi ciency.

Transcription factors account for about 30% of all expressed 
genes. Mutations in transcription factors cause a signifi cant 
number of endocrine and non-endocrine genetic disorders. 
Because a given set of transcription factors may be expressed in 
various tissues, it is not uncommon to observe a syndromic phe-
notype. The mechanism by which transcription factor defects 
cause disease often involves haploinsuffi ciency, a situation in 
which a single copy of the normal gene is incapable of providing 
suffi cient protein production to assure normal function. Biallelic 
mutations in such a gene may result in a more pronounced phe-
notype. For example, monoallelic mutations in the transcription 
factor HESX1 (RPX) result in various constellations of pituitary 
hormone defi ciencies and the phenotype is variable among family 

Upstream

5¢-Untranslated region

Synonymous coding

Non-synonymous coding

Splice site SNP

Intronic SNP

3’-Untranslated region

Downstream

C/AT/GA/GT/CC/TC/TC/GC/GC/TC/TC/TG/AC/TA/GC/TA/-

421 kb

23 1

Figure 1.2 Single-nucleotide polymorphisms in the 
PROP1 gene, which encodes a homeodomain 
transcription factor involved in programing the 
development of the anterior pituitary gland. The 
gene is located on chromosome 5q. The 
transcription of this gene, which contains three 
exons, occurs from right to left. SNPs are found in 
all regions of the gene, the 5′-untranslated region, 
the exons, splice sites, introns and the 3′-
untranslated region. In the coding region, the SNPs 
may be synonymous, i.e. the encoded amino acid 
remains unchanged; non-synonymous SNPs result in 
an amino acid substitution. SNPs are found about 
every 300  bp throughout the genome.

members with the same mutation. Inactivating mutations of both 
alleles of HESX1 cause familial septo-optic dysplasia and com-
bined pituitary hormone defi ciency.

Gene expression is also infl uenced by epigenetic events, such as 
X-inactivation and imprinting, i.e. a marking of genes that results 
in monoallelic expression depending on their parental origin. In 
this situation, DNA methylation leads to silencing, i.e. suppres-
sion of gene expression on one of the chromosomes. Genomic 
imprinting has an important role in the pathogenesis of several 
genetic disorders [e.g. Prader–Willi syndrome and Albright 
hereditary osteodystrophy (AHO)].

Chromosomes
The normal diploid number of chromosomes in humans is 46, 
consisting of two homologous sets of 22 autosomes (chromo-
somes 1 to 22) and a pair of sex chromosomes. Females have two 
X chromosomes (XX), whereas males have one X and one Y 
chromosome (XY). As a consequence of meiosis, germ cells – 
sperm or oocytes – are haploid and contain one set of 22 auto-
somes and one of the sex chromosomes. At the time of fertilization, 
the pairing of the homologous chromosomes from the mother 
and father results in reconstitution of the diploid genome. With 
each cell division, i.e. mitosis, chromosomes are replicated, paired, 
segregated and divided into two daughter cells.

The normal human genome contains large blocks (>1  kb) of 
DNA sequences, often containing numerous genes, that can be 
duplicated one or several times or missing on a given chromo-
some. These copy number variants (CNV) tends to vary in a spe-
cifi c manner among different populations. CNVs are associated 
with hot spots of chromosomal rearrangements. Because CNVs 
can result in differential levels of gene expression, they are thought 
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to contribute signifi cantly to normal phenotypic variation. 
Genomic imbalances resulting from CNVs are also causally 
involved in numerous disorders; for example, Williams syndrome 
(short stature, elfi n facies, supravalvular aortic stenosis and 
hypercalcemia).

Replication of DNA, mitosis and meiosis
Genetic information in DNA is transmitted to daughter cells 
during two different types of cell division: mitosis and meiosis. 
Somatic cells divide by mitosis, allowing the diploid (2n) genome 
to replicate itself during cell division. The formation of germ cells, 
sperm and ova, requires meiosis, a process that leads to the reduc-
tion of the diploid (2n) set of chromosomes to the haploid state 
(1n).

Before mitosis, cells exit the resting or G0 state and enter 
the cell cycle. After traversing a critical checkpoint in G1, cells 
undergo DNA synthesis (S phase), during which the DNA in 
each chromosome is replicated, yielding two pairs of sister 
chromatids (2n to 4n). The process of DNA synthesis requires 
strict fi delity in order to avoid transmitting errors to subsequent 
generations of cells. Therefore, genetic abnormalities of enzymes 
that are involved in DNA mismatch repair predispose to 
neoplasia because of the rapid acquisition of additional muta-
tions (e.g. xeroderma pigmentosa, Bloom syndrome, ataxia 
telangiectasia and hereditary non-polyposis colon cancer). 
After completion of DNA synthesis, cells enter G2 and progress 
through a second checkpoint before entering mitosis. Subse-
quently, the chromosomes condense and are aligned along the 
equatorial plate at metaphase. The two identical sister chroma-
tids, held together at the centromere, divide and migrate to 
opposite poles of the cell. After the formation of a nuclear mem-
brane around the two separated sets of chromatids, the cell 
divides forming two daughter cells with a diploid (2n) set of 
chromosomes.

Meiosis occurs only in germ cells of the gonads. It involves two 
steps of cell division that reduce the chromosome number to the 
haploid state. Recombination, the exchange of DNA between 
homologous paternal and maternal chromosomes during the fi rst 
cell division, is essential for generating genetic diversity. Each 
chromosome pair forms two sister chromatids (2n to 4n). This is 
followed by an exchange of DNA between homologous chromo-
somes through the process of crossover. In most instances, there 
is at least one crossover on each chromosomal arm. This recom-
bination process occurs more frequently in female meiosis than 
in male meiosis. Subsequently, the chromosomes segregate ran-
domly. As there are 23 chromosomes, this can generate 223 (>8 
million) possible combinations of chromosomes. Together with 
the genetic exchanges that occur during recombination through 
crossover, chromosomal segregation generates tremendous 
diversity and therefore each gamete is genetically unique. The 
processes of recombination and independent segregation of chro-
mosomes provide the foundation for performing linkage analy-
ses, in which the inheritance of linked genes is correlated with the 
presence of a disease or genetic trait. After the fi rst meiotic divi-
sion, which results in two daughter cells (2n), the two chromatids 
of each chromosome separate during a second meiotic division 
to yield four gametes with a haploid chromosome set (1n). 
Through fertilization of an egg by a sperm, the two haploid sets 
are combined, thereby restoring the diploid state (2n) in the 
zygote.
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Figure 1.3 Control of gene transcription by the ligand-dependent thyroid 
hormone receptor (TR) interacting with co-repressors and co-activators. In the 
absence of triiodothyronine (T3), the TR binds to a thyroid hormone response 
element (TRE) in conjunction with the retinoid X receptor (RXR). Co-repressors 
associated with the TR recruit histone deacetylases (HDAC) and transcription is 
silenced. After binding of T3, the TR undergoes a conformational alteration, the 
co-repressors dissociate and co-activators can interact with the receptor. This, in 
turn, leads to binding of histone acetylases such as pCAF that modify chromatin 
structure and enable transcription. In the case of resistance to thyroid hormone, 
mutations in TRβ do not permit release of the co-repressors and lead to silencing 
of gene transcription in target genes. CBP, CREB-binding protein; CREB, cyclic 
AMP response element-binding protein; RNA Pol II, RNA polymerase II; TBP, 
TATA-binding protein.
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Analysis of chromosomes, DNA and RNA

Analyses of large alterations in the genome are possible using 
cytogenetics, fl uorescence in situ hybridization (FISH), Southern 
blotting, high-throughput genotyping and sequencing. More dis-
crete sequence alterations rely heavily on the use of the polymerase 
chain reaction (PCR). PCR permits rapid genetic testing and 
mutational analysis with small amounts of DNA extracted from 
solid tissues, nucleated blood cells, leukocytes, buccal cells or hair 
roots. Reverse transcription PCR (RT-PCR) transcribes RNA into 
a complementary DNA strand, which can then be amplifi ed by 
PCR. RT-PCR can be used for sequence analyses of the coding 
regions and to detect absent or reduced levels of mRNA expres-
sion resulting from a mutated allele.

Screening for point mutations can be performed by numer-
ous methods, such as sequencing of DNA fragments amplifi ed 
by PCR, recognition of mismatches between nucleic acid 
duplexes or electrophoretic separation of single- or double-
stranded DNA. Most traditional diagnostic methods are gel-
based and focus on single genes. Novel techniques for the 
analysis of mutations, genetic mapping and mRNA expression 
profi les are rapidly evolving. Chip techniques allow hybridiza-
tion of DNA or RNA to hundreds of thousands of probes simul-
taneously. Microarrays are being used clinically for mutational 
analysis of several human disease genes, for the identifi cation of 
viral sequence variations and for large-scale analyses of mRNA 
transcripts. Comprehensive genotyping of SNPs can be per-
formed with microarray and beadarray technologies or mass 
spectrometry. These technologies are widely used for genotyp-
ing in GWAS, analyses of copy number variations and charac-
terization of genomic DNA methylation. While traditional 
sequencing technologies are still of importance and widely 
used, particularly for the sequencing of PCR products, high-
throughput sequencing technologies are rapidly evolving and 
several platforms have become commercially available in the 
recent past. These techniques provide the foundation to expand 
from a focus on single genes to analyses at the scale of the 
genomes of prokaryotes and eukaryotes. It is anticipated that 
sequencing of the whole human genome of an individual for a 
cost of $1000 or less will soon become a reality. In addition to 
sequencing DNA, high-throughput sequencing technologies can 
be used for the characterization of RNA expression, non-coding 
and microRNAs, protein–DNA interactions, epigenomic altera-
tions and metagenomic analyses.

The availability of comprehensive individual sequence 
information is expected to have a signifi cant impact on medical 
care and preventative strategies but it also raises ethical and legal 
concerns how such information may be used by insurers and 
employers. Protection against discrimination based on genetic 
information for health insurance and employment is needed; for 
example, the recently introduced Genetic Information Nondis-
crimination Act (GINA) in the USA is an important fi rst step to 
avoid misuse of genetic information.

Concerns that the exclusive protection of genetic risks results 
in an increasing discrimination against lifestyle risks persist. The 
impact of genetic testing on health care costs has not been 
addressed in detail and probably depends on the specifi c disorder 
and the availability of effective therapeutic modalities. In certain 
instances it can be cost-effective; for example, in carrier detection 
in family members of individuals affected by multiple endocrine 
neoplasia type 2 (MEN2). The marketing of genetic testing 
directly to consumers (consumer genomics) through the Internet 
by commercial companies raises numerous questions about the 
accuracy and confi dentiality of the information, how the results 
should be handled and how to ensure appropriate regulatory 
oversight.

Genetic linkage and association
There are two primary strategies for mapping genes that cause or 
increase susceptibility to human disease: linkage and association 
studies.

Genetic linkage refers to the fact that genes and polymorphic 
DNA markers such as microsatellites and SNPs are physically 
connected, i.e. linked, to one another along the chromosomes 
(Fig. 1.4). Two principles are essential for understanding the 
concept of genetic linkage. First, when two genes are close together 
on a chromosome, they are usually transmitted together, unless 
a recombination event separates them. Secondly, the odds of a 
crossover or recombination event between two linked genes are 
proportional to the distance that separates them. Thus, genes that 
are further apart are more likely to undergo a recombination 
event than genes that are very close together. The detection of 
chromosomal loci that segregate with a disease by linkage has 
been widely used to identify the gene responsible for the disease 
by positional cloning, a technique of isolating a gene from the 
knowledge of its map location. It has also been used to predict 
the odds of disease gene transmission in genetic counseling.

Polymorphisms are essential for linkage studies because they 
provide a means to distinguish the maternal and paternal chro-
mosomes in an individual. On average, one out of every 300  bp 
varies from one person to the next. Although this degree of varia-
tion seems low (99.9% identical), it means that more than 3 
million sequence differences exist between any two unrelated 
individuals and the probability that the sequence at such loci will 
differ on the two homologous chromosomes is high (often, >70–
90%). These sequence variations include a variable number of 
tandem repeats (VNTRs), microsatellites [also referred to as short 
tandem repeats (STRs)] and SNPs. Most microsatellite markers 
consist of di-, tri- or tetranucleotide repeats that can be measured 
readily using PCR and primers that reside on either side of the 
repeat sequences (Fig. 1.4). Automated analysis of SNPs with 
microarrays, beadarrays or mass spectrometry are now the 
methods of choice for determining genetic variation for linkage 
and association studies.

In order to identify a chromosomal locus that segregates with 
a disease, it is necessary to determine the genotype or haplotype 
of DNA samples from one or several pedigrees. A haplotype 
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Figure 1.4 Analysis of polymorphic microsatellite markers and linkage analysis.
Upper panel: The example depicts a CAC trinucleotide repeat with three alleles 
in a nuclear family. PCR with primers fl anking the polymorphic region results in 
products of variable length, depending on the number of CAC repeats. After 
characterization of the alleles in the parents, transmission of the paternal and 
maternal alleles can be determined in the offspring. The gel on the right shows 
the concomitant analysis of multiple microsatellites. The PCR products refl ecting 
the different alleles can be distinguished by differences in length and fl uorescent 
labels. The red marker (arrowed) included in every lane is a size standard.
Lower panel: Determination of polymorphic microsatellite markers fl anking the 
arginine vasopressin (AVP) gene located on chromosome 20p13 in a family with 

autosomal dominant neurohypophyseal diabetes insipidus. The parental origin of 
the alleles can be determined in generation II (p, paternally inherited; m, 
maternally inherited). The three affected individuals II-1, II-4, II-6 share the same 
alleles for the markers D20S95/115/189/186. In individual II-4, a recombination 
has occurred between markers D20S117 and 95 of the paternal chromosome. 
The unaffected individual II-3 has inherited the alternate paternal alleles. 
Although individual II-5 is homozygous for the alleles segregating with the 
phenotype in this family, she is not related to I-1 and she does not have 
diabetes insipidus. The haplotype of these markers is only associated with the 
phenotype in the original family but not in the general population.
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Figure 1.5 Linkage disequilibrium (LD). Three single nucleotide polymorphisms 
are shown in the selected genomic region. The combinations G, C, T and C, A, A 
form the original haplotypes. A mutation G > C then occurs in the chromosome 
with haplotype G, C, T. With time, multiple recombinations occur and lead to the 
formation of new haplotypes. However, the mutation remains linked to the T 
variant of SNP 3 and is therefore said to be in linkage disequilibrium.
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Figure 1.6 Haplotype blocks. The fi gure shows 
10  SNPs in the selected genomic region. The 
associations between these SNPs has been 
determined and is shown graphically. Dark gray 
indicates the strongest association, white the lowest 
association. This analysis reveals that three blocks of 
associated SNPs occur in this region. In order to 
characterize the region through genotyping, one can 
rely on so-called Tag SNPs (SNP 2, 5, 8) as 
representatives of the three blocks, rather than 
genotyping all SNPs. Such information is available 
for the whole genome and for different ethnic 
groups. It now allows performing genome-wide 
associations studies more effi ciently and at lower 
cost.

designates a group of alleles that are closely linked, i.e. in close 
proximity on a chromosome and that are usually inherited as a 
unit. After characterizing the alleles, one can assess whether 
certain marker alleles co-segregate with the disease. Markers 
closest to the disease gene are less likely to undergo recombina-
tion events and therefore receive a higher linkage score. Linkage 
is expressed as a logarithm of odds (lod) score, i.e. the ratio of the 
probability that the disease and marker loci are linked rather than 
unlinked. Lod scores of +3 (1000 : 1) are generally accepted as 
supporting linkage.

Allelic association refers to a situation in which the frequency 
of an allele is signifi cantly increased or decreased in a particular 
disease. Linkage and association differ in several respects. Genetic 
linkage is demonstrable in families or sibships. Association studies 
compare a population of affected individuals with a control pop-
ulation. Association studies are often performed as case–control 
studies that include unrelated affected individuals and matched 
controls or as family-based studies that compare the frequencies 
of alleles that are transmitted to affected children. Allelic associa-
tion studies are useful for identifying susceptibility genes in 
complex disorders. When alleles at two loci occur more frequently 
in combination than would be predicted based on known allele 
frequencies and recombination fractions, they are said to be in 
linkage disequilibrium (Fig. 1.5).

The HapMap project and its impact on association studies
After the identifi cation of the approximately 10 million SNPs that 
are commonly found in the human genome, the International 
HapMap Project has generated a catalog of common genetic vari-
ants that occur in individuals from distinct ethnic backgrounds 
(http://www.hapmap.org/). SNPs that are in close proximity are 
inherited together as blocks referred to as haplotypes, hence the 
name HapMap. These blocks can be identifi ed by genotyping 
selected SNPs, so called Tag SNPs, an approach that greatly 
reduces cost and workload (Fig. 1.6). This permits one to char-
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Pro Glu Asp Ile Ala Thr Arg Ile Cys Ser
P E D I A T R I C S

CCA GAG GAC ATC GCC ACT CGG ATT TGC AGC
Wild type

Pro Glu Asp Ile Ala Thr Cys Ile Cys Ser
P E D I A T C I C S

CCA GAG GAC ATC GCC ACT TGG ATT TGC AGC
Missense mutation

Pro Glu Asp Ile Ala Thr Arg Ile Stop

P E D I A T R I X
CCA GAG GAC ATC GCC ACT CGG ATT TGA

Nonsense mutation

Pro Glu Asp Ile Ala Met Gly Phe Ala Ala
P E D I A M G F A A

CCA GAG GAC ATC GCC ATG GGA TTT GCA GCT
Deletion (1 bp) with frameshift

P E D A S P L G F A
Pro Glu Asp Ala Ser Pro Leu Gly Phe Ala

CCA GAG GAC GCA TCG CCA CTC GGA TTT GCA
Insertion (2 bp) with frameshift

P E D I A T R I C S
Pro Glu Asp Ile Ala Thr Arg Ile Cys Ser

CCA GAG GAT ATC GCC ACT CGG ATT TGC AGC
Silent polymorphism

Figure 1.7 Examples of mutations. The coding strand is shown with the 
encoded amino acid sequence in the one-letter code and the three-letter code.

gene syndrome. Occasionally, mispairing of homologous sequences 
leads to unequal crossover. This results in gene duplication on 
one of the chromosomes and gene deletion on the other 
chromosome.

For example, a signifi cant fraction of growth hormone (GH) 
gene deletions involves unequal crossing-over. The GH gene is a 
member of a large gene cluster that includes a growth hormone 
variant gene as well as several structurally related chorionic 
somatomammotropin genes and pseudogenes, which are highly 
homologous but functionally inactive relatives of a normal gene. 
Because such gene clusters contain multiple homologous DNA 
sequences arranged along the same chromosome, they are par-
ticularly prone to undergo recombination and, consequently, 
gene duplication or deletion.

Unequal crossing-over between homologous genes can result 
in fusion gene mutations, as illustrated, for example, by gluco-
corticoid-remediable aldosteronism (GRA). GRA is caused by a 
rearrangement involving the genes that encode aldosterone syn-
thase (CYP11B2) and steroid 11β-hydroxylase (CYP11B1), nor-
mally arranged in tandem on chromosome 8q. Because these two 
genes are 95% identical, they are predisposed to undergo unequal 
recombination. The rearranged gene product contains the regula-
tory regions of 11β-hydroxylase upstream to the coding sequence 
of aldosterone synthetase. The latter enzyme is then expressed in 
the adrenocorticotropic hormone (ACTH) dependent zona fas-
ciculata of the adrenal gland, resulting in overproduction of min-
eralocorticoids and hypertension.

Gene conversion refers to a non-reciprocal exchange of homol-
ogous genetic information by which a recipient strand of DNA 
receives information from another strand having an allelic differ-
ence. The original allele on the recipient strand is converted to 
the new allele as a consequence of this event. These alterations 
may range from a few to several thousand nucleotides. Gene 
conversion often involves exchange of DNA between a gene and 
a related pseudogene. For example, the 21-hydroxylase gene 
(CYP21A) is adjacent to a non-functional pseudogene. Many of 
the nucleotide substitutions found in the CYP21A gene in 
patients with CAH correspond to sequences present in the 
pseudogene, suggesting gene conversion as the underlying 
mechanism of mutagenesis. In addition, mitotic gene conversion 
has been suggested as a mechanism to explain revertant mosa-
icism in which an inherited mutation is “corrected” in certain 
cells.

Trinucleotide repeats may be unstable and expand beyond a 
critical number. Mechanistically, the expansion is thought to be 
caused by unequal recombination and slipped mispairing. A pre-
mutation represents a small increase in trinucleotide copy 
number. In subsequent generations, the expanded repeat may 
increase further in length. This increasing expansion is referred 
to as dynamic mutation. It may be associated with an increasingly 
severe phenotype and earlier manifestation of the disease (antici-
pation). Trinucleotide expansion was fi rst recognized as a cause 
of the fragile X syndrome, one of the most common causes of 
mental retardation. Malignant cells are also characterized by 

acterize a limited number of SNPs in order to identify the set of 
haplotypes present in an individual and greatly facilitates per-
forming GWAS aiming at the elucidation of the complex interac-
tions among multiple genes and lifestyle factors in multifactorial 
disorders.

Medical genetics

Mutations and human disease
Structure of mutations
Mutations are an important cause of genetic diversity as well as 
disease. A mutation can be defi ned as any change in the nucleotide 
sequence of DNA regardless of its functional consequences (Fig. 
1.7). Mutations are structurally diverse. They can affect one or a 
few nucleotides, consist of gross numerical or structural altera-
tions in individual genes or chromosomes or involve the entire 
genome. Mutations can occur in all domains of a given gene. 
Large deletions may affect a portion of a gene or an entire gene 
or, if several genes are involved, they may lead to a contiguous 
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genetic instability, indicating a breakdown in mechanisms that 
regulate DNA repair and the cell cycle.

Mutations involving single nucleotides are referred to as point 
mutations (Fig. 1.7). Substitutions are called transitions if a purine 
is replaced by another purine base (A to G) or if a pyrimidine is 
replaced by another pyrimidine (C to T). Changes from a purine 
to a pyrimidine or vice versa are referred to as transversions. 
Certain DNA sequences, such as successive pyrimidines or CG 
dinucleotides, are particularly susceptible to mutagenesis. There-
fore, certain types of mutations (C to T or G to A) are relatively 
common. Moreover, the nature of the genetic code results in 
overrepresentation of certain amino acid substitutions. If the 
DNA sequence change occurs in a coding region and alters an 
amino acid, it is called a missense mutation. Depending on the 
functional consequences of such a missense mutation, amino acid 
substitutions in different regions of the protein can lead to dis-
tinct phenotypes. Small deletions and insertions alter the reading 
frame if they do not represent a multiple of three bases. Such 
“frameshift” mutations lead to an entirely altered carboxy-
terminus. Mutations may also be found in the regulatory 
sequences of genes and result in reduced gene transcription. 
Mutations in intronic sequences or in exon junctions may destroy 
or create splice donor or splice acceptor sites.

Some mutations are lethal, some have less deleterious yet 
re cognizable consequences and some confer evolutionary advan-
tage. Mutations occurring in germ cells can be transmitted to the 
progeny. Alternatively, mutations can occur during embryogene-
sis or in somatic tissues. Mutations that occur during develop-
ment lead to mosaicism, a situation in which tissues are composed 
of cells with different genetic constitutions, as illustrated by 
Turner syndrome or McCune–Albright syndrome. If the germline 
is mosaic, a mutation can be transmitted to some progeny but not 
others, which sometimes leads to confusion in assessing the 
pattern of inheritance. Other somatic mutations are associated 
with neoplasia because they confer a growth advantage to cells by 
activating (proto)oncogenes or inactivating tumor suppressor 
genes. Epigenetic events, heritable changes that do not involve 
changes in gene sequence (e.g. altered DNA methylation), may 
also infl uence gene expression or facilitate genetic damage.

Polymorphisms are sequence variations that have a frequency 
of at least 1% and do not usually result in an overt phenotype. 
Often they consist of single base pair substitutions that do not 
alter the protein coding sequence because of the degenerate 
nature of the genetic code, although some might alter mRNA 
stability, translation or the amino acid sequence. Silent base sub-
stitutions and SNPs are encountered frequently during genetic 
testing and must be distinguished from true mutations that alter 
protein expression or function. However, some SNPs or combi-
nations of SNPs may have a pathogenic role in complex disorders 
by conferring susceptibility for the development of the disease.

Functional consequences of mutations
Mutations can broadly be classifi ed as gain-of-function and loss-
of-function mutations. The consequences of an altered protein 

sequence often need experimental evaluation in vitro to deter-
mine that the mutation alters protein function. The appropriate 
assay depends on the properties of the protein and may, for 
example, involve enzymatic analyses, electromobility shift experi-
ments or reporter gene assays (Fig. 1.8).

Gain-of-function mutations are typically dominant and result 
in phenotypic alterations when a single allele is affected. Inacti-
vating mutations are usually recessive and an affected individual 
is homozygous or compound heterozygous (i.e. carrying two dif-
ferent mutant alleles) for the disease-causing mutations. Muta-
tion in a single allele can result in haploinsuffi ciency, a situation 
in which one normal allele is not suffi cient to maintain a normal 
phenotype. Haploinsuffi ciency is a commonly observed mecha-
nism in diseases associated with mutations in transcription 
factors. For example, monoallelic mutations in the transcription 
factor TTF1 (NKX2.1) are associated with transient congenital 
hypothyroidism, respiratory distress and ataxia.

The clinical features among patients with an identical mutation 
in a transcription factor often vary signifi cantly. One mechanism 
underlying this variability consists of the infl uence of modifying 
genes. Haploinsuffi ciency can affect the expression of rate-limiting 
enzymes. For example, in MODY2 heterozygous glucokinase 
mutations result in haploinsuffi ciency with a higher threshold for 
glucose-dependent insulin release and mild hyperglycemia.

Mutation of a single allele can result in loss-of-function due to 
a dominant-negative effect. In this case, the mutated allele inter-
feres with the function of the normal gene product by several 
different mechanisms. The mutant protein may interfere with the 
function of a multimeric protein complex, as illustrated by Liddle 
syndrome, which is caused by mutations in the β- or γ-subunit 
(SCCN1B, SCCN1G) of the renal sodium channel. In thyroid 
hormone resistance, mutations in the thyroid hormone receptor 
β (TRβ, THRB) lead to impaired T3 binding; the receptors cannot 
release co-repressors and they silence transcription of target 
genes. The mutant protein can be cytotoxic, as in autosomal-
dominant neurohypophyseal diabetes insipidus, in which abnor-
mal folding leads to retention in the endoplasmic reticulum and 
degeneration of neurons secreting arginine vasopressin (AVP).

An increase in dosage of a gene product may also result in 
disease. For example, duplication of the DAX1 (NR0B1) gene 
results in dosage-sensitive sex reversal.

Genotype and phenotype
An observed trait is referred to as a phenotype. The genetic infor-
mation defi ning the phenotype is called the genotype. Alternative 
forms of a gene or a genetic marker are referred to as alleles, 
which may be polymorphic variants of nucleic acids that have no 
apparent effect on gene expression or function. In other instances, 
these variants may have subtle effects on gene expression, thereby 
conferring adaptive advantages or increased susceptibility. Com-
monly occurring allelic variants may refl ect mutations in a gene 
that clearly alter its function, as illustrated, for example, by the 
ΔF508 deletion in the cystic fi brosis conductance regulator 
(CFTR).
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Figure 1.8 Functional analysis of a mutation in the transcription factor PAX8 found in a child with thyroid hypoplasia and congenital hypothyroidism.
Upper panels: The point mutation 119A > C leads to a substitution of glutamine 40 by proline (Q40P) in the DNA binding domain of the transcription factor.
Left lower panel: Gel shift experiment. A radiolabeled DNA response element migrates very fast through the gel in the absence of a protein-DNA interaction (lanes 1–3). 
The wild type PAX8 protein binds to the responses element and this leads to an electomobility shift (lane 4). Cold oligo in excess can compete for the labeled oligo 
documenting that the interaction is specifi c (lane 5). The mutated protein is unable to bind to this response element (lane 6).
Right lower panel: Plasmid vectors encoding wild type or mutated PAX8 were transfected into embryonic kidney cells together with a luciferase reporter gene. The 
reporter gene consists of a plasmid containing a PAX8 response element upstream of the coding sequence for luciferase. The transcriptional stimulation of the luciferase 
gene can be determined by measuring the light emission of cell lysates incubated with the substrate luciferin. The example shows that the wild type protein stimulates 
transcription of the luciferase reporter gene (pCMX = control vector). In contrast, there is no signifi cant induction by the mutant. Co-transfection of wild type and mutant 
plasmids in different ratios shows that the mutant does not have a dominant negative effect. (After Congdon et al. 2001 with permission.)

Because each individual has two copies of each chromosome, 
an individual can have only two alleles at a given locus. However, 
there can be many different alleles in the population. The normal 
or common allele is usually referred to as wild type. When alleles 
at a given locus are identical, the individual is homozygous. Inher-
iting such identical copies of a mutant allele occurs in many 
autosomal-recessive disorders, particularly in circumstances of 
consanguinity. If the alleles are different, the individual is hetero-
zygous at this locus. If two different mutant alleles are inherited 
at a given locus, the individual is referred to as a compound het-
erozygote. Hemizygous is used to describe males with a mutation 

in an X-chromosomal gene or a female with a loss of one X-
chromosomal locus.

A haplotype refers to a group of alleles that are closely linked 
together at a genomic locus. Haplotypes are useful for tracking 
the transmission of genomic segments within families and for 
detecting evidence of genetic recombination, if the crossover 
event occurs between the alleles.

Allelic and phenotypic heterogeneity
Allelic heterogeneity refers to the fact that different mutations in 
the same genetic locus can cause an identical or similar pheno-
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type. Phenotypic heterogeneity occurs when more than one phe-
notype is caused by allelic mutations. For example, different 
mutations in the androgen receptor can result in a wide pheno-
typic spectrum. In some cases, the receptor is deleted or mutated 
in a manner that inactivates it completely. In a karyotypic male, 
this leads to testicular feminization. In contrast, the phenotype 
may be milder if the androgen receptor is only partially inacti-
vated. In these patients, the phenotype may include infertility, 
gynecomastia or epispadias. Allelic heterogeneity is explained by 
the fact that many different mutations are capable of altering 
protein structure and function. Allelic heterogeneity creates a 
signifi cant problem for genetic testing because one must often 
examine the entire genetic locus for mutations, because these can 
differ in each patient.

Locus or non-allelic heterogeneity and phenocopies
Non-allelic or locus heterogeneity refers to the situation in which 
a similar disease phenotype results from mutations at different 
genetic loci. This often occurs when more than one gene product 
produces different subunits of an interacting complex or when 
different genes are involved in the same genetic cascade or physi-
ological pathway. For example, congenital hypothyroidism asso-
ciated with dyshormonogenesis can arise from mutations in 
several genes (NIS, TG, TPO, PDS/SLC26A4, DUOX2, DUOXA2, 
DEHAL1) located on different chromosomes. The effects of inac-
tivating mutations in these genes are similar because the protein 
products are all required for normal hormone synthesis. Simi-
larly, the genetic forms of diabetes insipidus can be caused by 
mutations in several genes. Mutations in the AVP-NPII gene 
cause autosomal-dominant or -recessive forms of neurohypoph-
yseal diabetes insipidus. The nephrogenic forms can be caused by 
mutations in the X-chromosomal AVPR2 receptor gene, whereas 
mutations in the aquaporin 2 (AQP2) gene cause either 
autosomal-recessive or -dominant nephrogenic diabetes insipidus.

Recognition of non-allelic heterogeneity is important because 
the ability to identify disease loci in linkage studies is reduced by 
including patients with similar phenotypes but different genetic 
disorders. Genetic testing is more complex because several differ-
ent genes need to be considered along with the possibility of dif-
ferent mutations in each of the candidate genes.

Phenocopies designate a phenotype that is identical or similar 
but results from non-genetic or other genetic causes. For example, 
obesity may be caused by several rare Mendelian defects, the 
result of a complex disorder or have a primarily behavioral origin. 
As in non-allelic heterogeneity, the presence of phenocopies has 
the potential to confound linkage studies and genetic testing. 
Patient history, subtle differences in clinical presentation and 
rigorous clinical testing are key in assigning the correct 
phenotype.

Variable expressivity and incomplete penetrance
Penetrance and expressivity are two different yet related concepts 
which are often confused. Penetrance is a qualitative notion des-
ignating whether a phenotype is expressed for a particular geno-

type. Expressivity is a quantitative concept describing the degree 
to which a phenotype is expressed. It is used to describe the phe-
notypic spectrum in individuals with a particular disorder. Thus, 
expressivity is dependent on penetrance.

Penetrance is complete if all carriers of a mutant express the 
phenotype, whereas it is said to be incomplete if some individuals 
do not have any features of the phenotype. Dominant conditions 
with incomplete penetrance are characterized by skipping of gen-
erations with unaffected carriers transmitting the mutant gene. 
For example, hypertrophic obstructive cardiomyopathy (HOCM) 
caused by mutations in the myosin-binding protein C gene is a 
dominant disorder with clinical features in only a subset of patients 
who carry the mutation. Incomplete penetrance in some individ-
uals can confound pedigree analysis. In many conditions with 
postnatal onset, the proportion of gene carriers affected varies 
with age. Therefore, it is important to specify age when describing 
penetrance. Variable expressivity is used to describe the pheno-
typic spectrum in individuals with a particular disorder.

Some of the mechanisms underlying expressivity and pene-
trance include modifi er genes (genetic background), gender and 
environmental factors. Thus, variable expressivity and penetrance 
illustrate that genetic and/or environmental factors do not infl u-
ence only complex disorders but also “simple” Mendelian traits. 
This has to be considered in genetic counseling, because one 
cannot always predict the course of disease, even when the muta-
tion is known.

Sex-infl uenced phenotypes
Certain mutations affect males and females quite differently. In 
some instances, this is because the gene resides on the X or Y sex 
chromosomes. As a result, the phenotype of mutated X-linked 
genes will usually be expressed fully in males but variably in 
heterozygous females, depending on the degree of X-inactivation 
and the function of the gene. Because only males have a Y chro-
mosome, mutations in genes such as SRY (which causes male-to-
female sex reversal) or DAZ (deleted in azoospermia), which 
causes abnormalities of spermatogenesis, are unique to males.

Other diseases are expressed in a sex-limited manner because 
of the differential function of the gene product in males and 
females. Activating mutations in the luteinizing hormone recep-
tor (LHR) cause dominant male-limited precocious puberty in 
boys. The phenotype is unique to males because activation of the 
receptor induces testosterone production in the testis, whereas it 
is functionally silent in the immature ovary. Homozygous inac-
tivating mutations of the follicle-stimulating hormone (FSH) 
receptor cause primary ovarian failure in females because the 
follicles do not develop in the absence of FSH action. Affected 
males have a more subtle phenotype, because testosterone pro-
duction allowing sexual maturation is preserved and spermato-
genesis is only partially impaired. In congenital adrenal 
hyperplasia, most commonly caused by 21-hydroxylase defi -
ciency, cortisol production is impaired and ACTH stimulation of 
the adrenal gland leads to increased production of androgenic 
precursors. In females, the increased androgen concentration 
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causes ambiguous genitalia, which can be recognized at birth. In 
males, the diagnosis may be made on the basis of adrenal insuf-
fi ciency at birth because the increased adrenal androgen level 
does not alter sexual differentiation or later in childhood because 
of the development of precocious puberty.

Approach to the patient
Clinical and biochemical evaluation is the fi rst step in any attempt 
to unravel underlying pathogenic mechanisms. The family history 
is important to recognize the possibility of a hereditary compo-
nent. For this purpose, it is extremely useful to draw a pedigree 
of the nuclear and, in some cases, of the extended family. This 
should include information about ethnic background, age, health 
status and deaths, particularly deaths in infancy which may have 
been forgotten. The physician should explore whether other indi-
viduals within the family are affected by the same or a related 
illness as the index patient. This should be followed by a survey 
for the presence of commonly occurring disorders.

Because of the possibility of age-dependent expressivity and 
penetrance, the family history may need updating on subsequent 
encounters. If the family history or other fi ndings suggest a 
genetic disorder, the clinician has to assess whether some of the 
patient’s relatives may be at risk of carrying or transmitting the 
disease. This information may become of practical relevance for 
carrier detection, genetic counseling or early intervention and 
prevention of a disease in relatives.

Where a diagnosis at the molecular level may be available, the 
physician faces several challenges. Genetic testing in children 
poses distinct ethical issues. In general, it should be limited to 
situations in which it has an immediate impact on the medical 
management of that child; it requires informed consent by the 
parents. If there is no apparent benefi t, testing should usually be 
deferred until the patient can consent independently. This is par-
ticularly relevant in devastating disorders that manifest only later 
in life, such as Huntington disease.

If genetic testing is considered an option, the physician will 
have to identify an appropriate laboratory to perform the test. 
The GeneTests web site (http://www.genetests.org/servlet/access), 
a publicly funded medical genetics resource, contains an interna-
tional Laboratory Directory which is useful for identifying 
approved laboratories offering testing for inherited disorders 
(Table 1.1). For rare disorders, the test may only be available 
through research laboratories.

If a disease-causing mutation is expected in all cells as a result 
of germline transmission, DNA can be collected from any tissue, 
most commonly nucleated blood cells or buccal cells, for cytoge-
netic and mutational analyses. In the case of somatic mutations, 
which are limited to neoplastic tissue, an adequate sample of the 
lesion will serve for the extraction of DNA or RNA. For the detec-
tion of pathogens, the material to be analyzed will vary and may 
include blood, cerebrospinal fl uid, solid tissues, sputum or fl uid 
obtained through bronchoalveolar lavage.

New fi ndings on the genetic basis of endocrine disorders are 
published in numerous scientifi c journals, books and databases. 

The continuously updated OMIM catalog lists several thousand 
genetic disorders and provides information about the clinical 
phenotype, molecular basis, allelic variants and pertinent animal 
models (Table 1.1). Hyperlinks to other electronic resources 
(e.g. PubMed, GenBank or databases compiling gene mutations) 
provide access to useful information that is relevant for both cli-
nicians and basic scientists.

Chromosomal disorders
Chromosomal (cytogenetic) disorders are caused by numerical 
or structural aberrations in chromosomes. Large duplications 
and deletions are well recognized as cause of specifi c genetic dis-
orders. Molecular cytogenetics has led to the identifi cation of 
more subtle chromosome abnormalities such as microdeletions 
and duplications, imprinting syndromes and genomic imbal-
ances brought about by CNVs.

Errors in meiosis and early cleavage divisions occur frequently. 
Ten to 25% of all conceptions harbor chromosomal abnormali-
ties, which often lead to spontaneous abortion in early pregnancy. 
Numerical abnormalities, especially trisomy, which is found in 
about 25% of spontaneous abortions and 0.3% of newborns, are 
more common than structural defects. Trisomy 21, the most 
frequent cause of Down syndrome, occurs in 1 : 600–1000 live 
births. Trisomies 13 and 18 are also frequent.

Numerical abnormalities in sex chromosomes are relatively 
common. Males with a 47,XXY karyotype have Klinefelter syn-
drome and females with trisomy 47,XXX may be subfertile. Auto-
somal monosomies are usually incompatible with life but 45,XO 
is present in 1–2% of all conceptuses but leads to spontaneous 
abortion in 99% of cases. Mosaicism (e.g. 45,XO/45,XX, 
45,XO/45,XXX), partial deletions, isochromosomes and ring 
chromosomes can also cause Turner syndrome. Sex chromosome 
monosomy usually results from loss of the paternal sex chromo-
some. 47,XXY can result from paternal or maternal non-
disjunction, while the autosomal trisomies are most commonly 
caused by maternal non-disjunction during meiosis I, a defect 
that increases with maternal age. Trisomies are typically associ-
ated with alterations in genetic recombination.

Structural rearrangements involve breakage and reunion of 
chromosomes. Rearrangements between different chromosomes, 
translocations, can be reciprocal or Robertsonian. Reciprocal trans-
locations involve exchanges between any of the chromosomes; 
Robertsonian rearrangements designate the fusion of the long 
arms of two acrocentric chromosomes. Other structural defects 
include deletions, duplications, inversions and the formation of 
rings and isochromosomes. Deletions affecting several tightly 
clustered genes result in contiguous gene syndromes, disorders that 
mimic a combination of single gene defects. They have been 
useful for identifying the location of new disease-causing genes. 
Because of the variable size of gene deletions in different patients, 
a systematic comparison of phenotypes and locations of deletion 
breakpoints allows the positions of particular genes to be mapped 
within the critical genomic region. Structural chromosome 
defects can be present in a “balanced” form without an abnormal 
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phenotype. However, they can be transmitted in an “unbalanced” 
form to offspring and thus cause an hereditary form of chromo-
some abnormality.

Paternal deletions of chromosome 15q11-13 cause Prader–
Willi syndrome (PWS), while maternal deletions are associated 
with Angelman syndrome. The difference in phenotype 
results from the fact that this chromosomal region is imprinted, 
i.e. differentially expressed on the maternal and paternal 
chromosome.

Traditional karyotype analysis usually identifi es chromosomal 
rearrangements and/or aberrations of 3–5  Mb and larger. Com-
parative genomic hybridization and other techniques now permit 
the detection of more subtle, submicroscopic chromosomal 
imbalances such as CNVs. The clinical relevance of these 
alterations is not always known. The Database of Chromosomal 
Imbalance and Phenotype in Humans using Ensembl Resources 
(DECIPHER, http://www.sanger.ac.uk/PostGenomics/decipher) 
catalogs pertinent genomic and clinical information of such 
patients and can assist in the interpretation of genome-wide, 
high-resolution tests.

Acquired somatic abnormalities in chromosome structure are 
often associated with malignancies and are important for diagno-
sis, classifi cation and prognosis. Deletions can lead to loss of 
tumor suppressor genes or DNA repair genes. Duplications, 
amplifi cations and rearrangements, in which a gene is put under 
the control of another promoter, can result in gain-of-function 
of genes controlling cell proliferation. For example, rearrange-
ment of the 5′ regulatory region of the parathyroid (PTH) 
gene located on chromosome 11q15 with the cyclin D1 gene 
from 11q13 creates the PRAD1 oncogene, resulting in overex-
pression of cyclin D1 and the development of parathyroid 
adenomas.

Monogenic Mendelian disorders
Monogenic human diseases are often called Mendelian disorders 
because they obey the rules of genetic transmission defi ned by 
Gregor Mendel. The mode of inheritance for a given phenotype 
or disease is determined by pedigree analysis. About 65% of 
human monogenic disorders are autosomal dominant, 25% are 
autosomal recessive and 5% are X-linked. Genetic testing now 
available for many of these disorders has an increasingly impor-
tant role in clinical medicine.

Autosomal-dominant disorders
In autosomal-dominant disorders, mutations in a single allele 
are suffi cient to cause the disease; recessive disorders are the 
consequence of biallelic loss-of-function mutations. Various 
disease mechanisms are involved in dominant disorders, which 
include gain-of-function, a dominant-negative effect, and hap-
loinsuffi ciency. In autosomal-dominant disorders, individuals 
are affected in successive generations and the disease does not 
occur in the offspring of unaffected individuals. Males and 
females are affected with equal frequency because the defective 
gene resides on one of the 22 autosomes. Because the alleles 

segregate randomly at meiosis, the probability that an offspring 
will be affected is 50%. Children with a normal genotype do 
not transmit the disorder. The clinician must be aware that an 
autosomal-dominant disorder can be caused by de novo germ-
line mutations, which occur more frequently during later cell 
divisions in gametogenesis, explaining why siblings are rarely 
affected. New germline mutations occur more frequently in 
fathers of advanced age. The clinical manifestations of auto-
somal-dominant disorders may be variable as a result of differ-
ences in penetrance or expressivity. Because of these variations, 
it is sometimes diffi cult to determine the pattern of 
inheritance.

Autosomal-recessive disorders
The clinical expression of autosomal-recessive disorders is usually 
more uniform than in autosomal-dominant disorders. Most 
mutated alleles lead to a partial or complete loss-of-function. 
They frequently involve receptors, proteins in signaling cascades 
or enzymes in metabolic pathways. The affected individual, who 
can be of either sex, is homozygous or compound heterozygous 
for a single gene defect. In most instances, an affected individual 
is the offspring of heterozygous parents. In this situation, there is 
a 25% chance that the offspring will have a normal genotype, a 
50% probability of a heterozygous state and a 25% risk of homo-
zygosity for the recessive alleles. In the case of one unaffected 
heterozygous and one affected homozygous parent, the probabil-
ity of disease increases to 50% for each child. In this instance, the 
pedigree analysis mimics an autosomal-dominant mode of 
inheritance (pseudodominance). In contrast to autosomal-
dominant disorders, new mutations in recessive alleles usually 
result in an asymptomatic carrier state without apparent clinical 
phenotype.

Many autosomal-recessive diseases are rare and occur more 
frequently in isolated populations in the context of parental con-
sanguinity. A few recessive disorders, such as sickle cell anemia, 
cystic fi brosis and thalassemia, are relatively frequent in certain 
populations, perhaps because the heterozygous state may confer 
a selective biological advantage. Although heterozygous carriers 
of a defective allele are usually clinically normal, they may display 
subtle differences in phenotype that become apparent only with 
more precise testing or in the context of certain environmental 
infl uences.

X-linked disorders
Because males have only one X chromosome, a female individual 
always inherits her father’s X chromosome in addition to one of 
the two X chromosomes of her mother. A son inherits the Y 
chromosome from his father and one maternal X chromosome. 
The characteristic features of X-linked inheritance are therefore 
the absence of father-to-son transmission and the fact that all 
daughters of an affected male are obligate carriers of the mutant 
allele. The risk of developing disease caused by a mutant X-
chromosomal gene differs in the two sexes. Because males have 
only one X chromosome, they are hemizygous for the mutant 
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allele. Consequently, they are more likely to develop the mutant 
phenotype, regardless of whether the mutation is dominant or 
recessive. A female may be either heterozygous or homozygous 
for the mutant allele, which may be dominant or recessive, and 
the terms X-linked dominant or X-linked recessive apply only to 
the expression of the mutant phenotype in women. In females, 
the expression of X-chromosomal genes is infl uenced by X chro-
mosome inactivation. This can confound the assessment because 
skewed X-inactivation may lead to a partial phenotype in female 
carriers of an X-linked recessive defect, such as inactivating muta-
tions of the AVPR2 receptor, the cause of X-linked nephrogenic 
diabetes insipidus.

Y-linked disorders
The Y chromosome harbors relatively few genes. Among them, 
the sex region-determining Y factor (SRY), which encodes the 
testis-determining factor (TDF), is essential for normal male 
development. Because the SRY region is closely adjacent to the 
pseudoautosomal region, a chromosomal segment on the X and 
Y chromosomes with a high degree of homology, crossing-over 
can occasionally involve the SRY region. Translocations can result 
in XY females, with the Y chromosome lacking the SRY gene, or 
XX males harboring the SRY gene on one of the X chromosomes. 
Point mutations in the SRY gene may result in individuals with 
an XY genotype and an incomplete female phenotype. Men with 
oligospermia or azoospermia frequently have microdeletions of 
the AZF (azoospermia factor) regions on the long arm of the Y 
chromosome, which contain several genes involved in the control 
of spermatogenesis. They may have point mutations in the tran-
scription factor DAZ (deleted in azoospermia), which is located 
in this chromosomal region.

Exceptions to simple Mendelian inheritance
Mitochondrial disorders
Mendelian inheritance refers to the transmission of genes encoded 
by DNA in nuclear chromosomes but each mitochondrion con-
tains several copies of a circular chromosome. mtDNA is small 
(16.5  kb) and encodes transfer and ribosomal RNAs and 13 pro-
teins that are part of the respiratory chain involved in oxidative 
phosphorylation and ATP generation. In contrast to the nuclear 
chromosomes, the mitochondrial genome does not recombine 
and is inherited through the maternal line because sperm does 
not contribute signifi cant cytoplasmic components to the zygote. 
The D-loop, a non-coding region of the mitochondrial chromo-
some, is highly polymorphic. This property, together with the 
absence of recombination of mtDNA, makes it a helpful tool for 
studies tracing human migration and evolution and for specifi c 
forensic applications.

Inherited mitochondrial disorders are transmitted in a matri-
lineal fashion. All children from an affected mother inherit the 
disease but it will never be transmitted from an affected father to 
his offspring except by intracytoplasmic sperm injection (ICSI). 
Alterations in the mtDNA affecting enzymes required for oxida-
tive phosphorylation lead to reduction of ATP supply, generation 

of free radicals and induction of apoptosis. Several syndromic 
disorders arising from mutations in the mitochondrial genome 
are known in humans and they affect both protein-coding and 
tRNA genes. The pleiotropic clinical spectrum often involves 
(cardio)myopathies and encephalopathies because of the high 
dependence of these tissues on oxidative phosphorylation.

Many may present with endocrine features. For example, the 
mitochondrial DIDMOAD syndrome consists of diabetes insipi-
dus, diabetes mellitus, optic atrophy and deafness. The age of 
onset and the clinical course are variable because of the unusual 
mechanisms of mtDNA replication. mtDNA replicates indepen-
dently from nuclear DNA and, during cell replication, the pro-
portion of wild type and mutant mitochondria can drift among 
different cells and tissues. The resulting heterogeneity in the pro-
portion of mitochondria with and without a mutation is referred 
to as heteroplasmia and underlies the phenotypic variability that 
is characteristic of mitochondrial diseases. Nuclear genes that 
encode proteins that are important for normal mitochondrial 
function can cause mitochondrial dysfunctions associated with 
autosomal-dominant or -recessive forms of inheritance.

Acquired somatic mutations in mitochondrial genes are 
thought to be involved in several age-dependent degenerative 
disorders involving muscle and the peripheral and central nervous 
systems. Because of the high degree of polymorphisms in mtDNA 
and the phenotypic variability of these disorders, it is diffi cult to 
establish that an mtDNA alteration is causal for a clinical 
phenotype.

Trinucleotide expansion disorders
Several diseases are associated with an increase in the number of 
trinucleotide repeats above a certain threshold. In some instances, 
the repeats are located within the coding region of the genes. For 
example, an expansion in a CAG repeat in the androgen receptor, 
which encodes a polyglutamine motif in its amino-terminus, 
leads to the X-linked form of spinal and bulbar muscular atrophy 
(SBMA, Kennedy syndrome) and can be associated with partial 
androgen insensitivity. Similarly, an expansion in the huntingtin 
(HD) gene is the cause of Huntington disease. In other instances, 
the repeats are located in regulatory sequences. If an expansion 
is present, the DNA fragment is unstable and tends to expand 
further during cell division; hence the designation dynamic muta-
tion. The length of the nucleotide repeat often correlates with the 
severity of the disease. When repeat length increases from one 
generation to the next, disease manifestations may worsen or 
appear at an earlier age, a phenomenon referred to as anticipation. 
In Huntington disease, for example, there is a correlation between 
age of onset and length of the triplet codon expansion.

Mosaicism
Mosaicism refers to the presence of two or more genetically dis-
tinct cell lines in the tissues of an individual. It results from a 
mutation that occurs during embryonic, fetal or extrauterine 
development. The developmental stage at which the mutation 
arises will determine whether germ cells and/or somatic cells are 
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involved. Chromosomal mosaicism results from non-disjunction 
at an early embryonic mitotic division, leading to the persistence 
of more than one cell line, as exemplifi ed by some patients with 
Turner syndrome. Somatic mosaicism is characterized by a patchy 
distribution of genetically altered somatic cells that occurs early 
in development. This is best illustrated by the McCune–Albright 
syndrome, which is caused by activating mutations in the GNAS1 
gene encoding the stimulatory G-protein α (Gsα). The clinical 
phenotype varies depending on the tissue distribution of the 
mutation. Manifestations include ovarian cysts that secrete sex 
steroids and cause precocious puberty, polyostotic fi brous dys-
plasia, café-au-lait skin pigmentation, growth hormone-secreting 
pituitary adenomas and, among others, hypersecreting autono-
mous thyroid nodules.

Epigenetic modifi cations, X-inactivation, imprinting and 
uniparental disomy
According to traditional Mendelian principles, the parental origin 
of a mutant gene is irrelevant for the expression of the phenotype, 
although there are important exceptions to this rule. X-
inactivation prevents the expression of most genes on one of the 
two X chromosomes in every cell of a female (Lyonization). Gene 
inactivation also occurs on selected chromosomal regions of 
autosomes. This phenomenon, genomic imprinting, leads to pref-
erential expression of an allele depending on its parental origin. It 
is of importance in disorders in which the transmission of disease 
is dependent on the sex of the transmitting parent and has an 
important role in the expression of certain genetic disorders.

The two classic examples are the Prader–Willi and Angelman 
syndromes. PWS is characterized by diminished fetal activity, 
obesity, hypotonia, mental retardation, short stature and hypo-
gonadotrophic hypogonadism. Deletions in PWS occur exclu-
sively on the paternal chromosome 15. Patients with Angelman 
syndrome present with mental retardation, seizures, ataxia and 
hypotonia and have deletions at the same site of chromosome 15 
but they are located on the maternal chromosome 15. These two 
syndromes may also result from uniparental disomy, i.e. by the 
inheritance of either two maternal chromosomes 15 (PWS) or 
two paternal chromosomes (Angelman syndrome).

Another example of importance for pediatric endocrinology 
concerns the GNAS1 gene encoding the Gsα subunit. Heterozy-
gous loss-of-function mutations in the GNAS1 gene lead to 
Albright hereditary osteodystrophy (AHO) with its characteristic 
features including short stature, obesity, round face, brachydac-
tyly, subcutaneous ossifi cations and mental defi cits. Paternal 
transmission of GNAS1 mutations leads to the AHO phenotype 
alone (pseudopseudohypoparathyroidism), while maternal trans-
mission leads to AHO in combination with resistance to several 
hormones such as PTH, thyroid-stimulating hormone (TSH) and 
gonadotropins, which act through transmembrane receptors cou-
pling to Gsα (pseudohypoparathyroidism type IA). These pheno-
typic differences result from a tissue-specifi c imprinting of 
GNAS1, which is expressed primarily from the maternal allele in 
tissues such as the proximal renal tubule and the thyroid. In most 

other tissues, however, it is expressed biallelically. Disrupting 
mutations in the maternal allele lead to loss of Gsα expression in 
proximal tubules and loss of PTH action in the kidney, while 
mutations in the paternal allele have little effect on PTH action. 
In patients with isolated renal resistance to PTH (pseudohypo-
parathyroidism type IB), an imprinting defect of GNAS1 leads to 
decreased Gsα expression in the proximal renal tubules.

Somatic mutations
Acquired mutations that occur in somatic rather than germ cells 
are called somatic mutations. This creates a chimeric situation 
and, if the cells proliferate, a neoplastic lesion. Therefore, cancer 
can be defi ned as a genetic disease at the cellular level. Cancers 
are monoclonal, indicating that they have arisen from a single 
precursor cell that has acquired one or several mutations in genes 
controlling growth and/or differentiation. These mutations are 
somatic, i.e. restricted to the tumor and its metastases, but not 
found in surrounding normal tissue. The molecular alterations 
include dominant gain-of-function mutations in oncogenes, 
recessive loss-of-function mutations in tumor suppressor genes 
and DNA repair genes, gene amplifi cation and chromosome 
rearrangements. Rarely, a single mutation in certain genes 
may be suffi cient to transform a normal cell into a malignant cell 
but the development of a malignant phenotype in most cancers 
requires several genetic alterations for the gradual progression 
from a normal to a cancerous cell, a process termed multistep 
carcinogenesis.

In many cancer syndromes, there is an inherited predisposition 
to tumor formation. In these instances, a germline mutation is 
inherited in an autosomal-dominant fashion. This germline alter-
ation affects one allele of an autosomal tumor suppressor gene. 
If the second allele is inactivated by a somatic mutation in a given 
cell, this will lead to neoplastic growth (Knudson two-hit model). 
In this instance, the defective allele in the germline is transmitted 
in a dominant way, whereas the tumorigenic mechanism results 
from a recessive loss of the tumor suppressor gene in affected 
tissues.

The classic example to illustrate this phenomenon is retino-
blastoma, which can occur as a sporadic or hereditary tumor. In 
sporadic retinoblastoma, both copies of the retinoblastoma (RB) 
gene are inactivated through two somatic events. In hereditary 
retinoblastoma, one mutated or deleted RB allele is inherited in 
an autosomal-dominant manner and the second allele is inacti-
vated by a subsequent somatic mutation. This “two-hit” model 
applies to other inherited cancer syndromes, such as multiple 
endocrine neoplasia type 1 (MEN1), which is caused by muta-
tions in the tumor suppressor gene menin.

Inherited defects in enzymes involved in DNA replication and 
repair can lead to a signifi cant increase in mutations and are 
associated with several disorders predisposing to cancer.

Complex disorders
Many disorders have a complex etiology involving multiple genes 
(polygenic disorders), often in combination with environmental 
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and lifestyle factors (multifactorial disorders). The major health 
care problems, cardiovascular disease, hypertension, diabetes, 
obesity, asthma and psychiatric disorders, fall into this category 
but it also includes certain developmental abnormalities, such as 
cleft palate, congenital heart defects and neural tube defects.

Compared with single gene defects, complex disorders have a 
low heritability and do not fi t a Mendelian pattern of inheritance. 
Twin studies are particularly helpful in demonstrating the impor-
tance of genetic and environmental factors. For example, fi rst-
degree relatives of patients with diabetes mellitus type 1 are about 
15 times more likely to develop diabetes. The concordance rate 
for developing diabetes is about 50% in monozygotic twins and 
about 8% in dizygotic twins. The discordance rate in monozy-
gotic twins illustrates the signifi cant requirement for environ-
mental factors. In addition, some of the susceptibility genes, a 
designation indicating that the carrier is susceptible to develop 
the disease, have a low penetrance. Susceptibility genes or loci can 
be mapped using several methods, including linkage analyses, 
association studies and affected sib-pair analyses. Current efforts 
aim to identify these genes by establishing correlations between 
SNPs or SNP haplotypes and complex disorders in large popula-
tions through GWAS. The HapMap data are signifi cantly facili-
tating this type of study because they allow genotyping a reduced 
number of tag SNPs refl ecting certain haplotypes (Fig. 1.6). The 
results of GWAS may, in part, depend on ethnicity and ascertain-
ment criteria.

The study of rare monogenic diseases may also provide insights 
into genetic and molecular mechanisms important for the under-
standing of complex disorders. For example, the identifi cation of 
the genetic defects underlying the various autosomal-dominant 
forms of MODY have defi ned them, in part, as candidate genes 
contributing to the pathogenesis of diabetes mellitus type 2.

Genomics and post-genomic techniques

Broadly defi ned, genomics designates the discipline of mapping, 
sequencing and analyzing genomes. The completion of the struc-
tural analysis of the human genome (structural genomics) has 
been followed by a rapid emergence of “postgenomic” disciplines 
focusing on biological function of the gene products ( functional 
genomics). These disciplines are concerned with analyses of gene 
transcripts (transcriptomics), proteins and their secondary 
modifi cations and interactions (proteomics), epigenetic modifi ca-
tions of DNA and chromatin proteins (epigenomics), metabolites 
and their networks (metabolomics) and comprehensive analyses 
of the genomes of microorganisms populating specifi c compart-
ments (metagenomics). The ultimate goal is the integration of 
these complementary data into a systems biology that permits a 
comprehensive defi nition of the phenotype and pathophysiologi-
cal perturbations.

What can be expected from these developments? Genotyping 
may become important for stratifying patients according to 
disease risk and for predicting the response to certain drugs. Gene 

expression studies can be used for the assessment of prognosis 
and for guiding therapy. Proteomic studies may allow diagnosis 
of early stages of malignancy. Because most drug targets are 
proteins, proteomics will be important for drug discovery and 
development. These technologies, individually and in combina-
tion, permit fi rst insights into the pathogenesis of complex dis-
orders. Genomic approaches may have further impact on health 
care as a result of a thorough understanding of the genomes and 
proteins of infectious agents (e.g. Plasmodium falciparum or 
Mycobacterium tuberculosis), which may lead to the development 
of novel therapeutic strategies and compounds. Comprehensive 
genomic analyses of the metagenome are expected to provide new 
insights in the interactions between the host and the microbial 
environment in health and disease.

Comparative genomics
Comparative genomics involves the analysis of two or more 
genomes to identify the extent of similarity or large-scale screen-
ing of a genome to identify sequences present in another genome. 
Applications involve comparisons of prokaryotic and eukaryotic 
genomes to infer evolutionary relationships. The detection of 
high evolutionary conservation can be used as a screen for regula-
tory elements within otherwise poorly conserved non-coding 
DNA. Electronic screening of expressed sequence tags (EST) 
databases can identify homologs of genes in other species. For 
example, systematic screening of the dbEST database of ESTs has 
revealed many relevant human homologs of Drosophila genes 
known to be loci for mutant phenotypes.

Pharmacogenomics
Broadly defi ned, the scope of pharmacogenetics and pharma-
cogenomics is to defi ne how the genome infl uences the response 
of an individual to a drug. Although many non-genetic factors 
infl uence the effects of medications, genetic polymorphisms in 
receptors, transporters, channels and enzymes can result in vari-
able absorption, distribution, metabolism and excretion of a drug 
that ultimately lead to differential response or toxic concentra-
tions. For example, a polymorphism in thiopurine methyltrans-
ferase (TMT) inactivates the enzyme and is associated with 
hematopoietic toxicity of mercaptopurine. Determination of the 
TMT genotype is therefore important for choosing a safe dose of 
the medication. In other instances, drug effects will be infl uenced 
by polymorphisms in multiple genes.

Further development of genotyping and pharmacogenomics 
may improve the safety of medical therapy by choosing appropri-
ate medications and dose levels, thereby decreasing the number 
of adverse drug reactions. It is also expected that this discipline 
will have an impact on drug development because screenings of 
SNPs can be used to enroll or exclude subgroups of patients.

Transcriptomics
mRNA expression of one or a few genes has usually been deter-
mined by Northern blot analysis, a technique that has been largely 
replaced by semiquantitative RT-PCR, but both techniques permit 
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Figure 1.9 Principle of a microarray experiment. A large number of probes, 
cDNA sequences or DNA oligonucleotides are spotted on a glass slide. RNA is 
extracted from a control sample and a test sample, for example a tumor or 
treated cells. After differential labeling of the two RNA populations with 
fl uorescent probes, the samples are mixed and hybridized to the probes on the 
slide. The slide is then scanned once for each fl uorophore. The intensity of the 
emitted signal on each spot permits calculation of the ratios of each RNA that 
binds to the respective probe.

only the analysis of the expression pattern of a limited number 
of genes. Paralleling the characterization of the genomic sequences 
of humans and other organisms, as well as the genes that they 
encode, various expression profi ling techniques have been devel-
oped. These analyses enable surveys of gene expression patterns 
for thousands of genes in a single assay (Fig. 1.9). Such profi les 
are useful for the understanding of gene regulation and interac-
tions in normal and pathologic tissues. As the complement of 
mRNAs transcribed by the cellular genome is also referred to as 
the transcriptome, the generation of mRNA expression profi les is 
now also referred to as transcriptomics.

The most widely used techniques for expression profi ling 
include microarrays and serial analysis of gene expression (SAGE). 
After hybridization with the labeled probes, the microarrays are 
scanned and special software allows analysis of the fl uorescence 
intensities for each spot (Fig. 1.9). The limitations of microarray 
technology include relatively high cost, special equipment and the 
inability to detect novel transcripts but SAGE is a powerful tool 
that allows a comprehensive analysis of gene expression patterns 
without the requirement of pre-existing probes or sophisticated 
equipment.

The simplest way to identify genes of potential interest by 
expression profi ling is to search for those that are consistently 
upregulated or downregulated. The identifi cation of patterns of 
gene expression and regulated classes of genes may, however, 
provide more informative insights into their biological function 
and relevance. Genes that are part of a particular pathway or that 
respond to a common endogenous or exogenous stimulus are 
expected to be co-regulated and should consequently show similar 
patterns of expression. Several computational techniques, such as 
hierarchical clustering, self-organizing maps and mutual infor-
mation, are used for the analysis of gene expression data. The 
choice of the appropriate algorithm(s) for these analyses is a 
crucial element of the experimental design and the methods that 
are used to analyze the data can have a profound infl uence on the 
interpretation of the results.

Epigenomics
Eukaryotic genomes contain modifi cations of DNA or chromatin 
proteins. The totality of these epigenetic marks is designated as 
an epigenome. In contrast to the genome, the epigenome is highly 
variable between cells and changes within a single cell over time. 
Epigenetic modifi cations vary among different regions through-
out the genome and result in alterations in levels of gene tran-
scription. Thus, epigenetic changes and inheritance result in 
phenotypic consequences without changing the DNA sequence. 
Importantly, epigenetic marks can be heritable. They are propa-
gated to the daughter cells during cell division and certain loci 
within the genome are paternally or maternally imprinted.

Epigenetic modifi cations consist of methylation of DNA, acet-
ylation or methylation of histone proteins and interaction of 
proteins with histones. In eukaryotes, DNA methylation is found 
exclusively at cytosine residues. DNA methylation is involved 
in the repression of genes in the inactivated X chromosome 
(increased methylation in promoter regions, decreased methyla-
tion in intragenic regions) and it has an important role in imprint-
ing, the establishment and maintenance of the allele-specifi c 
expression of maternally or paternally inherited genes. In mam-
malian genomes, the majority of the genome is methylated and 
all categories of DNA sequences, such as genes, intergenic regions 
and transposons (segments of DNA capable of independent rep-
lication and insertion of a copy into a new position within the 
same or another chromosome), can be the target of methylation. 
Unmethylated domains account for only about 2% of the genome 
and often consist of so-called CpG islands, DNA regions of 
∼1000  bp with a high occurrence of the dinucleotide CG. CpG 
islands are very frequently found in promoters and they are 
usually unmethylated, at least in germline DNA.

Although most CpG islands remain unmethylated, indepen-
dent of expression state, a minority become methylated during 
development resulting in silencing of the associated gene. During 
mitosis, the DNA replication results in the generation of a meth-
ylated and an unmethylated strand; the hemimethylated DNA is 
subsequently converted to a fully methylated state by methyl-
transferases and the methylation status is therefore maintained. 

cDNA

control cells

Reverse transcription

cDNA 

hormone-treated cells

Label with fluorescent dyes

Combine

Scan

Hybridize to microarray



CHAPTER 1

20

The importance of conserving the methylation status is illustrated 
by the fact that mutations in methyltransferases result in disease. 
Mutations in the MECP2 result in Rett syndrome (autism, 
dementia, ataxia) and mutations in the DNMT3B cause 
the immunodefi ciency–centromeric instability–facial anomalies 
syndrome.

On the inactive X chromosome, a large number of CpG islands 
become heavily methylated and the associated genes are no longer 
expressed. Without inactivation of one X chromosome in every 
cell of a female, the differences in the number of X chromosomes 
between females and males would result in the expression of the 
double amount of each gene product in females. In order to avoid 
this, dosage compensation is required. The inactivation of one X 
chromosome is dependent on the X inactivation center (Xic). The 
Xic locus is necessary to count the number of X chromosomes and 
it ensures that all but one X chromosome are inactivated. It also 
contains a gene called Xist. The Xist gene codes for an RNA that is 
not translated into a protein. The Xist RNA binds to one of the X 
chromosomes, which results in secondary events that silence the 
chromosome through methylation and deacetylation of histones. 
Once the inactivation of one of the X chromosomes has occurred, 
the pattern is passed on to descendant cells during mitosis.

Differential methylation of paternal and maternal alleles results 
in imprinting and results in a difference in the expression between 
the alleles inherited from each parent. Methylation is usually 
associated with inactivation of the imprinted gene. Remarkably, 
the imprinting pattern is inherited. Because one chromosome is 
imprinted, a lack of the other chromosome or the inheritance of 
two copies from the same parent can result in disease if it involves 
an imprinted chromosome or locus (e.g. PWS and Angelman 
syndrome). The faithful inheritance of the methylation pattern 
in germ cells involves a two-step process during gametogenesis 
(Fig. 1.10). First, the methylation is erased by a genome-wide 
demethylation and then the pattern specifi c for each sex is 
imposed on both alleles. This ensures that the pattern in the 
zygote is identical to the one originally present in the paternal 
and maternal somatic cells (Fig. 1.10).

Overall, the understanding of how epigenetic variation impacts 
health and disease is in its early stages. It is established that aber-
rant DNA methylation is involved in the development of malig-
nancies. Deletion of imprinted loci or uniparental disomy are well 
recognized as a cause of a series of syndromic phenotypes. Signifi -
cant differences in DNA methylation have also been reported in 
monozygotic twins. Epigenetic phenomena may also be of impor-
tance in the pathogenesis of complex disorders. Further insights 
into the contribution of epigenetic modifi cations in the develop-
ment of disease are expected to be gained in the near future 
through comprehensive analyses at the level of the whole genome 
with the newly available high-throughput technologies.

Proteomics
The term proteome designates the complete set of proteins 
expressed by the genome. Proteomics includes studies focusing on 
the expression and function of the proteome, as well as aspects 

of structural biology. The study of the proteome is diffi cult 
because it is so dynamic. Apart from the expression of isoforms, 
proteins undergo a plethora of secondary modifi cations and 
protein–protein interactions (interactome) and they form higher 
order complexes.

Comprehensive analyses of the proteome relied initially on 
protein separation by two-dimensional gel electrophoresis with 
subsequent mass spectrometric identifi cation of protein spots. 
This approach is constrained to the most abundant proteins in 
the sample. Studies of the proteome are now performed predomi-
nantly with direct mass spectrometric analyses, which have 
undergone technological refi nement and can identify ever smaller 
amounts of proteins from complex mixtures.

The classic methodology for studying protein–protein interac-
tions was the yeast two-hybrid system. Currently, various protein- 
and antibody-based arrays are emerging to study protein activities, 
secondary modifi cations and interactions. Structural proteomics 
has the ambitious goal of systematically understanding the struc-
tural basis for protein interactions and function.

Clinical proteomics aims to use proteomic patterns for disease 
detection and surveillance. In this approach, high-throughput 
mass spectrometry generates a proteomic fi ngerprint of a diag-
nostic sample, such as serum, fi ne-needle or nipple fl uid aspirate. 
Bioinformatic pattern recognition algorithms can then be applied 
to identify patterns of protein alterations that can discriminate 
benign from malignant tissues. Importantly, the specifi c pattern 
itself could be diagnostic and the underlying identities of the 
proteins that comprise the patterns do not need to be known. As 
well as identifying novel diagnostic and prognostic biomarkers 
for human cancer, proteomics is also expected to have an impact 
on drug discovery and action, given that most drugs target pro-
teins and subsequently modify intracellular networks.

Inspired by the success of the Human Genome Project, the 
Human Proteome Organization (HUPO) aims at coordinating 
proteomic research (http://www.hupo.org/). Major current goals 
in proteomics include defi nition of the plasma proteome, analy-
ses of specifi c cell types, mapping of organelle compositions, gen-
eration of antibodies to all human proteins, generation of protein 
interaction maps and analyses of important model and patho-
genic organisms.

Metabolomics
The metabolome can be defi ned as the quantitative complement 
of all the low-molecular-weight molecules present in cells in a 
particular physiological or developmental state. While metabolo-
mics is complementary to transcriptomics and proteomics, there 
are several attractive reasons for analyzing the metabolome. Rela-
tive to alterations in the transcriptome and the proteome, changes 
in the metabolome are often amplifi ed. Moreover, alterations in 
metabolic fl uxes are not regulated by gene expression alone and, 
refl ecting the activities of the cell at a functional level, affect 
the concentrations of numerous individual metabolites. High-
throughput analyses of metabolites can be performed with tools 
such as nuclear magnetic resonance spectroscopy and mass spec-



Genetics and Genomics

21

Active

Unmethylated

mat pat

Inactive

Methylated

Maternal somatic cell

Inactive

Methylated

pat mat

Active

Unmethylated

Paternal somatic cell

Inactive

Methylated

pat mat

Active

Unmethylated

Zygote

Active

Unmethylated

mat pat

Active

Unmethylated

Maternal germline Paternal germline

Inactive

Methylated

pat mat

Inactive

Methylated

Imprint reset during

germline development

Figure 1.10 Imprint reset. Certain genomic 
regions are imprinted in a parent-specifi c fashion. 
The unmethylated chromosomal region is actively 
expressed, the methylated region is silenced and not 
expressed. In the germline, the imprint is reset. In 
this case, both chromosomes are unmethylated in 
the maternal germline and methylated in the 
paternal germline. In the zygote, the imprinting 
pattern is again identical with the situation in the 
somatic cells of the parents.

troscopy. Because of the complexity and heterogeneity of metab-
olites and the fact that the metabolic complement is even more 
dynamic than the proteome, the technical and computational 
challenges are substantial and this discipline is still in its early 
stages. However, it has already had a profound conceptual impact 
because of the ongoing shift from simple metabolic pathways to 
metabolic networks.

Bioinformatics
The enormous amounts of diverse biological data generated by 
recent biotechnological advances have led to the development 
and evolution of bioinformatics, in which biology and informa-
tion technology converge. Initially, bioinformatics focused on the 
development and creation of nucleotide and protein databases 

and methods for the analysis of the deposited sequences. The 
application of bioinformatics for analysis of nucleotide and poly-
peptide sequences is well established and widely used. The largest 
of these sequence databases include GenBank at the National 
Center for Biotechnology Information (NCBI), Ensembl at the 
European Molecular Biology Laboratory (EMBL), the DNA Data 
Bank of Japan and SwissProt, among others (Table 1.1). They 
permit rapid retrieval of sequence information of genomic DNA, 
mRNA, ESTs, SNPs or polypeptides for a rapidly growing number 
of species. The evolution of these databases has been accompa-
nied by expanding capabilities to annotate sequences, linking the 
data with other electronic resources and more sophisticated tools 
for analysis of nucleotide and protein sequences. It is crucial that 
bioinformatics software development is linked at an early stage 
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through agreed documentation, standardized rules for structur-
ing web forms [eXtensible Markup Language (XML)] and con-
trolled vocabularies that allow different tools to exchange primary 
data sets.

Navigation in this web of continuously evolving databases is 
often intimidating but the high degree of interconnection between 
the multitude of databases permits relatively easy exploration of 
this knowledge. User guides and the online NCBI handbook 
(Table 1.1) provide helpful instructions to questions such as the 
following:
1 How does one fi nd a gene of interest and determine the struc-
ture of this gene?
2 How can one fi nd information about SNPs?
3 How can one fi nd all the members of a human gene family?
4 For a given protein, how can one determine whether it contains 
any functional domains of interest?
5 What other proteins contain the same functional domains as 
this protein?
6 How can one determine whether there is a similarity to other 
proteins, not only at the sequence level but also at the structural 
level?

Sequence alignments are performed most easily with the Basic 
Local Alignment Search Tool (BLAST), which compares a DNA 
or polypeptide sequence of interest with nucleotide or protein 
databases. In addition to determining the identity of an isolated 
nucleotide or protein fragment, this approach can detect similar 
related sequences in one or several organisms. This type of com-
parison is the basis for the development of gene and protein 
families and unravels evolutionary relationships. The sensitivity 
and specifi city of a BLAST search can be modifi ed in such a way 
that even discrete homologies can be unraveled. By referring to 
databases of known regulatory element sequences, computer pro-
grams can inspect genomic sequences for the presence of regula-
tory elements. Motifs (i.e. specifi c amino acid patterns associated 
with defi ned functions) can be identifi ed by submitting a poly-
peptide to computational analysis. This may permit assignment 
of a protein to functional and structural families and making 
predictions on the functional role of newly isolated proteins.

As more protein structures are identifi ed, the relationship 
between structure and function becomes easier to predict. The 
development of more accurate algorithms for predicting and 
modeling secondary and tertiary structures is, in part, moving out 
of the laboratory and into the hands of bioinformaticists.

The fi eld of bioinformatics is now challenged to integrate the 
data generated by the various “-omic” techniques with the hope 
of elucidating the functional relationships between genotype and 
observed phenotype, thereby permitting a system-wide analysis 
from genome to phenome.
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2 Principles of Hormone Action

Melissa Westwood
Maternal and Fetal Health Research Group, University of Manchester, Manchester, UK

Introduction

Hormones elicit their effects on target cell function by interacting 
with specifi c receptors. These are located either at the cell surface 
or within intracellular compartments, such as the cytoplasm and 
nucleus. Receptor location, which forms the basis of their classi-
fi cation into subgroups (Fig. 2.1), refl ects ligand characteristics. 
Receptors for hydrophilic hormones, such as the pituitary-derived 
proteins, insulin and the catecholamines, are present at the 
plasma membrane; lipid-soluble steroid and thyroid hormones 
cross this barrier to access intracellular binding sites.

Receptors are specifi c and usually have a high affi nity for their 
particular ligand but the forces involved in ligand–receptor 
binding (ionic attractions, van der Waals forces, hydrogen 
bonding or hydrophobic interactions) are weak. The reaction is 
therefore reversible and the receptor can be reused. Kd values, the 
concentration of ligand at which half the receptors are occupied, 
approximate the physiological concentration of the hormone 
(usually ranging between pico- and nanomolar concentrations), 
so that the receptor is sensitive to changes in hormone 
concentrations.

The concentration of each receptor can vary and a cell may 
become more or less sensitive to a given extracellular concentra-
tion of ligand. Sensitization can occur by increasing the number 
of binding sites available. This is achieved through a combination 
of increased receptor synthesis and decreased degradation. Cells 
can become refractory (desensitized) to ligand by altering recep-
tor localization (e.g. by internalizing cell surface receptors), 
reducing receptor levels or recruiting molecules that deactivate 
intracellular signaling pathways. Internalization of cell-surface 
receptors involves endocytosis: the receptors relocate into clusters 
within the membrane, which then invaginates to form fi rst a pit 
and then an endosomic vesicle. Once part of an endosome, the 

signal is terminated because the receptor–ligand complex dissoci-
ates as a result of the acidic pH within this compartment. Degra-
dation usually involves the ubiquitin–proteosome pathway.

Cell-surface receptors

There are two major groups of cell-surface receptors linked to 
intracellular signals. The fi rst relies upon tyrosine kinase for the 
initiation of signaling. The second tends to activate serine or 
threonine kinases by coupling to G-proteins. However, there is 
an underlying structural unity in all cell-surface receptors because 
each is made up of three segments: an extracellular domain, a 
transmembrane region and a cytoplasmic domain (Fig. 2.2).

The N-terminus of the protein forms the extracellular compo-
nent of the receptor and this domain is responsible for hormone 
recognition and binding. The extracellular domain is heavily gly-
cosylated and comparatively rich in cysteine residues. These are 
necessary for disulfi de bond formation and correct protein 
folding but the functional signifi cance of the oligosaccharide 
moieties is not known. The extracellular domain of some recep-
tors [e.g. the growth hormone receptor and the receptor for 
thyroid-stimulating hormone (TSH)] can be cleaved from the 
plasma membrane so that it forms a separate entity that can be 
detected in the circulation, where it may function as hormone-
binding proteins.

The transmembrane region varies in structure from a simple 
linear stretch of approximately 25 hydrophobic amino acids to a 
more complex arrangement that crosses the plasma membrane 
seven times. This segment of the receptor is often regarded as a 
passive lipid anchor but there is evidence to suggest that it can 
infl uence receptor function; for example, mutations in the trans-
membrane region of the fi broblast growth factor (FGF) receptor 
are associated with achondroplasia.

The cytoplasmic C-terminus of the receptor generally forms 
the effector region of the molecule because it initiates an intracel-
lular signaling cascade, often involving protein phosphorylation, 
that eventually results in the cellular response.

Brook’s Clinical Pediatric Endocrinology, 6th edition. Edited by C. Brook, 

P. Clayton, R. Brown. © 2009 Blackwell Publishing, 

ISBN: 978-1-4051-8080-1.
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Figure 2.1 A composite diagram showing the 
different classes of hormone receptors. Receptors for 
some hormones can occur in more than one 
grouping. For example, different types of PTH 
receptors link to different G-proteins and therefore 
couple to either adenylate cyclase or phospholipase 
C (PLC). ACTH, adrenocorticotropin hormone ; 
CRH, corticotropin- releasing hormone; FSH, follicle-
stimulating hormone; GnRH, gonadotropin-releasing 
hormone; IGF-1, insulin-like growth factor 1; 
LH, luteinizing hormone; PGE2, prostaglandin E2; 
PTH, parathyroid hormone, PTHrP, parathyroid 
hormone related peptide; TK, tyrosine kinase; 
TRH, thyrotropin-releasing hormone; TSH thyroid-
stimulating hormone.

Ectodomain

Cytoplasmic domain

NH2

CO2H

Cytoplasmic
membrane

Hydrophobic
transmembrane

domain

Figure 2.2 Schematic representation of a membrane-spanning cell-surface 
receptor with three clearly identifi able domains: the extracellular domain is 
bridged by a membrane-spanning component to the intracellular cytoplasmic 
domain. Each domain has characteristic structural features that refl ect its 
location and function.

Protein phosphorylation
The amino acids serine, threonine and tyrosine each carry a polar 
hydroxyl group that can be exchanged for a phosphate group 
from adenosine triphosphate (ATP) by protein kinases. The 
energy generated during this reaction leads to a conformational 
change in the tertiary structure of the phosphorylated protein 
and, once activated in this way, many molecules within signaling 
pathways relay the signal by acting as protein kinases themselves. 
Each protein may be phosphorylated on more than one residue 
and a protein may be the substrate for more than one kinase, in 
many cases allowing the convergence of several signaling mole-
cules. The target sequence of most kinases has been identifi ed, 
although the presence of a consensus motif within a protein’s 
primary sequence does not mean that the protein will automati-
cally be phosphorylated because the tertiary structure may prevent 
kinase access.
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Kinases are grouped according to which amino acid they target. 
Serine/threonine kinases account for approximately 350 of the 
known phosphorylating enzymes and are responsible for the 
majority of the 10% of proteins that are phosphorylated at any 
given time in a mammalian cell.

Tyrosine kinases account for only 0.05% of the phosphoamino 
acid content of a cell but they are key regulators of many cellular 
signaling pathways. In addition to protein activation, phosphory-
lation of tyrosine residues generates binding sites necessary for 
subsequent protein–protein interactions. The relatively long side-
chain of phosphotyrosine enables it to dock with proteins con-
taining “deep pockets” resulting from the presence of one or 
more consensus sequences (approximately 100 amino acids) 
known as the Src homology (SH2 or SH3) domain. Phosphoryla-
tion is a reversible process and this molecular switch can be 
rapidly overturned through the action of enzymes termed 
phosphatases.

Tyrosine kinase-linked cell-surface receptors
These have a relatively simple transmembrane domain and either 
possess intrinsic tyrosine kinase activity or recruit such enzymes 
after activation by ligand binding.

Receptors with intrinsic tyrosine kinase activity
This family contains the insulin receptor, the structurally related 
type 1 insulin-like growth factor (IGF-1) receptor and the recep-
tors for epidermal growth factor (EGF), fi broblast growth factor 
(FGF) and platelet-derived growth factor (PDGF). They are often 
referred to as growth factor receptors or receptor tyrosine kinases 
(RTKs).

The structure of these receptors is shown in Figure 2.2. Some 
ligands (e.g. FGF and EGF) stimulate dimerization of two adja-
cent monomeric receptors, whereas others (e.g. insulin and IGF-
1) bind to receptors that exist as dimers in their unoccupied state. 
Either way, ligand–receptor coupling results in activation of the 
tyrosine kinase located in the cytosolic domain of the receptor.

Insulin/type 1 IGF receptors
Both receptors are heterotetrameric structures comprising two 
extracellular α-subunits linked to two membrane-spanning β-
subunits by disulfi de bonds (Fig. 2.3) [1,2]. The α-subunits 
confer specifi city for their cognate ligand, whereas the β-subunits 
possess the motifs required for recruiting the major signaling 
adaptor proteins and a tyrosine kinase domain, which is essential 
for the catalytic activity of the receptor. As a result of the consid-
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Figure 2.3 Signaling pathways initiated in response to activation of the insulin receptor, an example of a receptor with intrinsic tyrosine kinase activity. The type 1 IGF 
receptor shares many of these pathways.



Principles of Hormone Action

27

erable homology between the insulin and type 1 IGF receptors, 
cells expressing both can form a hybrid of an insulin αβ-
hemireceptor coupled to an IGF-1 αβ-hemireceptor [3]. The 
functional signifi cance of this phenomenon has yet to be deter-
mined, although it is known that the hybrid receptors bind IGF-1 
with a 50-fold higher affi nity than that for insulin [4].

Insulin signaling pathways
Following autophosphorylation of tyrosine residues on the recep-
tor β-subunit, a cascade involving more than 50 enzymes is acti-
vated; this includes primarily members of the insulin receptor 
substrate (IRS) family of proteins (Fig. 2.3) [5]. Four mammalian 
IRS proteins have been identifi ed and evidence from transgenic 
mice suggests that they may display tissue and functional specifi c-
ity [5,6], as IRS-1 seems to be important for somatic cell growth 
and insulin action in muscle and adipose tissue, whereas IRS-2 
appears to be the main signaling molecule in the liver and is 
necessary for β-cell survival. Regulation of IRS protein levels may 
provide an additional mechanism for modulating insulin action 
as recent data suggest that the translation of IRS-1 is subject to 
negative regulation by endogenous microRNAs (miRNAs) with 
consequent effects on cellular function [7]. Indeed post-tran-
scriptional regulation of proteins by miRNAs may prove to be 
relevant to numerous hormone/receptor signaling pathways as 
the expression of the angiotensin II type 1 receptor can be reduced 
by miR-155 [8]. Phosphorylation of IRS creates docking sites for 
proteins with Src homology 2 (SH2) domains. These include the 
regulatory (P85) subunit of phosphatidylinositol (PI) 3-kinase 
and growth factor receptor-binding protein 2 (Grb2). The effect 
of insulin depends on which of these effector molecules are 
expressed and recruited and which signaling pathways are acti-
vated as a result.

Stimulation of PI 3-kinase leads to the generation of PI 3-phos-
phate, by phosphorylation of phosphatidylinositol lipids at the 
D-3 position of the inositol ring and then activation of PI 3-
dependent kinases (PDK) [9]. PDKs activate protein kinase B 
(PKB; also known as Akt) via phosphorylation of a critical serine 
and threonine residue, which results in the translocation of 
glucose transporters, predominantly GLUT-4, to the plasma 
membrane and the initiation of glycogen synthesis through acti-
vation of glycogen synthase (Fig. 2.3).

The mitogenic effects of insulin are mediated via Grb2. This 
adaptor protein links tyrosine-phosphorylated receptors or cyto-
plasmic tyrosine kinases to the guanine nucleotide exchange 
factor, SOS (son of sevenless protein) and, along with Ras, Raf 
and MEK, is part of the pathway that leads to the activation of 
mitogen-activated protein kinase (MAPK; Fig. 2.3) [9]. This acts 
on multiple proteins to result in cytoplasmic and nuclear 
responses. The latter lead to stimulation of gene expression, 
protein synthesis and cell growth. The MAPK pathway can be 
stimulated independently of IRS, because Shc, which is a sub-
strate of the activated insulin receptor, can also associate with 
Grb2 (Fig. 2.3) [9].

IGF-1 signaling pathways
Insulin and IGF-1 have overlapping roles in metabolism, cell 
growth, differentiation and cell survival and their receptors have 
structural similarity, so it is not surprising that activation of the 
type 1 IGF receptor activates many of the intracellular signaling 
events described above. IRS proteins, Grb2 and Shc are all 
involved in the cellular response to IGF-1 (Fig. 2.3). However, it 
is thought that the two receptors can elicit distinct biological 
responses by using specifi c or preferential substrates, adaptor 
molecules or signaling pathways. For example, insulin activates 
protein kinase C (PKC) to stimulate proliferation of murine kera-
tinocytes through PI 3-kinase and generation of PI 3-phosphate, 
whereas PKC is not involved in the proliferative response to IGF-
1 in these cells [10].

Desensitization
A family of enzymes known as protein tyrosine phosphatases 
(PTPs), which includes PTPa, SHP2, LAR and PTP1B, has a key 
role in terminating the signal generated through the insulin or 
type 1 IGF receptor [11]. PTP1B is thought to be particularly 
important in relation to the negative regulation of insulin signal-
ing pathways [12] because PTP1B in vitro dephosphorylates 
activated insulin receptors, IRS proteins and possibly other 
downstream molecules as well. PTP1B-defi cient mice display 
enhanced insulin sensitivity and increased insulin-stimulated 
phosphorylation of the insulin receptor in muscle and glucose. 
PTP1B gene variants in humans are associated with changes in 
insulin sensitivity, which has prompted an interest in developing 
specifi c PTP1B inhibitors for the treatment of type 2 diabetes. 
PTP inhibitors may also prove to be useful in cancer therapy as 
inappropriate activation of the type 1 IGF receptor signaling 
pathway has been linked to cellular transformation [13] and, for 
example, loss of the PTP PTEN causes a reduction in IGF signal-
ing [14].

Defects
Mutations in the gene coding for the insulin receptor are associ-
ated with syndromes of severe insulin resistance: type A insulin 
resistance, Rabson–Mendenhall syndrome and leprechaunism. 
All have impaired glucose metabolism in association with raised 
insulin concentrations but only patients with leprechaunism 
completely lack functional insulin receptors and they rarely 
survive beyond the fi rst year of life [6]. Some patients with type 
A insulin resistance are reported to have normal insulin 
receptors and these may harbor as yet unidentifi ed mutations in 
any of the other critical insulin signaling molecules described 
above. Mice defi cient in the gene for IRS-1 display marked pre- 
and postnatal growth failure, insulin resistance, impaired glucose 
tolerance and other features of the metabolic syndrome but they 
do not develop diabetes, unlike the IRS-2 knockout animals [6]. 
This has led to the suggestion that IRS-2 is a diabetes-predisposing 
gene, although this has not been substantiated by clinical 
studies.
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There have been no reports of humans completely lacking the 
gene for the type 1 IGF receptor; however, mutations associated 
with reduced receptor number and function have been docu-
mented in children with intrauterine and/or postnatal growth 
restriction [15] and igfr1 null mice show severe growth failure, 
widespread developmental defects and usually die at birth as a 
result of respiratory failure [16].

Receptors that recruit tyrosine kinase activity
This group of receptors is referred to as the cytokine receptor 
superfamily. From an endocrine perspective, the most important 
members are the receptors for growth hormone (GH) and pro-
lactin (PRL), which form the class 1 subgroup along with the 
receptors for erythropoietin, granulocyte-macrophage colony-
stimulating factor (GM-CSF), leptin and the interleukins (IL) 2-
7, IL-9, IL-11 and IL-12 [17].

Like the tyrosine kinase receptors, cytokine receptors are 
expressed at the cell surface and are composed of a ligand-binding 
extracellular domain, a transmembrane region and an intracel-
lular carboxy tail (Fig. 2.2). Here the similarity ends, because 
members of the cytokine receptor superfamily do not possess 
enzymatic activity in their cytoplasmic domain. Instead, these 
receptors couple physically and functionally with non-receptor 
tyrosine kinases.

GH receptor activation
Early crystallographic studies revealed that ligand and receptor 
exist in a complex of one GH molecule and two molecules of 
receptor [18]. Subsequent work involving mutational analysis of 
residues within the ligand demonstrated that each molecule of GH 
has two distinct sites, a high-affi nity “site 1” and a lower affi nity 
“site 2,” both of which are capable of binding to the extracellular 
domain of a GH receptor. The unoccupied receptor has not been 
crystallized and so there has been much speculation about whether 
dimerization occurs before or after GH binding. Initial studies 
supported the latter paradigm but more recent work suggests that 
GH receptor dimerization occurs in the absence of hormone [19] 
and that the dimer undergoes a conformational change upon GH 
binding that enables tyrosine kinase recruitment [19].

The receptors for PRL and erythropoietin also form homodi-
mers and again, recent work challenges the accepted view that 
ligand is needed to induce dimerization [20,21] but members of 
the other subgroups of the cytokine receptor superfamily form 
heterodimers and oligomers.

Tyrosine kinase recruitment
Thirty-two mammalian non-receptor tyrosine kinases have been 
identifi ed, which are classifi ed into 11 groups based on sequence 
similarity in their SH1, SH2 and SH3 domains. Each has the 
ability to bind to the intracellular motif of different receptor 
molecules. Early studies of GH signaling pathways used cross-
linking and immunoprecipitation techniques to demonstrate that 
the activated GH receptor recruits predominantly members of 
the Janus family of tyrosine kinases [22].

Janus-associated kinases (JAK)
Four evolutionarily conserved members of the JAK family have 
been identifi ed: JAK1, JAK2, JAK3 and Tyk2. JAK3 is expressed 
primarily in hematopoietic cells, although the others are found 
in most cell types. GH and PRL usually recruit JAK2 [23], 
although GH-induced phosphorylation of JAK1 and JAK3 has 
also been reported. They all possess seven conserved JH regions 
(JH1–7), of which JH1 is the functional domain and JH2 a pseu-
dokinase domain necessary to regulate the catalytic domain nega-
tively so that the enzyme is inactive in the absence of a stimulus 
[24].

Although JAKs associate constitutively with the receptor 
through a proline-rich site known as Box 1 in the receptor’s 
intracellular domain, they are spatially positioned and/or confor-
mationally modifi ed upon receptor activation so that transphos-
phorylation and activation of the kinase domain occur. This 
results in phosphorylation of the intracellular domain of the GH/
PRL receptors and provision of docking sites for a variety of sig-
naling molecules that contain SH2 or other phosphotyrosine-
binding (PTB) motifs. These include SHC, IRS and members of 
the signal transducer and activator of transcription (STAT) family 
of proteins (Fig. 2.4) [25].

STATs
In mammals, there are seven STAT family members, STAT1–4, 
STAT5A, STAT5B and STAT6. Only STAT1, STAT3 and the 
STAT5 molecules are usually recruited in response to GH/PRL-
induced JAK2 activation.

STAT proteins are localized in the cytoplasm in unstimulated 
cells but they are rapidly recruited to the intracellular domain of 
the receptor after ligand–receptor coupling through binding 
between STAT SH2 domains and phosphorylated tyrosine resi-
dues on the receptor [26]. This interaction is highly specifi c and 
represents a critical step in determining the specifi city of recep-
tor-mediated STAT activation. Once bound, the STATs become 
phosphorylated. This leads to the formation of STAT homo- and 
heterodimers, which translocate rapidly to the nucleus for DNA 
binding (Fig. 2.4). Most STAT dimers recognize an 8- to 10-bp 
inverted repeat DNA element with a consensus sequence of 5′-
TT(N4–6)AA-3′, usually referred to as a GAS element as a result 
of its initial characterization as a γ-interferon activation sequence 
recognized by STAT1 homodimers.

Following DNA binding, activated STAT dimers initiate the 
transcription of immediate early response genes that regulate 
proliferation of more specifi c genes that determine the functional 
status of the cell [26].

Desensitization
Following activation, there is a rapid attenuation of receptor 
responsiveness to ligand. This process is achieved by removal of 
the receptor from the cell surface (internalization) and ubiquitin-
dependent degradation of the receptor–JAK complex [27,28]. In 
addition, JAK/STAT signaling pathways are inhibited by at least 
three families of proteins: phosphatases, suppressors of cytokine 
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Figure 2.4 Signaling pathways initiated in response to activation of the growth hormone receptor, an example of a receptor that recruits tyrosine kinase activity.

signaling (SOCS) and protein inhibitors of activated STATs 
(PIAS) [23].

In vitro evidence for the involvement of protein tyrosine phos-
phatases (PTP) comes from the demonstration of prolonged GH-
stimulated JAK2 and STAT5 phosphorylation in the presence of 
phosphatase inhibitors. Furthermore, in mice defi cient in the 
enzyme SHP1, these signaling molecules are superactivated in 
response to GH [29] and mice lacking functional PTP-H1 are 
signifi cantly larger than their wild-type littermates, suggesting 
that this enzyme has a role in regulating signaling through the 
GH receptor [30].

Activation of the JAK/STAT pathway also induces expression 
of the SOCS proteins; these interact with JAK and also with the 
GH receptor to result in proteosomal degradation [31]. Finally, 
PIAS have been shown to regulate signal transduction negatively 
in response to prolactin, although less is known about the involve-
ment of PIAS in GH regulation of STAT-mediated transcription 
[32].

Alternative pathways
JAK/STAT pathways are important in the cellular response to GH 
and prolactin but there is evidence to suggest that other non-
receptor tyrosine kinases may also mediate signal transduction of 
the cytokine receptor superfamily [23].

Members of the Src family of kinases (s-Src and c-Fyn) are 
activated by GH–receptor coupling and this may lead to phos-
phorylation of focal adhesion kinase (FAK), recruitment of Grb2 
and stimulation of the MAPK pathway. c-Fyn has also been 
implicated in the activation of PI 3-kinase by prolactin. Further-
more, Src kinases can associate with STAT1, STAT3 and STAT5 
and so it is possible that this pathway is also involved in the 
transcriptional events regulated by GH or PRL. The use of signal-
ing molecules from the transduction pathways associated with 
insulin may explain the acute insulin-like effects of GH. In addi-
tion, GH and prolactin have been reported to increase intracel-
lular free calcium through activation of phospholipase C.

Defects in GH and PRL signaling
Abnormalities in GH signal transduction result in GH resistance 
and severe growth impairment despite normal or elevated levels 
of circulating GH (Laron syndrome). Such patients have excep-
tionally low levels of IGF-1 and its principal carrier protein, IGF 
binding protein-3 (IGFBP3), and these cannot be elevated by the 
administration of exogenous GH. This observation gave the fi rst 
clue that GH resistance resulted from non-responsive receptor or 
signaling pathways [33].

Deletions, nonsense, missense, splice and frameshift mutations 
have all been detected in the exons of the GH receptor that code 
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for the extracellular domain (exons 2–7). Some affect the ability 
of the receptor to bind GH, whereas others result in reduced GH-
stimulated dimerization. Mutations in exons 8–10, which code 
for the transmembrane and intracellular domains, can lead to 
defective GH receptor–JAK/STAT coupling [34]. However, 
some patients have no apparent defect in their GH receptor, 
suggesting that the problem must lie in genes further down-
stream. Indeed, STAT5b knockout mice fail to respond effectively 
to GH and mutations in the gene for STAT5b have been identifi ed 
as the cause of GH insensitivity in a number of patients [35,36]. 
In addition, abnormalities in the intracellular phosphatases 
involved in regulating GH signaling may also cause GH 
resistance because mutations in the gene for the PTP SHP-2 
(Noonan syndrome) are associated with GH insensitivity [37,38]. 
There have now been a number of demonstrations that defects 
(e.g. partial deletions and missense mutations) in the gene 
coding for IGF-1 [15] also lead to pre- and postnatal growth 
failure because this would clearly render the GH–IGF-1 axis 
ineffective.

There have been no reports of human disease resulting from 
gene defects in the prolactin receptor. This suggests that either 
mutations of the PRL receptor have no detectable effect in vivo 
or such mutations are lethal [39]. Evidence from PRL receptor 
knockout mice supports the former hypothesis: these animals are 
viable but they do display a number of reproductive, behavioral 
and bone abnormalities.

Circulating receptors
The extracellular domain of some class I cytokine receptors, 
including the GH receptor, can be cleaved by an enzyme thought 
to be the metalloprotease TACE (tumor necrosis factor α con-
verting enzyme) to form a circulating binding protein with high 
affi nity for GH (GHBP) [40]. The physiological signifi cance of 
GHBP is poorly understood but “receptor decapitation” presents 
an alternative mechanism for receptor desensitization. The 
binding protein itself has the potential to modulate GH function 
either by prolonging its half-life and providing a circulating res-
ervoir or by competing with GH for GH binding and inhibiting 
GH signaling through the formation of non-functional GHBP/
GH receptor heterodimers.

Serum GHBP concentrations approximate GH receptor expres-
sion and are therefore used as a refl ection of GH receptor status: 
for example, 75–80% of patients with Laron syndrome have low 
or undetectable levels of GHBP.

G-protein-coupled receptors
G-protein-coupled receptors (GPCRs) form a superfamily of 
more than 1000 membrane proteins which accounts for approxi-
mately 1% of the genes found within mammalian genomes. These 
receptors have a diverse range of ligands and, in addition to 
transducing hormonal signals, they also mediate the cellular 
response to neurotransmitters, lipids, including prostaglandins 
and leukotrienes, nucleotides, ions and sensory stimuli, such as 
light, smell and taste [41].

As their name suggests, activation of GPCRs generally leads to 
the recruitment of intracellular G (guanine) proteins and the 
generation of second messengers, for example, cyclic adenosine 
monophosphate (cAMP) and inositol 1,4,5-triphosphate (IP3). 
Some of these receptors can signal through G-protein-
independent pathways.

Structure
Although GPCRs have the same basic design as the tyrosine 
kinase-linked receptors, in that they possess extracellular, trans-
membrane and intracellular domains, they can be defi ned struc-
turally by their more elaborate “serpentine” transmembrane 
region [41]. This contains seven α-helices linked by alternating 
intracellular and extracellular loops, which can be arranged to 
form a hydrophobic pore (Fig. 2.5). In general, each of the trans-
membrane segments consists of 20–27 amino acids. The extracel-
lular N-terminal segment, loops and intracellular C-terminal 
domain are much more variable in size; consequently, GPCRs 
range from the gonadotropin-releasing hormone receptor, with 
only 337 amino acid residues, to the calcium-sensing receptor, 
which has 1085 residues. The latter has a disproportionately long 
N-terminus (>600 amino acids), because, in general, the length 
of the N-terminal segment is weakly correlated with ligand size. 
It has been suggested that this domain, along with the extracel-
lular loops and transmembrane pore, has an important role in 
ligand recognition. Like the tyrosine kinase-linked receptors, the 
intracellular domains (both loops and C-terminus) are necessary 
for interaction with intracellular signaling partners.

GPCRs exist and function as homo- and heterodimers [42]. 
This process may be important for targeting functional receptors 
to the cell surface and it is possible that heterodimerization could 
generate novel ligand binding and signal transduction pathways 
to result in functional properties distinct from those of either of 
the receptors. However, the physiological signifi cance of homo- 
and heterodimers remains to be determined.

GPCRs can be grouped into three families, A, B and C (Table 
2.1), on the basis of sequence similarity within the transmem-
brane region. There is little similarity between the groups, apart 
from the characteristic tertiary structure facilitated by the seven 
transmembrane helices [41]. Group A, which is the largest family 
and contains the receptors for light and adrenaline, has a putative 
fourth intracellular loop resulting from palmitoylation of cysteine 
residues in the C-terminal domain. Group B includes receptors 
for a variety of hormones and neuropeptides and is characterized 
by a long amino-terminus containing several cysteine residues, 
which presumably form a network of disulfi de bridges. Group C 
includes the receptors for glutamate, γ-aminobutyric acid and 
calcium.

G-proteins
Upon binding ligand, the conformation of the transmembrane 
domain, particularly the third and sixth helices, is altered. This 
leads to a conformational change in the intracellular domains to 
uncover previously masked binding sites for heterotrimeric G-
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Figure 2.5 A schematic representation of G-protein-coupled receptors (GPCRs) 
showing the seven transmembrane domains. (a) The structure is an elaborate 
variation of the three-segment design depicted in Figure 2.2. The size of the N-
terminal extracellular domain is generally in proportion to the size of the cognate 
ligand. Homology of this region, which is obviously important for ligand binding, 
is less than that of the transmembrane and cytoplasmic domains. This region can 
be heavily glycosylated and the carbohydrate moieties may contribute as much 
as 40% of its mass. The transmembrane domain has a characteristic heptahelical 
structure, most of which is embedded in the plasma membrane and provides a 

hydrophobic core. Conserved cysteine residues may form a disulfi de bridge 
between the second and third extracellular loops. The cytoplasmic domain links 
the receptor to the signal-transducing G-proteins. Evidence from the β-
adrenergic receptor suggests that specifi c regions in the third intracellular loop 
and sections of the C-terminal tail are critical for G-protein coupling. A fourth 
intracellular loop may be formed by a cysteine residue in the C-terminal tail, 
which could be palmitoylated in some GPCRs. (b) The hydrophobic pore formed 
by the seven transmembrane α-helices of the GPCR.

Table 2.1 Examples of GPCRs and their associated G-proteins/second messengers (AC, adenylate cyclase; PLC, phospholipase C). For somatostatin, vasopressin, 
calcitonin and PTH/PTHrP, different receptor subtypes determine α-subunit specifi city and there may be differential tissue distributions of these receptor subtypes. This 
phenomenon provides opportunities to develop selective therapeutic antagonists.

Family Characteristics Examples G-protein Second messenger

A Disulfi de bridge connecting second and third extracellular loop TRH receptor
Putative fourth intracellular loop GnRH receptor Gαq PLC

Oxytocin
Biogenic amine receptors
FSH receptor
LH receptor Gαs/Gαq AC/PLC
TSH receptor
Vasopressin
Somatostatin Gαi/Gαq AC/PLC
Melanocortin receptor Gαs AC

B Disulfi de bridge connecting second and third extracellular loop Calcitonin receptor Gαs/Gαi/Gαq AC/PLC
Long amino-terminus containing several cysteine residues CRH receptor

Glucagon receptor Gαs AC
PTH receptor
PTHrP receptor Gαs/Gαq AC/PLC

C Very long (>600 amino acids) amino-terminus Calcium receptors Gαq/Gαi AC/PLC
Very short and highly conserved third intracellular loop Glutamate receptors Gαs/Gαq AC/PLC

CRH, corticotropin-releasing hormone; FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone; PTH, parathyroid hormone; 
PTHrP, parathyroid hormone related peptide; TSH, thyroid-stimulating hormone.
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proteins. G-proteins consist of α-, β- and γ-subunits. The 
β- and γ-subunits associate with such high affi nity that G-
proteins are usually described as having two functional units, Gα 
and Gβγ; 21 α-subunits, six β- and 12 γ-subunits have been 
described [43].

Activation by GPCRs induces a conformational change in the 
α-subunit, which results in the exchange of a molecule of GDP 
for a molecule of GTP and dissociation of the α-subunit from 
both the receptor and the βγ-dimer. Both the GTP-bound α-
subunit and the βγ-dimer independently regulate a number of 
downstream signaling pathways.

Based on their primary effector molecules, the α-subunits can 
be grouped into four families. Gαs and Gαi activate or inhibit 
adenylate cyclase (AC) respectively. Gαq activates phospholipase 
C (PLC). Less is known about the Gα12-subunits, although 
it appears that their effects are mediated through members of 
the Rho family of GTPases [44]. In addition to the effectors 
used by the α-subunits, Gβγ-dimers are known to target ion 
channels and protein kinases and the list continues to increase 
[44].

The existence of numerous G-protein subunits in combination 
with a variety of downstream effectors enables the diversity and 
selectivity of intracellular signals in response to GPCR activation. 
Each receptor has the possibility of interacting with many G-
proteins (Table 2.1). Recruitment of a particular Gα-subunit 
depends on many factors [45], including receptor subtype (Fig. 
2.6a), structural features of the cytoplasmic domain and the 
concentration of the ligand. For example, at low concentrations, 
TSH, calcitonin and luteinizing hormone (LH)/human chorionic 
gonadotropin (hCG) receptors activate adenylate cyclase through 
Gαs, whereas at higher concentration, Gαq is recruited to 
activate PLC. Further complexity is introduced by the potential 
for receptors simultaneously or successively to couple with dis-
tinct G-proteins (Fig. 2.6b) and the ability of a particular G-
protein to activate multiple intracellular signaling cascades 
(Fig. 2.6c).
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β γ
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β γ
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(b)

β γ

G1

β γ

G2

(c)

β γ

G1

Activation of distinct
intracellular receptors

Figure 2.6 Various mechanisms of G-protein 
selection and subsequent activation of intracellular 
second messengers. After Hermans [45], with 
permission.

Intracellular second messengers
cAMP
Activation of membrane-bound adenylate cyclase catalyzes the 
conversion of ATP to the potent second messenger cAMP (Fig. 
2.7) [46]. This cyclic nucleotide activates the heterotetrameric 
protein kinase A (PKA) by binding to repressive regulatory sub-
units (R), which then dissociate from the two catalytic subunits 
(C) so that phosphorylation of serine/threonine residues in pro-
teins containing the consensus sequence Arg-Arg-X-Ser/Thr-X 
can occur. These include intermediaries of lipolysis, glycogenoly-
sis and steroidogenesis (e.g. glycogen synthase, hormone-sensi-
tive lipase, cholesterol ester hydrolase) as well as the transcription 
factor CREB (cAMP response element binding protein). Phos-
phorylated CREB translocates to the nucleus where it binds to a 
short palindromic sequence, the CRE or cAMP response element, 
of cAMP-regulated genes (e.g. somatostatin). In this way, 
the generation of cAMP can have a direct effect on gene 
transcription.

cAMP does not act exclusively through PKA and there is a 
growing list of alternative cAMP targets [47]. The physiological 
effects of cAMP are also produced by direct regulation of mon-
ovalent and divalent cation channels and the ubiquitous guanine 
exchange factors Epac 1 and 2.

The cAMP-mediated signal is terminated by members of the 
phosphodiesterase (PDEs) family of proteins. These hydrolyze 
cAMP rapidly to the inactive 5′-AMP in response to phosphoryla-
tion by PKA and other mechanisms.

Diacylglycerol and Ca2+

Occupancy of numerous GPCRs, including thyrotropin-releasing 
hormone (TRH), gonadotropin-releasing hormone (GnRH) and 
oxytocin, results in G-protein activation of the enzyme 
phospholipase C (PLC; Fig. 2.8) [48]. This leads to the hydrolysis 
of phospholipids, specifi cally phosphatidylinositol-4,5-
bisphosphate (PIP2), which resides in the inner leafl et of the 
plasma membrane, to yield diacylglycerol (DAG) and inositol-
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1,4,5-triphosphate (IP3). DAG, together with a cofactor phospha-
tidylserine, recruits another protein kinase, the membrane-bound 
PKC, which, in the presence of calcium, phosphorylates a wide 
variety of proteins and peptides to bring about the cellular 
response. Ca2+ is provided by IP3, which diffuses through the 
cytoplasm to bind receptors on the endoplasmic reticulum, 
causing Ca2+ mobilization and a rapid increase in cytosolic free 
Ca2+. In addition to PKC, the rise in intracellular Ca2+ also acti-
vates the protein kinase calmodulin and phospholipase A2. Phos-
pholipase A2 liberates arachidonate from phospholipids and 
thereby generates potent local tissue activators known collectively 

as eicosanoids. These include thromboxanes, leukotrienes and 
prostaglandins. Prostaglandins are well-recognized paracrine and 
autocrine mediators that may amplify or prolong the response to 
the original hormone stimulus. Intracellular Ca2+ concentrations 
are restored to resting levels by several mechanisms including 
Ca2+ pumps and deactivation of G-proteins.

Non-G-protein pathways
GPCRs do not always signal through G-proteins and the list of 
GPCR effector molecules is growing apace. In some cases, these 
are known receptor-interacting proteins, such as the arrestins, 
which, in addition to their well-established role in receptor 
desensitization, appear to link GPCRs into MAP kinase pathways 
[49], although novel binding partners have also been identifi ed. 
GPCRs can also elicit their effects through the “transactivation” 
of receptor tyrosine kinases both in the presence and absence of 
the RTK’s cognate ligand [50] and the reverse situation might 
occur because there is growing evidence for RTKs using GPCRs 
as signaling intermediaries [50]. Another paradigm in GPCR sig-
naling involves the translocation of GPCRs to the nucleus in 
order to directly regulate transcriptional activity [51]. The chal-
lenge now is to understand how the classic and new effector 
pathways are integrated to achieve specifi city of GPCR signal 
transduction.

GPCR desensitization
GPCR desensitization results from changes to either the receptor 
[52] or the intracellular G-proteins [53]. The extent varies from 
complete termination of signaling, which occurs in the sensory 
systems, to a reduction in the potency of ligand, as is observed 
with the β-adrenergic receptors.

Internalization of receptors to intracellular compartments and 
reduced expression as a result of decreased mRNA and protein 
synthesis both lead to desensitization but this can be achieved 
more rapidly (in seconds rather than minutes or hours) by uncou-
pling the receptor from G-protein-mediated signaling pathways. 
It is widely accepted that both second messenger-dependent 
protein kinases [e.g. PKA and PKC] and G-protein-coupled recep-
tor kinases (GRK) are responsible for uncoupling GPCRs from G-
proteins by phosphorylating serine and threonine residues within 
the intracellular loop and carboxy-terminal tail domains of the 
receptor. GRK phosphorylation of GPCRs also promotes the 
binding of cytosolic cofactor proteins known as arrestins, which 
target GPCR for endocytosis by clathrin-coated vesicles.

GPCR signals can be terminated at the G-protein level. Gα-
subunits possess intrinsic GTPase activity, which can cleave phos-
phate from GTP to result in GaGDP. This process can be enhanced 
by a family of proteins called regulators of G-protein signaling 
(RGS), which accelerate the rate of hydrolysis of GTP bound to 
both Gαi and Gαq to dampen Gαi- and Gαq-mediated signaling 
pathways. Hydrolysis of GTP allows the Gα-subunit to associate 
with a Gβγ-dimer again and the heterotrimeric complex returns 
to the G-protein pool so that it can be activated by subsequent 
receptor occupation by ligand.
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Figure 2.7 A representation of G-protein-modulated activation of a membrane-
bound enzyme such as adenylate cyclase. A hormone (e.g. adrenaline) binds to 
the extracellular region of the receptor. The third intracellular loop and the C-
terminus of the receptor associate with a G-protein (e.g. Gαsβγ). This leads to 
displacement of GDP by GTP and dissociation of Gαs from the βγ-dimer. The α-
subunit diffuses in the lipid bilayer and activates the catalytic subunit (C*) to 
generate many molecules of cyclic adenosine monophosphate (cAMP).
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Defects
Given their numerous and varied ligands, it is not surprising that 
mutations in GPCRs or their interacting G-proteins are associ-
ated with endocrine disease [54]. Mutations that alter the extra-
cellular (ligand-binding) domains of the receptor lead to hormone 
resistance (e.g. the TSH receptor), whereas aberrations in the 
transmembrane region of the receptor can result in altered recep-
tor function. Germline mutations in Xq28, which codes for the 
vasopressin V2 receptor, cause receptor misfolding and loss of 
receptor function so that circulating vasopressin, despite being 
present at very high concentrations, cannot increase urine con-
centration and nephrogenic diabetes insipidus results. Familial 
glucocorticoid defi ciency and some cases of early-onset 
severe obesity may be explained by functional defects in the 
melanocortin-2 and melanocortin-4 receptors respectively.

Activating mutations are also detrimental, presumably by 
altering crucial helix–helix interactions so that the receptor is 
active even in the absence of ligand. Familial male precocious 
puberty (testotoxicosis) is the result of such a mutation in the 
gene coding for the LH receptor and activating mutations in the 
transmembrane domain of the TSH receptor have been reported 
in association with neonatal hyperthyroidism and toxic thyroid 
adenomas in adults.

Mutations resulting in the loss of Gαs function are linked to 
pseudohypoparathyroidism (Albright hereditary osteodystro-
phy). If the mutation is maternally transmitted, resistance to the 
multiple hormones that activate Gαs in their target tissues occurs. 
Mutations resulting in the constitutive activation of Gαs cause 
McCune–Albright syndrome and some cases of acromegaly.

Intracellular receptors
Receptors for hydrophobic hormones such as the sex steroids, 
glucocorticoids, thyroxine and aldosterone are part of a large 
family of receptors (>150 members) that are located inside the 

cell (Fig. 2.1). These receptors function as hormone-regulated 
transcription factors and control the expression of specifi c target 
genes by interacting with regions close to the gene promoters. 
Consequently, the cellular response to these hormones takes 
longer than the quickfi re cell surface receptor/second-messenger 
systems described above.

Receptor structure
All intracellular receptors consist of three major regions (Fig. 
2.9a) [55]. There is a highly variable N-terminal domain, which 
has a role in transcription activation because of a region known 
as AF1 (activation function) in some receptors. There is also a 
DNA-binding domain (DBD) and a C-terminal ligand-binding 
domain (LBD), although their molecular weights vary from 46 to 
100  kDa. The DNA-binding domain shows the highest degree of 
homology across the receptor family. It is characterized by two 
polypeptide loops, each of approximately 20 amino acids, which 
are known as “zinc fi ngers” as a result of their formation from 
the coordination of four cysteine or two cysteine and two histi-
dine residues by a single atom of zinc (Fig. 2.9b). These distinctive 
fi ngers are necessary for interlocking with target DNA sequences 
in the nucleus.

Based on the crystal structure reported for the LBD of the 
estrogen and progesterone receptors, this region is thought to be 
composed of 12 α-helices that are folded to create a hydrophobic 
pocket for the ligand. Following occupation by ligand, there is a 
conformational change such that the 12th helix is repositioned to 
“seal” the pocket like a lid [55].

Receptor activation and DNA binding
Unoccupied “class I” receptors (Fig. 2.1) shuttle between the 
cytoplasm and the nucleus. Although some reside mainly in the 
former (e.g. the glucocorticoid receptor), others (e.g. the andro-
gen receptor) are predominantly nuclear. In either case, the 
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Figure 2.9 The intracellular receptor superfamily. Diagrammatic representation showing (a) the domain structure and relative sizes of these evolutionary related proteins 
and (b) the zinc fi ngers characteristic of the DNA-binding domain.

receptors are associated with “chaperone” molecules, such as heat 
shock protein 90 (hsp90), in a large heteromeric complex that 
obscures the zinc fi ngers of the DBD, thereby preventing the 
interaction with target sequences in the nucleus [56]. As a result 
of hormone binding, the inhibitory complex dissociates, the 
receptor becomes hyperphosphorylated and, if necessary, 
hormone–receptor complexes translocate to the nucleus. Acti-
vated receptors homodimerize here and then bind through the 
zinc fi ngers to DNA sequences that are specifi c for each receptor 
and known as the hormone response element (HRE; Fig. 2.10a). 
The glucocorticoid receptor binds to genes containing a gluco-
corticoid response element (GRE), the estrogen receptor to the 
estrogen response element (ERE) and so on. Targeting of the 
hormone–receptor complex to the HRE is directed by remarkably 
few amino acids in the DBD. These occur in a region called the 
P-box, which is usually located at the base of the fi rst zinc fi nger. 
Each zinc fi nger recognizes a sequence of approximately six 
nucleotide basepairs and the HRE often consists of a palindromic 
or tandemly repeated sequence. The four steroid hormone recep-
tors (glucocorticoid, mineralocorticoid, androgen and progester-
one) bind to an imperfect palindrome that consists of two 

hexamers repeated in reverse orientation and separated by three 
nucleotides (5′-GGTACAnnnTGTTCT-3′) [57]. Despite the 
receptors recognizing the same target sequence, a specifi c hor-
monal response is achieved by the recruitment of auxiliary mol-
ecules known as co-activators or co-repressors.

Class II receptors (Fig. 2.1), for example the receptors for the 
thyroid hormones, are located exclusively in the nucleus where 
they are constitutively bound as homodimers or heterodimers 
[usually with an unoccupied retinoid X receptor (RAR)] to their 
DNA target sequence (Fig. 2.11b). In general, unoccupied recep-
tors “silence” basal promoter activity, probably by associating 
with a co-repressor; ligand binding leads to a conformational 
change in the receptor and exchange of the inhibitory molecules 
for proteins necessary for the activation of transcription [58].

Co-activators and co-repressors
The hormone response element is usually upstream of the pro-
moter region for the target gene. The promoter region also con-
tains a consensus sequence, the TATA-box, for RNA polymerase. 
Through the recruitment of co-activators or co-repressors, which 
may be dependent on the phosphorylation status of the receptor 
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Figure 2.10 Activation of steroid hormone receptors. 
(a) Unoccupied class I receptors are associated with 
inhibitory molecules such as hsp90. Following 
hormone binding to the ligand-binding domain (LBD), 
the inhibitory protein dissociates and the two zinc 
fi ngers characteristic of the DNA-binding domain 
(DBD) are exposed. The receptor forms homodimers, 
interacts with the hormone response element (HRE) of 
target genes and, with the help of co-activator 
proteins, initiates transcription. TIC, transcriptor 
initiation complex; POL, polymerase. (b) Class II 
receptors, e.g. T3 receptor (T), are constitutively bound 
to DNA target sequences, usually as heterodimers with 
the retinoid X receptor (R). In the unoccupied state, 
they are transcriptionally inactive as a result of 
interaction with co-repressor molecules. Following 
ligand binding, the co-repressors are replaced by co-
activators and RNA polymerase is activated.
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Figure 2.11 Classic mechanism of steroid hormone 
action. Free steroid hormone in equilibrium with bound 
hormone (a) diffuses across the target cell membrane (b) 
and binds to the steroid hormone receptor protein in the 
cytoplasm or in the cell nucleus. The hormone–receptor 
complex (c) interacts with chromatin and binds to a 
receptor site of one DNA strand associated with a 
particular gene (d). This region is the hormone response 
element (HRE). The promoter region permits DNA-
dependent RNA polymerase to start transcription to yield 
messenger RNA (e), which passes out of the nucleus (f) 
after post-transcriptional modifi cation. Peptides are 
formed by translation of the message on ribosomes 
attached to the endoplasmic reticulum and modifi cation of 
the proteins gives the fi nal gene product (g).

[59], the hormone–receptor complex can direct the binding and 
activity of this enzyme to enhance or suppress transcription [60]. 
Following transcription, the “genomic” pathway is completed by 
translation of the newly generated mRNA into the proteins that 
ultimately result in the cellular response to hormone stimulation 
(Fig. 2.11).

Co-activator proteins facilitate transcription by remodeling the 
chromatin environment so that it is more accessible to RNA 
polymerase or by coupling ligand-occupied receptors to the basal 
transcription apparatus [61]. They include CREB binding protein 

(CBP/p300) and steroid receptor co-activator-1 (SRC-1), both of 
which possess histone acetyltransferase activity. Co-repressors 
such as NcoR (nuclear receptor co-repressor) and SMRT (silenc-
ing mediator of retinoid and thyroid hormone receptors) also 
function by modifying chromatin, usually by recruiting histone 
deacetylase to the vicinity of the receptor [62].

Desensitization
As with the receptors expressed at the cell surface, ligand binding 
of intracellular receptors results in rapid desensitization. A ligand-
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dependent reduction in mRNA levels has been demonstrated for 
many of the steroid receptors. Other mechanisms for limiting 
hormone responsiveness include diminished receptor half-life, 
degradation via the ubiquitin/proteosome pathway and transfer 
to alternative intracellular compartments.

Non-genomic actions of steroids
The ability of intracellular receptors to act as hormone-regulated 
transcription factors is commonly accepted as the mechanism of 
steroid hormone action. However, steroids have a number of 
physiological effects, e.g aldosterone activation of the Na+/H+ 
exchanger, that cannot be attributed to activation of the genome 
because they occur over too short a timeframe.

Some hormones (e.g. estrogen) appear to mediate their “non-
genomic” effects via classic estrogen receptors that are located at 
the cell membrane or cytoplasm [63,64]. However, evidence from 
knockout mice and pharmacological studies suggests that non-
classic steroid receptors must also exist; for example, animals 
lacking the mineralocorticoid receptor have a similar aldoste-
rone-stimulated rise in intracellular calcium and cAMP levels to 
their wild-type littermates and many of the effects of aldosterone 
cannot be blocked by spironolactone, a known inhibitor of the 
mineralocorticoid receptor.

Uncovering the mechanisms involved in mediating the non-
genomic actions of steroids is an emerging focus of research, even 
though it seems that many of the intracellular receptors can acti-
vate the signaling molecules more typically associated with the 
superfamily of cell-surface receptors [64]. Understanding the 
relative contribution of genomic versus non-genomic pathways 
in determining the overall cellular response to a particular 

hormone will be important in unraveling normal hormone 
function.

Defects
Mutations in the genes coding for intracellular receptors are 
responsible for numerous endocrinopathies because they can 
result in hormone resistance resulting from reduced ligand 
binding, impaired receptor dimerization and decreased interac-
tion with the HRE (summarized in Table 2.2). There is also evi-
dence that defects resulting in abnormal receptor–co-activator 
interactions, and indeed problems with the co-activators them-
selves, may also be the cause of hormone resistance syndromes 
[60].

Target tissue metabolism
Some of the hormones that work through intracellular receptors 
are converted by enzymes expressed in their target cells to metab-
olites that are more potent because of their higher affi nity for the 
receptor. For example, tissue-specifi c 5′-deiodinases convert T4 
to T3 [65], 5α-reductase metabolizes testosterone to dihydrotes-
tosterone [66] and 1α-hydroxylase in the mitochondria of cells 
in the renal tubule converts 25-OH-vitamin D to calcitriol [67]. 
These “activation” steps offer a way of achieving a range of effects 
and various disorders can result from defects in target tissue 
metabolism. The best known example is androgen insensitivity. 
Conversely, 11β-hydroxysteroid dehydrogenase (11β-HSD), 
which is expressed by aldosterone-responsive cells in the kidney, 
converts cortisol to cortisone to prevent the overstimulation of 
the mineralocorticoid receptor that would otherwise occur as a 
result of the high concentration of cortisol in relation to the 

Table 2.2 Examples of defects in intracellular receptors that are associated with endocrine disease.

Receptor Clinical effects Molecular defects reported to date Reference

Androgens (ARs) Partial or complete androgen insensitivity syndromes ↓ Receptor number [69]
↓ Androgen binding

↓ AR dimerization

Kennedy syndrome Expanded CAG repeat in N-terminus [70]

Breast cancer Altered AR transcriptional activity [71]

Prostate cancer ↑ AR receptor number [72]

Altered interaction with co-regulators

Glucocorticoid Generalized inherited glucocorticoid resistance ↓ Hormone binding [73]
↓ GR number

↓ DNA binding

Oestrogen (ER) Usually lethal ↓ Hormone binding [74]
Estrogen resistance

↓ DNA binding

T3 (TR) Resistance to thyroid hormone TRβ gene defects [75]
↓ T3 binding

Calcitriol (VDR) Calcitriol-resistant rickets ↓ VDR dimerization [76]
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circulating levels of aldosterone [68]. Defi ciency or impaired 
function of this enzyme leads to the hypertension and hypokale-
mia characteristic of the apparent mineralocorticoid excess 
(AME) syndrome.
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Principles of diagnostic procedures

The aim of investigation is to increase or decrease the probability 
of a diagnosis and to monitor the natural history of a condition 
or the response to treatment. It can thus reshuffl e the order of 
likelihood of the differential diagnosis based on the clinical pre-
sentation. The defi nition of a diagnosis is arbitrary and subject to 
changing views. For example, it is open to discussion whether 
symptoms and signs should defi ne it or whether it is defi ned by 
biochemical, anatomical or pathological similarities or by genetic 
markers. Furthermore, in each patient, a medical condition has 
a somewhat different expression, probably because of variation 
in genetic and environmental infl uences [1].

Part of the fuzziness of diagnostic labels in endocrinology is 
caused by the uncertainty about the biological effect of circulating 
hormones. Endocrinology has traditionally focused on hormone 
concentrations in serum and urine but little is known about sen-
sitivity to hormones. In the fi eld of growth, the variation in 
growth patterns is determined not only by growth hormone (GH) 
secretion but also by GH sensitivity (Fig. 3.1) [2]. Sensitivity to 
hormones can vary greatly, which is important to consider if 
hormone concentrations are used as indicators of a diagnosis.

For common clinical presentations, like short stature, 
evidence-based guidelines for diagnosis can be developed. In 
cases with an unusual presentation, diagnostic procedures are 
used not only for detecting or excluding known disorders but also 
for seeking novel causes of disease through investigations for 
pathophysiological mechanisms. In most instances, establishing 
the diagnosis leads to decisions on management.

Value of a diagnostic test
A diagnostic test should not be used before its value is clearly 
documented. For a proper assessment of the value of a diagnostic 

test, its validity, importance and applicability have to be consid-
ered (Table 3.1) [3,4].

Validity
A number of points have to be established for test validity:
1 The test should be compared with a “gold standard” test that 
can demonstrate a disease with maximal certainty. Gold stan-
dards are often lacking in pediatric endocrinology.
2 The index and reference tests should be assessed blindly (inde-
pendently). If this is not done, it will usually cause an artifi cially 
increased agreement between the two tests (review bias).
3 Both tests should be carried out in all patients. If, for example, 
only the index test-positive patients were referred for the refer-
ence test, this would lead to so-called workup bias.
4 The index test should be independent of other relevant infor-
mation about the clinical condition of the patient.
5 The value of the index test should be investigated in a popula-
tion that is relevant to the situation in which the test is to be 
carried out. In general, the spectrum of disease characteristics 
should be broad. The group that does not have the pertinent 
disorder should consist of persons with medical conditions that 
can easily be confused with the disorder and who are similar to 
those in whom one would use it in practice.
6 The test should be validated in a second, independent group 
of patients.

Importance
If the test is valid, the extent and how precisely the index test can 
predict the presence or absence of the suspected condition have 
to be determined. The key principle is probability (likelihood) as 
an (inverse) expression of diagnostic uncertainty. In order to 
quantify this, it is necessary fi rst to decide whether the test result 
can be treated as dichotomous (positive or negative) or continu-
ous. In the latter, an analysis including a series of cutoff points 
resulting in a so-called receiver operating characteristic (ROC) 
curve (see below) has to be performed.

Various parameters are available for measuring the power 
of a test. An example of the general scheme, a hypothetical 

Brook’s Clinical Pediatric Endocrinology, 6th edition. Edited by C. Brook, 

P. Clayton, R. Brown. © 2009 Blackwell Publishing, 

ISBN: 978-1-4051-8080-1.
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diagnostic test for GH defi ciency and a defi nition of the 
various test characteristics is shown in Table 3.2 (the 2 × 2 table) 
[5].

The best known parameters are sensitivity and specifi city. The 
sensitivity of a test is the proportion of positive index test results 
among the diseased (20 of 25). In the remaining patients (5 of 
25), the test result is negative (a false-negative result). The speci-
fi city of a test is the proportion of negative index test results 
among the non-diseased. In the remaining persons (in our 
example 13%), the positive test would wrongly suggest disease (a 
false-positive result). When a test has a high sensitivity, a negative 
result rules out the diagnosis. Similarly, when a test has a high 
specifi city, a positive result rules in the diagnosis. Because testing 
normal children is diffi cult, suffi cient data are rarely available for 
an accurate assessment of specifi city.

Sensitivity and specifi city have only limited value for the prac-
ticing clinician. What is needed are the positive and negative 
predictive values of the test, i.e. the proportion of patients with 
the condition among patients with a positive test result and the 
proportion without the condition among the patients with a 
negative test result. These values can be considered as post-test 
probabilities of the presence or absence of disease.

In this example, the pretest probability of GH defi ciency 
(prevalence) was 25%; with a positive test result, the post-test 
probability increased to 67%. The pretest probability of an 
absence of GH defi ciency was 75%; with a negative test result, the 
post-test probability of absence of GH defi ciency increased to 
93%.

The predictive value depends on the prevalence of the condi-
tion. For example, if the data in Table 3.2 are reworked with a 
lower presumed prevalence, a positive test result increased the 
probability of GH defi ciency from 5% to 25% and a negative test 
result increased the probability of non-GH defi ciency from 
95% to 99% (Table 3.3). The relationship between pretest prob-
ability (prevalence) and post-test probability is shown in Figure 
3.2. The largest diagnostic benefi t can be obtained in situations 
where the prevalence is between 30% and 70%. If the prevalence 
is lower or higher, a test result does not add much to the clinical 
(un)certainty.

A test characteristic independent of the prevalence is the like-
lihood ratio (LR) for a positive (LR+) or negative (LR−) test. 
The LR+ is the proportion between the probability of a positive 
test result in people with or without the condition. A test with a 
LR+ of 1 is not informative but gets more informative as the 
LR+ increases: an infi nite LR+ is pathognomonic for the disease. 
The LR− is the proportion between the probability of a negative 
test result in people with or without the condition, so a test 
with a LR− of 0 excludes the condition. With the LR, a pretest 
probability (prevalence) can be transformed to a post-test prob-
ability. This transformation goes via the ratio between the prob-
ability of the occurrence of something and the probability that 
it does not occur. The equations were fi rst described by Bayes 
(Bayes’ theorems). For this calculation, one needs the following 
equations:

Lean children

Normal growth

Excessive growth

Poor growth

Partial
GHI

GHI
G

H
 s

ec
re

ti
o

n

Obese children

Arbitrary
cutoff

GHD

GH sensitivity

Partial
GHD

ISS

Figure 3.1 Hypothetical model describing the relationship between growth 
hormone (GH) secretion and GH sensitivity in growth regulation. GHD, growth 
hormone defi ciency; GHI, growth hormone insuffi ciency; ISS, idiopathic short 
stature. From Kamp [2] with permission.

Table 3.1 Criteria for evaluating the value of a diagnostic test. After Sackett 
et al. [3] and Offringa et al. [4].

Validity

1 Was there a valid reference test (gold standard)?
2 Was there an independent (blind) comparison of the index test with the 
reference test?
3 Was the reference test applied regardless of the diagnostic test result?
4 Was the index test carried out independently of other relevant information 
about the health status of the patient?
5 Was the test evaluated in an appropriate spectrum of patients (like those in 
whom one would use it in practice)?
6 Was the test validated in a second, independent group of patients?

Importance
1 Diagnostic value of the index test
2 Precision of the estimated diagnostic parameters

Applicability
1 Is the diagnostic test available, affordable, accurate and precise in one’s own 
setting?
2 Can one generate a clinically sensible estimate of the patient’s pretest 
probability? (from personal experience, prevalence statistics, practice databases 
or primary studies; from an estimation of the similarity of the described patients 
to one’s own practice; from an estimate of whether the disease possibilities have 
changed since the evidence was gathered)
3 Will the resulting post-test probabilities affect one’s management and help 
one’s patient? (Could it move us across the test-treatment threshold? Would the 
patient be a willing partner in carrying it out? Would the consequences of the 
test help our patient reach his or her goals in all of this?)
4 Does the severity of the disease and the possibilities for treatment, as well as 
the possible hazards and side-effects of the test and the risk of false-positive and 
false-negative results warrant the use of this test?
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Table 3.2 The classic 2 × 2 table (a), a hypothetical example of test results in 100 individuals with respect to a diagnosis of growth hormone (GH) defi ciency (b) and 
calculation of parameters for quantitating the value of a diagnostic test (c). After [3–5].
(a)

Target disorder

Present Absent Totals

Test result Positive a b a + b
Negative c d c + d

Totals a + c b + d a + b + c + d

(b)

GH defi ciency

Present Absent Totals

GH test result Positive 20 10  30
Negative  5 65  70

Totals 25 75 100

(c)

Parameter Calculation Outcome in example

Sensitivity (se) = proportion of positive index test results (true positives) among the diseased a/(a + c) 20/25 = 0.80
Specifi city (sp) = proportion of negative index test results (true negatives) among the non-diseased d/(b + d) 65/75 = 0.87
Prevalence of disease (pretest probability of disease) (a + c)/(a + b + c + d) 25/100 = 0.25
Prevalence of non-disease (pretest probability of non-disease) (b + d)/(a + b + c + d) 75/100 = 0.75
Positive predictive value = proportion diseased among the persons with a positive result on the index 

test = post-test probability of disease
a/(a + b) 20/30 = 0.67

Negative predictive value = proportion non-diseased among the persons with a negative result on 
the index test = post-test probability of non-disease

d/(c + d) 65/70 = 0.93

Likelihood ratio for a positive result (LR+) = the ratio between the probability of a positive test result 
in diseased and in non-diseased

(a/(a + c))/(b/(b + d)) = se/(1–sp) 0.8/0.133 = 6.0

Likelihood ratio for a negative result (LR−) = the ratio between the probability of a negative test 
result in diseased and in non-diseased

(c/(a + c))/(d/(b + d)) = (1–se)/sp 0.20/0.87 = 0.23

Pretest odds = prevalence/(1 − prevalence) 0.25 : 0.75 = 0.33
Post-test odds = pretest odds × likelihood ratio 0.33 × 6 = 2 : 1 = 2
Post-test probability = post-test odds/(post-test odds + 1) 2/(2 + 1) = 0.67

Note: for calculating test characteristics and their 95% confi dence intervals, see for example http://www.cebm.net/toolbox.asp or http://araw.mede.uic.edu/cgi-alansz/
testcalc.pl.

Pretest odds = pretest probability/(1 − pretest probability)

Post-test odds = LR × pretest odds

Post-test probability = post-test odds/(post-test odds + 1)

Alternatively, the nomogram in Figure 3.3 can be used.
Dividing test results into normal and abnormal is a gross sim-

plifi cation. In reality, the test result is assessed and interpreted in 
more detail; some abnormal results are pathognomonic for 
disease, while a less extreme value is not. For example, the inter-
pretation of a serum thyroid-stimulating hormone (TSH) of 6 
is quite different from the interpretation of a serum TSH of 

>500  mU/L, although both are above the cutoff level of approxi-
mately 5  mU/L (depending on the laboratory method).

In most cases, there is an overlap of test results in diseased and 
non-diseased persons, which obviously leads to imperfect sensi-
tivity and specifi city. In Table 3.4, data are shown for various 
ranges of serum glucose in 300 persons with and 700 persons 
without diabetes mellitus [4]. If the cutoff point were set at 
10.5  mmol/L, there would be no non-diabetic persons above that 
limit (specifi city 100%) but a considerable number of diabetic 
patients would not be detected (low sensitivity, high percentage 
of false-negative results). Within the zone of overlap, each cutoff 
would be associated with a certain sensitivity and specifi city. In 
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Table 3.3 Results of a test with identical test characteristics as the test in 
Table 3.2 but with a prevalence of 5% instead of 25%. From Hindmarsh & 
Brook [5].

GH defi ciency

Present Absent Totals

GH test result Positive 20  63  83
Negative  5 412 417

Totals 25 475 500

Sensitivity = 20/25 = 80%.
Specifi city = 412/475 = 87%.
Pretest probability of GH defi ciency = 25/500 = 0.05.
Pretest probability of absence of GH defi ciency = 475/500 = 0.95.
Positive predictive value = post-test probability of disease = 20/83 = 0.24.
Negative predictive value = post-test probability of non-disease = 412/417 = 0.99.
Likelihood ratio for a positive test result = se/(1-sp) = 0.80/0.133 = 6.0.
Likelihood ratio for a negative test result = (1-se)/sp = 0.20/0.87 = 0.23.
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Figure 3.2 The relation between pretest and post-test probability of disease. 
The data were constructed using Bayes’ theorem with a test sensitivity and 
specifi city of either ———, 70% or ------, 90%. (a) The post-test probability 
if the test were positive; (b) the post-test probability if the test were negative. 
If the post-test probability were the same as the pretest probability, then the 
relation would be given by the 45° line.
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Figure 3.3 A likelihood ratio nomogram. With this nomogram, the post-test 
probability for a disease can be calculated from the likelihood ratio and the 
pretest probability. Draw a line from the pretest probability on the left axis to 
the likelihood ratio on the middle axis. Extrapolate this line toward the right axis 
to indicate the post-test probability. From Offringa et al. [4] with permission.

Table 3.4 Serum glucose concentrations (mmol/L) in 300 persons with and 700 
persons without diabetes and sensitivity and specifi city of serum glucose for 
diabetes mellitus for various cutoff points. From Offringa et al. [4].

Serum glucose Diabetes No diabetes Sensitivity Specifi city

≥11.0 66 0 0.22 1.00
10.5–10.9 31 0 0.32 1.00
10.0–10.4 29 1 0.42 1.00
9.5–9.9 25 1 0.50 1.00
9.0–9.4 16 3 0.56 0.99
8.5–8.9 19 4 0.62 0.99
8.0–8.4 10 5 0.65 0.98
7.5–7.9 16 20 0.71 0.95
7.0–7.4 20 30 0.77 0.91
6.5–6.9 18 52 0.83 0.83
6.0–6.4 13 111 0.88 0.68
5.0–5.9 16 166 0.93 0.44
4.0–4.9 11 155 0.97 0.22

<4.0 10 152

Total 300 700
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this example, there is no range where there would be no diabetic 
patients, so the sensitivity never reaches 100%.

The ROC curve can express the relationship between sensitivity 
and specifi city. The ROC curve belonging to the data in Table 3.4 
is shown in Figure 3.4. Sensitivity is plotted on the y-axis and 1-
specifi city on the x-axis. The optimal cutoff point, the best com-
bination of sensitivity and specifi city, is the point located as close 
as possible to the upper left corner of the diagram. Using this 
cutoff point, the number of false-positive and false-negative 
values is minimal. The better the diagnostic power of the test, the 
bigger are the surface between the curve and the diagonal (area 
under the curve). Thus, a test with a ROC curve close to the 
diagonal is not discriminative.

The precision of the estimated diagnostic parameters is usually 
expressed as the 95% confi dence interval. The bigger the number 
of patients, the smaller the 95% confi dence interval gets. Equa-
tions can be found in books on evidence-based medicine [3] and 
on the Internet (see footnote to Table 3.2).

Applicability
Before using a test, four conditions should be met: fi rst, whether 
the test is available, affordable, accurate and precise and whether 
the characteristics of the patient(s) in whom the test is to be used 
are suffi ciently similar to the patients in whom the test has been 
described. Secondly, the pretest probability (prevalence) of the 
condition should be estimated. Thirdly, using the nomogram in 
Figure 3.3, it can be seen whether the test results may cause a 
substantial change in the probability of disease and thereby 
change decisions on treatment. In this context, the concepts of 
“test threshold” and “treatment threshold” are helpful [3]. If the 
probability of disease is (or would become) lower than the test 
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Figure 3.4 Receiver operating characteristic (ROC) curve of the relationship 
between sensitivity and (1 – specifi city) of serum glucose determinations for the 
diagnosis of diabetes mellitus at 14 different cutoff points (data from Table 3.4). 
Each dot represents a cutoff point. From Offringa et al. [4] with permission.

Table 3.5 Results of applying two tests assessing growth hormone (GH) 
secretion (insulin-induced hypoglycemia and clonidine) to patients with or 
without GH insuffi ciency (assuming the availability of a gold standard). From 
Hindmarsh & Brook [5].

(a) GH defi ciency

Present Absent Totals

Insulin-induced 
hypoglycemia

Positive 70 35 105
Negative 30 65 95

Totals 100 100 200

Sensitivity = 70/100 = 0.70.
Specifi city = 65/100 = 0.65.
Pretest probability of GH defi ciency = 100/200 = 0.50.
Pretest probability of absence of GH defi ciency = 100/200 = 0.50.
Positive predictive value = post-test probability of disease = 70/105 = 0.67.
Negative predictive value = post-test probability of non-disease = 65/95 = 0.68.
Likelihood ratio for a positive test result = se/(1-sp) = 0.70/0.35 = 2.0.
Likelihood ratio for a negative test result = (1-se)/sp = 0.30/0.65 = 0.46.

(b) GH defi ciency

Present Absent Totals

Clonidine test Positive 65 15 80
Negative 35 85 120

Totals 100 100 200

Sensitivity = 65/100 = 0.65.
Specifi city = 85/100 = 0.85.
Positive predictive value = post-test probability of disease = 65/80 = 0.81.
Negative predictive value = post-test probability of non-disease = 85/120 = 
0.71.
Likelihood ratio for a positive test result = se/(1-sp) = 0.65/0.15 = 4.3.
Likelihood ratio for a negative test result = (1-se)/sp = 0.35/0.85 = 0.41.

(c) GH defi ciency

Present Absent Totals

Both tests 
combined

Both positive 55 10 65
One positive 25 30 55
Both negative 20 60 80

Totals 100 100 200

If one demands that both tests are positive:
Sensitivity = 55/100 = 0.55.
Specifi city = 90/100 = 0.90.
Positive predictive value = post-test probability of disease = 55/65 = 0.85.
Negative predictive value = post-test probability of non-disease = 90/135 = 0.67.
Likelihood ratio for a positive test result = se/(1-sp) = 0.55/0.10 = 5.5.
Likelihood ratio for a negative test result = (1-se)/sp = 0.45/0.90 = 0.5.
If one demands that one or two tests are positive:
Sensitivity = 80/100 = 0.80.
Specifi city = 60/100 = 0.60.
Positive predictive value = post-test probability of disease = 80/120 = 0.67.
Negative predictive value = post-test probability of non-disease = 60/80 = 0.75.
Likelihood ratio for a positive test result = se/(1-sp) = 0.80/0.40 = 2.0.
Likelihood ratio for a negative test result = (1-se)/sp = 0.20/0.60 = 0.3.



Measuring Hormones

45

some basic knowledge of hormone assays and a good relationship 
with the pathologist or clinical chemist is essential. In this col-
laboration, it is important to acknowledge that the physician is 
responsible for the choice of laboratory parameters to be exam-
ined and the test circumstances (e.g. timing, infl uence of nutri-
tion, medication), for the appropriate transport of the sample to 
the laboratory and for the clinical interpretation. The laboratory 
is responsible for the technical validity and reproducibility of the 
hormone measurements through standardized laboratory proce-
dures and quality control [6,7] but in many hospital settings the 
laboratory is also responsible for venepuncture and transport.

The concentration of hormones in biological fl uids is low, 
down to the lower pmol/L range for free thyroxine so assays used 
to measure hormones must be exceptionally sensitive. Most hor-
mones are easily detected with fast and sensitive immunoassays 
but other methods, such as bioassays, radioreceptor assays and in 
situ methods, are used in some specifi c situations.

Before the introduction of radioimmunoassay, bioassays were 
the only methods to determine hormone concentrations. These 
are now used only for the standardization of hormone prepara-
tions (e.g. by reference laboratories of the World Health Organi-
zation), for testing the biological effectiveness of newly developed 
drugs and to test the biological activity of hormones in the serum 
of patients in whom there appears to be a discrepancy between 
the immunoassayable concentration and the biological effect. 
Example of the last are tests of biological activity of insulin-like 
growth factor type 1 (IGF-1) [8] and TSH receptor stimulating 
immunoglobulins [9].

With radioreceptor assays (RRAs), the specifi c binding of the 
hormone to a membrane receptor is examined, which obviously 
does not need to be identical to the biological activity. For this 
purpose, lymphocytes are mostly used. Immunofunctional assays 
(IFAs) involve binding of the ligand to the binding site of its 
natural receptor and subsequent recognition of the ligand bound 
by a specifi c monoclonal antibody that serves for quantitative 
detection [7,10].

In situ methods are mainly used in basic research. They use 
labeled antibodies and antibody sandwiches for detecting immo-
bilized antigens in microtome sections of tissues (immunohisto-
chemistry), in cells (cytochemistry) and after transfer (blotting) 
on to carrier membranes (dot-blot, Western immunoblot) [7].

Immunoassays
Immunoassays make use of specifi c, high-affi nity bonding 
between antibodies and their antigens and are usually divided 
into competitive (reagent-limited) and non-competitive (reagent-
excess) assays [6,7].

The principle of the competitive immunoassay (IA) is that, 
after mixing the antigen (the hormone in the sample) with anti-
bodies and a labeled antigen (tracer), an equilibrium is created 
between the bound tracer and the bound antigen that refl ects 
their relative concentrations in the assay mixture (Fig. 3.5). By 
subsequently removing the unbound component, the amount of 
bound antigens can be estimated. Using a calibration curve 

threshold, no more testing is needed. If the probability of disease 
is or gets higher than the treatment threshold, further testing 
would be abandoned and treatment started. Only if the diagnostic 
test result left the clinician stranded between the test and the 
treatment thresholds would other tests be performed. Finally, the 
decision to use a test should depend not only on the expected 
change in probability and its consequences for treatment but also 
on the severity of the disease and the possibilities for treatment, 
as well as the possible hazards and side effects of the test and the 
risk of false-positive and false-negative results.

The decision to stop investigation and to treat or not depends 
on how convinced the clinician is of the diagnosis, the benefi ts 
and risks of therapy and the potential yield and risks of further 
tests. In such circumstances, the clinician can conduct another 
test or use a more sophisticated analysis rather than a simple 
positive or negative. The strategy of using two tests for the diag-
nosis of GH defi ciency is common. The additional value of a 
second test is illustrated in Table 3.5. The highest positive predic-
tive value and the highest likelihood ratio for a positive test result 
can be reached with the combination of two tests if both tests are 
positive. The highest negative predictive value and lowest likeli-
hood ratio for a negative test result can be reached when neither 
test is positive. The next step is to decide the level of probability 
required for the decision to start treatment.

Diagnostic strategy
Confronted with a child with a given set of symptoms and signs, 
an experienced clinician will summarize the problems, make a 
differential diagnosis and list the diagnostic procedures. The list 
is usually a compromise of rational, economic and social consid-
erations. The rational approach would dictate that laboratory 
tests should aim to confi rm or refute the most likely condition(s) 
in a stepwise manner and, at the same time, check for rarer condi-
tions for which timely diagnosis and intervention are important. 
Economic considerations would urge the clinician only to use 
tests that offer a reasonable chance of shedding light on the diag-
nosis at a minimum cost. Social considerations would lead to 
minimizing the burden for the child by limiting the number of 
venepunctures, preferably to one. In many cases, it is useful to 
store part of the serum from the fi rst venepuncture so that addi-
tional tests can be performed based on the fi ndings from initial 
analyses. For this purpose, however, a well-organized storage 
system is needed.

An often overlooked aspect of diagnostic tests is the timing of 
blood sampling. Some hormone concentrations show a strong 
diurnal variation (e.g. cortisol) but plasma testosterone and estra-
diol also show diurnal variation in early puberty.

Measurements of hormones in blood, urine and 
other body fl uids

The pediatric endocrinologist is heavily dependent on the labora-
tory to make a diagnosis for patient management. Therefore, 
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Figure 3.5 A schematic representation of a competitive immunoassay. Hormone in the patient sample and a fi xed amount of labeled hormone compete for a fi xed, 
limited number of antibody binding sites. A variety of methods are used to separate antibody-bound hormone and unbound hormone. The amount of bound labeled 
hormone is then determined. From Wheeler [6] with permission.
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Figure 3.6 A schematic representation of a sandwich-type immunometric assay. Hormone in the sample binds to a capture antibody, usually attached to a solid phase. 
Excess hormone is aspirated away and a second labeled antibody is added in excess. After a short incubation time, excess labeled antibody is aspirated away. The 
amount of labeled antibody bound is then measured. From Wheeler [6] with permission.

describing the strength of the signal as a function of the analyte 
concentration, the concentration in the sample is calculated. The 
initial amount of antigen in the sample is inversely proportional 
to the signal of the bound tracer. Competitive assays are most 
commonly used for the measurement of steroids and other very 
small molecules with only one epitope available for antibody 
binding [7].

Non-competitive immunometric assays (IMAs) use a labeled 
antibody for signal generation. The most common format is the 
sandwich technique, which uses a solid-phase bound antibody as 
a capture antibody (Fig. 3.6) [11]. This antibody binds a propor-

tion of the hormone in the serum. The second antibody (tracer), 
to which the signal-generating label is attached, is added in excess 
so that it quickly binds to the captured hormone. Reactions can 
be quite short because only enough hormone, suffi cient to 
produce a detectable signal when the tracer is bound, is required. 
In IMAs, the bound signal is proportional to the amount of anti-
gens in the sample.

Over the years, many improvements have been implemented. 
Originally, the tracer (in IA and IMA) was labeled with radionu-
clides but enzymes, fl uorescent and chemoluminescent labels are 
now used. These labels may be coupled directly or indirectly 
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through biotin–streptavidin coupling. Owing to the catalytic 
effect in enzyme-based assays, it is possible for small amounts 
of bound enzyme to metabolize large quantities of substrate [7]. 
The most common endpoint used in both IAs and IMAs is 
chemoluminescence.

The separation of the unbound components in IA was mostly 
carried out by precipitation and subsequent centrifugation of the 
antigen–antibody complex with the help of a secondary antibody 
and/or the addition of a precipitation reagent. An improvement 
comes from the use of solid-phase bound capture antibodies. 
Usually, this solid phase is the wall of a polystyrene tube but 
polystyrene beads or magnetic particles are also used. Excess 
tracer can thus be removed easily by decanting or suction and 
washing away a specifi cally bound tracer is also achieved in the 
same way. Examples include the magnetic microparticle-based 
electrochemiluminescence immunoassay (ECLIA) and the 
enzyme-linked immunosorbent assay (ELISA), in which immo-
bilization takes place mostly on 96-well microtitration plates.

Polyclonal antibodies are raised by repeated immunizations of 
animals with biomaterials. Specifi city of the antiserum is subse-
quently improved by extracting cross-reacting immunoglobulins 
on immunoaffi nity columns. Improvements were found in using 
recombinant antigens of high purity for immunization and 
polyclonal antibodies are being substituted by monoclonal 
antibodies.

One of the most signifi cant changes in immunoassay technol-
ogy has been the development of fully automated analyzers dras-
tically increasing throughput of endocrinological laboratories [6]. 
In the near future, new measuring techniques based on biosen-
sorics are expected. In these techniques, binding of the analyte to 
the immobilized biosensor on a chip directly produces a physical 
signal that can be detected and processed electronically [7]. Simi-
larly, various physical, biosensor-based measuring techniques are 
being developed using amperometric, potentiometric, mass 
detection or optical biosensors. The microarray chip technology, 
which is currently mainly used for DNA analysis, is now also 
available for hormone measurements in protein arrays.

Besides immunoassays, high throughput gas or liquid chroma-
tography linked to mass spectrometry is rapidly gaining impor-
tance for the measurement of small molecules such as 
steroids. The main use of this technique in routine hormone 
analysis is in the measurement of steroids in urine [12] and low 
concentrations of testosterone in blood [13]. Hormone concen-
trations can also be measured in body fl uids other than blood and 
urine. In pediatrics, hormone measurements in saliva specimens, 
which can be obtained non-invasively, are used increasingly, 
for example for cortisol, 17α-hydroxyprogesterone and 
androstenedione.

There are four requirements for a good assay. It must be spe-
cifi c (i.e. measure only the particular analyte of interest and not 
others), sensitive (so that even low concentrations can be mea-
sured), accurate (i.e. the result should be close to the target value) 
and precise (i.e. the result should be reproducible). The result 
should be compared with an appropriate reference range.

Specifi city
A constant challenge to the immunoassayist is specifi city. The 
structures of steroid hormones are very similar and it may be 
diffi cult to differentiate one steroid from another. Protein hor-
mones circulate in different forms, as fragments with small pieces 
of protein removed, as subunits or as macromolecular forms 
[14]. The measurement of the biologically active form may be 
very diffi cult because more than one form of the hormone may 
bind to the hormone receptor. Many protein and steroid hor-
mones circulate in blood bound to a binding protein and deci-
sions have to be made whether the total hormone or the 
non-protein-bound hormone is measured. If the non-protein-
bound fraction is measured, the concentration may only be 
1/100th of the concentration of the total hormone (e.g. T4, T3, 
testosterone) [6]. The ectodomain of receptors may circulate as 
a binding protein [e.g. GH binding protein (GHBP), TSH recep-
tor fragments, leptin-soluble receptor]. Intracellular conversion 
of some hormones takes place to a more potent metabolite, for 
example T4 to T3, T to DHT and 25-OH-vitamin D to calcitriol. 
Local conversion of a potent hormone to a less potent one (cor-
tisol to cortisone in the kidney by 11β-hydroxylase) also occurs.

The ability to produce monoclonal antibodies [15] has led to 
increased specifi city, particularly for peptide hormones. A mono-
clonal antibody recognizes a single epitope on a molecule. This 
may not be enough to provide absolute specifi city because that 
epitope may also be present on circulating subunits and frag-
ments of the same hormone or even a different hormone. Greater 
specifi city is imbued by the use of a second monoclonal antibody 
that recognizes another unique epitope on the hormone. If the 
two monoclonal antibodies bind to epitopes at different ends of 
the molecule, then only the intact molecule will be captured and 
fragments and subunits are excluded.

Another way to increase specifi city (and to remove interfer-
ence) is to carry out a purifi cation or separation step before 
immunoassay. Common examples are adsorption, solvent extrac-
tion and high-performance liquid chromatography (HPLC). 
Alternatively, for protein assays, large concentrations of a sub-
stance that has minimal or no cross-reaction with the antibody 
but binds to the binding protein can be added to the assay reagents 
to displace the hormone from the binding proteins.

An objective parameter of specifi city is cross-reaction, which 
describes the amount of an analyte similar to the one being mea-
sured that will be measured in an assay in percentage terms. The 
cross-reaction is usually calculated from the virtual analyte 
concentrations that are detected in samples containing the 
cross-reacting analyte expressed as a percentage of the given con-
centration of the cross-reacting analyte.

Sensitivity
Sensitivity may be described as either analytical or functional 
sensitivity. Analytical sensitivity is the lowest concentration of 
analyte that is signifi cantly different from zero and is usually the 
sensitivity quoted for an assay if the two terms are not used sepa-
rately. Twenty replicate analyses of the zero standard are usually 
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carried out and the standard deviation (SD) of the responses is 
calculated. The concentration on the standard curve equivalent 
to either 2 or 2.5  SD from the zero response is taken as the sen-
sitivity of the assay. Because of variation in the determination of 
analytical sensitivity and criticism of its usefulness [16], func-
tional sensitivity is more meaningful. The functional sensitivity 
is defi ned as the lowest concentration above the analytical sensi-
tivity threshold at which the interassay precision is <20%, which 
can be determined from the between-assay precision profi le (see 
below) [6].

Accuracy
Accuracy or the absence of bias relate to the closeness of a result 
to a target value or the systematic error of measurement. This is 
probably of more concern to the laboratory professional than to 
the clinician because, as long as reference ranges have been deter-
mined properly for the assay in use and no change in the assay 
occurs, the clinician can determine whether or not a patient has 
a “normal” result. In the case of assays intended to measure hor-
mones at the lower level of detection (i.e. testosterone in females 
and children), systematic bias is hard to establish due to the dis-
proportionately large imprecision. Differences between manufac-
turers may also be substantial. More specifi c assay methods, such 
as LC-tandem-mass-spectrometry, will probably prove to be 
more suitable not only as reference methods but also in clinical 
practice

Precision
Precision represents the reproducibility of the measurement of 
an analyte at different concentrations. The intra-assay or within-
assay precision (reproducibility of measurement in a single assay) 
and the interassay or between-assay precision (reproducibility of 
measurement between separate assays) are usually quoted for 
assays. However, precision is affected by differences between 
operators, the lot numbers of kits and temperature and it varies 
also with analyte concentration so that a single fi gure for preci-
sion is not possible. Instead, the precision of an assay can be cal-

culated across a wide range of concentrations and the data are 
plotted to give a precision profi le (Fig. 3.7). The intra-assay preci-
sion will usually be better than the interassay precision. There-
fore, specimens from studies examining changes in one individual 
on several occasions should be analyzed in a single assay to 
improve the detection of small but important changes in 
concentration.

The standard procedure to monitor stability of an assay over 
time is to include QC samples. These are often commercially 
produced preparations, usually provided in lyophilized form, that 
are included in every assay. A common approach is to run QC 
specimens at the beginning of the day to check that the machine 
is operating properly and that the calibration curve is giving the 
correct results. The QC specimens are then analyzed again at the 
end of the day. In manual assays run in batches, QC samples are 
usually included in the beginning and at the end of a series of 
samples. No matter what system is used, the results of the QC 
specimens must meet predetermined criteria. The most common 
approach is to plot the results on a Shewart or Levy Jennings 
graph (Fig. 3.8). To set up this chart, the QC specimens should 
be analyzed in 20 separate assays. The mean and SD are calculated 
and plotted. The SD should refl ect the interassay precision of the 
assay determined during the development of the assay or as stated 
by the manufacturer. Examining the QC plot will indicate whether 
the assay is acceptable. However, the SD calculated from QC 
specimens may overestimate true precision, as lyophilization and 
reconstitution may introduce additional imprecision.

The working range of an assay is derived from the precision 
profi le and is the range of concentration over which the intra-
assay precision is less than a chosen amount, usually <10%. 
Examination of Figure 3.7 shows that, using this convention, 
method A has a working range of 1–30  nmol/L and method B a 
working range of 5 to >35  nmol/L. Method A thus shows greater 
sensitivity and is better suited to measure low concentrations but 
method B is superior to method A over the range 10–30  nmol/L 
because it achieves a precision of <5%. It also shows better preci-
sion than method A at higher concentrations.
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Figure 3.7 The precision profi les for two methods, A and B. 
Method A has a greater precision (<10%) at low 
concentrations, whereas method B shows better precision than 
method A at higher concentrations. Choice of method would 
depend on the range of concentration to be encountered in 
clinical samples. From Wheeler [6].



Measuring Hormones

49

The most important information of an assay for the clinician 
is the between-assay precision (representing 1  SD) because speci-
mens are usually sent over a period of days, weeks or months. As 
a rough guide, within-assay precision is usually about 1–2% less 
than between-assay imprecision, so that an assay with a between-
assay precision of 5% will have a within-assay precision of 
3–4%.

Reference range
Having developed an assay capable of measuring the hormone of 
interest in its clinically most relevant form, interpretation of 
results is complicated by physiological variables (Table 3.6). Some 
hormones demonstrate a marked circadian rhythm, which may 
develop during puberty [e.g. luteinizing hormone (LH)] [17,18], 
and this has been examined as a possible diagnostic tool in the 
investigation of delayed puberty in children. Many hormones, 
both steroids and proteins, are increased during times of stress, 
which may confuse the interpretation of a result but, again, has 
been exploited clinically (e.g. the GH response to exercise in the 
investigation of GH defi ciency in children) [19].

The reference range or reference interval is the range of concen-
trations of an analyte found in 95% of a defi ned population with 
no apparent pathology. Therefore, by defi nition, 5% of this popu-
lation has analyte concentrations outside this range. Ideally, a 
reference range is determined by analyzing samples using the 
same laboratory assay and it should be established in a population 
clearly defi ned by sex, age range and time of day. If using a com-

mercial kit, laboratories may use the range quoted by a manufac-
turer although they usually state that the reference range data are 
provided only as a guide. If suffi cient details on the method of 
establishment are given it is often suffi cient to check the validity 
of the given reference range for the local population with a limited 
number of samples. Alternatively, a range quoted in the literature 
can be used but using a reference range established using another 
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Figure 3.8 A typical plot of a quality control (QC) specimen 
run at the beginning (•) and at the end (�) of the assay. Drift 
would be indicated by the latter having a constant bias to the 
former. Assay 12 should be rejected and the patient specimens 
reanalyzed. There would be at least two and often three, QCs 
of different concentrations run in every assay. From Wheeler 
[6] with permission.

Table 3.6 Physiological parameters associated with changes in hormone 
concentration. After Wheeler [6].

Parameter Hormones

Circadian rhythm Growth hormone, adrenal steroids
Sleep Growth hormone, prolactin
Puberty LH, FSH, gonadal steroids, adrenal steroids, 

growth hormone
Stress and exercise Growth hormone, cortisol, prolactin
Food Insulin, glucagon
Age Estradiol, testosterone, SHBG, IGF-1, DHEAS
Sex Estradiol, testosterone, SHBG
Menstrual cycle LH, FSH, estradiol, progesterone
Low and high body weight Reproductive hormones, growth hormone, 

leptin

DHEAS, dehydroepiandrosterone sulfate; FSH, follicle-stimulating hormone; IGF-1, 
insulin-like growth factor type 1; LH, luteinizing hormone; SHBG, sex hormone-
binding globulin.
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method should be avoided. As shown in Table 3.7, the concentra-
tion of a number of hormones changes throughout life. In addi-
tion, the investigation of some diseases requires dynamic tests and 
reference ranges for the response are also required. Reference 
ranges do not necessarily refl ect health or disease. For example, 
high insulin values within the reference range for the general 
population may refl ect subclinical insulin resistance in obese 
individuals. Therefore, evidence-based target values may some-
times be more appropriate.

Reference values of some analytes display a considerable non-
linear relation with age (e.g. IGF-1, IGFBP3, adrenal androgens). 
In addition, many analytes show a markedly asymmetrical (non-
Gaussian) distribution over the whole age range. These complex 
relationships are not adequately refl ected by reference ranges 
expressed in mean ±2  SD provided for discrete age intervals. 
Smoothed reference curves can be produced with the LMS 
method, which produces continuous values for skewness (L), 
mean (M) and standard deviation (SD) for age [20,21].

After diagnosis, laboratory support in patient management is 
often characterized by repeated measurements over time in order 
to evaluate disease recurrence or progression, the effect of therapy 
and patient adherence to a therapeutic regimen. Interpretation of 
these results is dependent on the knowledge of both analytical 
variance (CVa) of the requested assay and the within-subject bio-
logical variation (CVi) of the measured hormone. CVa is known 
for most assays from internal quality control data at the local 
laboratory. The fi rst evidence-based database of biological varia-
tion in clinical chemistry was published in 1999 [22]. Since 
then this list is constantly updated and freely available on the 
“Westgard QC” website (http://www.westgard.com/biodata-
base1.htm).

Reference change value
Clinical decisions derived from changes in laboratory results are 
often based on clinical experience. A more objective guide is 
provided by the reference change value (RCV), which is the 
minimal difference between two successive measurements in one 
subject exceeding the random difference derived from assay and 
biological variations. The RCV is calculated as 2 × Z × 

[ ]CV CVa i
2 2+ , where Z is the number of standard deviations 

appropriate to the probability selected (i.e. Z = 1.96 for P < 0.05 
and 2.56 for P < 0.01).

For example, for thyroid stimulating hormone (TSH), the 
given biological variation (CVi) is 19.3% and a realistic assay 
variation (CVa) is 4%. Thus, the calculated RCV is 2  × 1.96 × 

[ . . ]4 0 19 32 2+ = 2.77 × [ . ]16 372 5+ = 54.6%. If thyroxine therapy 
is adjusted between two successive TSH measurements in a single 
subject and the difference exceeds 54.6%, the likelihood that this 
difference is the consequence of random variation is less than 5%. 
Thus it is reasonable to assume that this change is the result of 
therapeutic intervention.

For HbA1c, the effect of adjustment of insulin therapy is 
refl ected by a RCV of 2.77 × [ . . ]1 9 2 02 2+  = 7.6% of the previous 
HbA1c result. If the fi rst HbA1c result is 7, the RCV is 0.076 × 7 
= 0.5, so a HbA1c <6.5 or >7.5 refl ects a statistically signifi cant 
change.

Endocrine tests (profi les, stimulation tests, 
suppression tests)

Assessment of endogenous secretion
Many hormones are secreted in pulses or have specifi c oscillatory 
activity. The time course over which these cycles take place is 
variable. For example, while insulin has a dominant periodicity 
of 13  min, GH pulses appear on average once every 3  h and cor-
tisol has a diurnal rhythm with superimposed smaller pulses. In 
the case of a diurnal rhythm, at least two blood samples have to 
be drawn, as is often used to estimate diurnal variation of cortisol 
secretion.

From a clinical perspective, the main reason for performing 
multiple measurements of a hormone over time is to estimate its 

Table 3.7 Situations that require separate reference ranges for the hormones 
affected. From Wheeler [6].

Parameter Hormones affected Changes encountered

Neonate 
dctlpar

17α-Hydroxyprogesterone Rapid changes after delivery
Testosterone in males Rises after fi rst 2 weeks of life 

and then falls at about 8–10 
weeks

Children Reproductive hormones Low prepubertally and increase 
during pubertyAdrenal androgens

IGF-1
Aging adult Gonadotrophins in women Increase in post-menopausal 

women
IGF-1
DHEAS and DHEA    }  Decrease with age
Testosterone in men
SHBG Increase as age increases

Menstrual 
cycle

Gonadotrophins Concentrations are different in 
the follicular, mid-cycle and 
luteal phases

Estradiol
Progesterone
Inhibins
17α-Hydroxyprogesterone

Circadian 
rhythm

ACTH Higher concentrations in the 
morning than in afternoon 
and evening

Cortisol and other adrenal 
steroids

Testosterone in men
Sleep GH Higher concentrations at night

Prolactin
Posture Renin Increase in concentrations 

moving from supine to 
standing

Aldosterone

ACTH, adrenocorticotropic hormone; DHEA, dehydroepiandrosterone; DHEAS, 
dehydroepiandrosterone sulfate; GH, growth hormone; IGF-1, insulin-like growth 
factor type 1; SHBG, sex hormone-binding globulin.
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secretion. In pediatric endocrinology, this applies primarily to 
GH profi les [23]. A second reason is to assess the pulsatile pattern, 
either for diagnostic reasons (e.g. a nocturnal LH profi le to esti-
mate whether puberty has started) or to improve our understand-
ing of the physiological role of pulsatile patterns. There is strong 
evidence that pulsatile secretion in animals may act as a biological 
signal for tissue-specifi c responses [24].

In discussing pulse analysis, it is worth considering why we 
should analyze them. From a clinical point of view, a glance at an 
individual data array is enough to demonstrate the existence of 
oscillation. However, where multiple data sets are available and 
when statements need to be made about group data, it becomes 
important to be able to extract attributes of pulsatility, which can 
then be pooled to provide a generic description.

Blood sampling
Two methods have been devised to obtain hormone profi les, 
discrete (single spot samples) and integrated sampling, where 
blood is withdrawn continuously over periods of varying length. 
Both techniques have advantages and disadvantages but, as long 
as the proper time interval is chosen (e.g. 20  min for GH), the 
results are similar [23].

To defi ne rhythm, sampling must take place over more than 
one cycle. It is important with any sampling technique to con-
sider also the effect of the sampling interval on the results 
obtained. Inappropriately long sampling intervals can lead to 
spurious results and failure to detect the oscillation of a hormone 
concentration. A minimum of fi ve or six samples per cycle is 
required to prevent the mismatching of infrequent sampling 
intervals to the predominant period of pulsatility that is being 
observed. This mismatching is known as aliasing and is illustrated 
in Figure 3.9 [25].

The sampling interval determines the cycle frequency that can 
be detected. The lower the frequency of interest, the longer the 
time period over which measurements can be taken; conversely, 
the higher the frequency, the more frequently observations must 
be made.

Analysis of profi les
For clinical purposes, a single profi le requires little analysis. 
Routine parametric statistics can be used to establish the mean 
and SD of the data. There is no advantage in calculating the area 
under the curve, because it is identical to the mean multiplied by 
the total duration of the sampling. Other parameters that can be 
read directly from the raw data include the number and ampli-
tude of the peaks and the maximum peak.

Where statements need to be made about populations or sub-
populations or the changes within pathological states or following 
treatment intervention or when other attributes of pulsatile 
systems (such as periodicity, regularity, trough values, shape of 
peaks, rate of change of hormone concentrations, frequency and/
or amplitude modulation) are to be investigated, more sophisti-
cated techniques are required. These techniques fall under the 
general heading of “time series analysis,” which involves tech-

niques for analyzing regularly sampled data [25]: all use a form 
of pulse detection. Several computerized peak detection algo-
rithms have been developed for this purpose, each trying to pin-
point criteria of what constitutes a peak and what is biological 
noise. Two programs, PULSAR [26] and Cluster [27], have been 
used most widely. An estimate of the secretion can be made with 
deconvolution analysis, for example with the program Deconv/
Pulse [28]. Furthermore, approximate entropy, a measure that 
attempts to quantitate regularity in data [29], can be assessed. The 
greater the entropy, the more the randomness and the less the 
system order. Other mathematical procedures that have been used 
in the analysis of hormone profi les include autocorrelation, 
Fourier analysis and distribution methods [25].

Clinical implications
Sequential hormone measurements are mostly performed for 
GH. In theory, it should be the gold standard for endogenous GH 
secretion in a particular child but it is assessed in only a minority 
of patients because it is time-consuming and burdensome both 
for the patient and for medical and nursing staff. Other problems 
are that the amount of blood drawn must be small in relation to 
the patient’s blood volume and it may be diffi cult in small chil-
dren to establish a peripheral catheter large enough to draw blood 
and remain patent.
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Figure 3.9 For a real oscillation (a), an incorrect assessment of its period can 
be made using inappropriate sampling intervals (b, c and d). From Matthews & 
Hindmarsh [25] with permission.
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A further problem is that it is almost impossible to obtain 
control data. In addition, in the rare studies in which healthy chil-
dren have undergone 24-h sampling, a remarkably large variation 
in 24-h GH secretion was observed [30]. Part of this large varia-
tion appears to result from day-to-day variability, which further 
decreases the value of the test [31]. Another part of the variation 
may be due to interindividual differences in GH sensitivity.

A 12- or 24-h GH profi le may deserve a place in the diagnostic 
armamentarium in those patients in whom a clinical suspicion of 
GH defi ciency in combination with low plasma IGF-1 and IGF 
binding protein 3 (IGFBP-3) values is not confi rmed by a low GH 
peak at a provocation test. If a discrepancy between a low spon-
taneous secretion and a normal GH peak after provocation is 
found, this may be labeled neurosecretory dysfunction [32], 
although obviously the low spontaneous secretion may also be a 
false-positive result.

Another hormone with a strong pulsatile character is LH. In 
the early phases of puberty the fi rst sign is pulsatile secretory LH 
activity during sleep [33]. As puberty progresses, the amplitude 
and frequency of LH pulses increase, initially only during the 
night but, when puberty progresses, also during the day, leading 
ultimately to the adult pattern of LH bursts [18]. If a gonadotro-
pin-releasing hormone (GnRH) test and GnRH analog test still 
leave the clinician in doubt as to whether puberty has started, 
night-time sampling of LH and follicle-stimulating hormone 
(FSH) can be performed, with an interval of not more than 
20  min. Besides GH, LH and FSH, secretion of ACTH, TSH and 
prolactin also show pulsatile patterns.

Stimulation and suppression tests
Stimulation tests are used to assess the maximum secretion of a 
hormone. In principle, the tests measure the responsiveness to 
the stimulus and the hormonal reserve in the target cells, which 
is not necessarily identical to the endogenous secretion. There is 
only a moderate correlation between a 24-h profi le and GH stim-
ulation test results [34,35], which is probably due to considerable 
intraindividual variation in both tests. Still, for practical reasons, 
GH stimulation tests are generally used as a proxy parameter of 
endogenous secretion.

Theoretically, a stimulation test should more sensitively pick 
up defi ciencies that would be missed by assessing spontaneous 
hormone concentrations as compared with baseline hormone 
concentrations. For example, subclinical (compensated) hypo-
thyroidism may become apparent only by elevated stimulated 
TSH values after a thyrotrophin-releasing hormone (TRH) bolus. 
Similarly, partial defi ciency or heterozygosity of one of the adrenal 
enzymes or partial (compensated) primary or secondary hypo-
cortisolism may become apparent only after stimulation with 
ACTH.

A problem with every stimulation test is that standardization 
is poor. As with all tests in pediatrics, there are considerable dif-
fi culties obtaining age-matched controls. Protocols are usually 
based on historical precedents, for example the fi rst reported 
protocol.

Suppression tests are performed to study whether the hormone 
production remains under physiological control: examples 
include the oral glucose tolerance test to check whether GH secre-
tion can be suppressed and the administration of dexametha-
sone to check whether cortisol or adrenal androgens can be 
suppressed.

Chromosomal analysis and molecular tests

Chromosomal analysis and molecular (DNA) tests have become 
increasingly important in pediatric endocrinology because many 
of the diseases encountered in clinical practice have a genetic 
cause. Chromosomal analysis and molecular/DNA tests are 
usually performed to confi rm a diagnosis and make it more 
precise in terms of the molecular defect. For example, chromo-
somal analysis is a crucial part of diagnosis of girls with short 
stature. Short girls without the classic stigmata may have Turner 
syndrome which can be confi rmed only by assessing the karyo-
type. This technique usually requires mononuclear cells but when 
the karyotype of the leukocytes is reported as normal, Turner 
syndrome still cannot be completely excluded because mosaicism 
may occur (although rarely), when the chromosomal abnormal-
ity is absent in leukocytes but present in other cell types, such as 
skin fi broblasts. Chromosomal analysis is also crucial in children 
with ambiguous genitalia and in boys suspected of Klinefelter 
syndrome (XXY) or an XYY karyotype and is helpful in children 
with dysmorphic features. Although karyotyping allows a 
genome-wide detection of numerical and larger structural chro-
mosomal abnormalities, the resolution of the conventional chro-
mosome analysis is limited to 5–10  Mb.

Fluorescence in situ hybridization (FISH) analysis is a valuable 
addition to conventional chromosomal analysis. Smaller dele-
tions and translocations that are not detectable in a karyogram 
can be visualized but the technique does not have the sensitivity 
to detect very small deletions of, for example, a few exons or a 
few nucleotides. FISH can be used to demonstrate whether 
two copies of a gene are present (the normal situation) or one 
(haplodefi ciency) or three (duplication).

It is based on the principle that DNA consists of two comple-
mentary DNA strands packed in a double helix. The strands of the 
DNA can be separated by a process called denaturing. Denatured 
DNA can be mixed with a set of single-stranded DNA probes. 
One probe has a DNA sequence complementary to the gene or 
critical region of the suspected disorder and is labeled with a 
unique fl uorescent marker (fl uorochrome). Another probe is used 
as a control and contains a DNA sequence that is located on the 
same chromosome on which the defect is suspected. This probe is 
labeled with a different fl uorochrome. A chromosome prepara-
tion is made of cells of the patient. After denaturing the DNA, this 
cell fraction is mixed with the single-stranded DNA probes under 
conditions that allow hybrization of the labeled probes with the 
complementary chromosomal DNA. The hybridized probes are 
subsequently visualized using fl uorescence techniques.
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In normal circumstances, one dot for the critical region and 
one for the control gene are visible on each of the two homolo-
gous chromosomes. In the case of a deletion of the gene on one 
chromosome, only one colored dot is detected in comparison to 
two dots on the control gene. Duplication of the gene on one of 
the chromosomes is detected by three dots (Fig. 3.10).

Although FISH is far more sensitive than a karyogram, the 
chromosomal defect that can be detected has to be a few tens of 
thousands of base pairs long. Smaller intergenic deletions or 
amplifi cations of a few exons cannot be detected. Techniques 
such as Multiplex Ligation-dependent Probe Amplifi cation 
(MLPA) are available for the detection of such defects [36]. 
Smaller defects, such as point mutations in the DNA sequence, 
require still more sensitive detection techniques. In contrast to 
karyotyping or FISH, which require the presence of intact cells 
for the analysis, the latter techniques all rely on the presence of 
genomic DNA and are invariably based on the application of one 
particular technique, polymerase chain reaction (PCR). The iso-
lation of genomic DNA and the PCR is described in detail 
below.

Indications for molecular tests
The purpose of genetic testing is to fi nd a DNA mutation respon-
sible for the disorder of the patient. A mutation is a change in the 
primary nucleotide sequence of DNA. Mutations can occur in the 
germline, during embryogenesis or in somatic tissues. Mutations 
that occur during development lead to mosaicism: a mutation 
can infl uence the function of a gene and thus the protein it 
encodes but whether this occurs is dependent on the location of 

the mutation and its nature. Polymorphisms are defi ned either in 
terms of prevalence (a mutation that occurs in more than 1% or 
5% of the population) or in terms of functionality (a mutation 
that has no effect). In contrast to a mutation that affects the func-
tion of a gene, which is often the cause of the disease, polymor-
phisms are not disease-causing although they may be associated 
with disease.

For the practicing pediatric endocrinologist, family history is 
an essential step in recognizing the possibility of hereditary dis-
orders, so a detailed pedigree of the fi rst-degree relatives is 
required. In patients suspected of a genetic disorder with no 
family history, it is useful to collect DNA from the index case and 
the parents to check whether a mutation has occurred de novo 
(present in the index case but not in the parents). In such cases, 
a de novo mutation provides convincing evidence of pathogenic-
ity. If no candidate gene is known, it is helpful to obtain material 
from as many family members, affected and unaffected, as 
possible.

In patients suspected of a disorder of which the genetic cause 
is known (e.g. achondroplasia, hypochondroplasia) or in a family 
where an index case with a genetic disorder is known, direct 
investigation of the expected affected gene or mutation is per-
formed. In some disorders, one particular mutation or just a few 
are observed in a disease (e.g. the different mutations in the 
FGFR-3 gene in achondroplasia and hypochondroplasia). In 
other disorders, an almost unlimited number of different muta-
tions is found (e.g. in congenital adrenal hyperplasia due to 21-
hydroxylase defi ciency [37]). The additional information on the 
exact genetic defect is of value for the patient because it can 
provide certainty about the diagnosis and, in some cases, it pro-
vides more reliable information about the clinical course and 
prognosis of the disorder.

It can serve as a basis for genetic counseling and prenatal diag-
nosis and is also of value in terms of clinical research, because an 
analysis of the phenotype and genetic defects of a group of 
patients provides better insight into the genotype–phenotype 
correlation. In turn, this will be of use for a fi rmer diagnosis of 
and information for future patients. Examples of this are the 
genotype–phenotype studies in patients with congenital adrenal 
hyperplasia due to a 21-hydroxylase defect, which have led to a 
better understanding of which mutations lead to a severe clinical 
phenotype and which to the non-classic presentation [37].

While this form of genetic testing is still in line with classic 
biochemical tests and is in fact an extension of them, molecular 
tests can also be used to unravel the causes of a disorder different 
from ones described before. The clinician should always keep an 
open mind in such cases and try to fi nd the genetic explanation 
in collaboration with clinical geneticists and molecular biologists. 
There could be a new mutation in a known gene or an abnormal-
ity in a gene that was not associated with disease before. The 
number of disorders of which the genetic etiology has been 
resolved is steadily increasing. Most of this information is avail-
able in the Online Mammalian Inheritage in Man (OMIM) 
website (http://www.ncbi.nlm.nih.gov).

CEP 15: cen 15
LSI SNRPN: 15q11-q13
LSI PML: 15q22

Deletion LSI SNRPN

Figure 3.10 Fluorescence in situ hybridization (FISH) of a patient with a 
deletion of the critical region for the Prader–Willi–Labhart syndrome (PWS). The 
LSI SNRPN probe is specifi c for the critical region of PWS located within 15q11-
q13. The CEP15 (15p11.2) and LSI PML (15q22) serve as control probes for 
chromosome 15. Courtesy of Drs K. Hansson and C. Ruivenkamp, Department of 
Clinical Genetics, Leiden University Medical Center, Leiden, The Netherlands.
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The elucidation of many genetic disorders has been greatly 
facilitated by the Human Genome Project, which has generated 
genetic and physical maps of the majority of the human genome. 
Thus, an important advantage of techniques of molecular biology 
applied in genetic research is that they enable the detection of 
disorders that do not lend themselves to conventional hormone 
measurements or have not been defi ned in their pathophysiology 
[38]. In this way, the identifi cation of defective genes can pin-
point cellular pathways involved in key physiological processes.

Sample preparation and isolation of DNA
Most standard techniques used for mutation detection rely on the 
isolation of high-quality genomic DNA from whole blood. Sample 
preparation must be performed according to the instructions of 
the laboratory where the DNA analysis will take place. In most 
cases, a blood sample (5–10  mL) is taken into a tube treated with 
EDTA (ethylene diamine tetra-acetic acid) or heparin and mailed 
to the laboratory at room temperature. High-quality DNA can be 
isolated from these samples, even when they have been stored for 
more than 2 weeks at room temperature. The fi rst step is then to 
isolate DNA, which can be stored for prolonged periods of time 
at 4°C without quality reduction until appropriate tests are avail-
able for a genetic disorder of as yet unknown origin.

In some situations, it may be advisable to obtain RNA instead 
of DNA. The handling of RNA is more complicated because RNA 
degrades rapidly and must be extracted directly from fresh tissue 
and stored at −80°C for later processing. To ensure RNA for 
future testing, it is useful to perform a skin biopsy from which a 
dermal fi broblast culture is established. Patient lymphocytes can 
also be Epstein–Barr virus (EBV) immortalized. Both fi broblasts 
and immortalized lymphocytes can be stored indefi nitely in 
liquid nitrogen. In the case of possible somatic mutations, which 
are limited to a neoplastic tissue (e.g. in McCune–Albright syn-
drome), a sample of this lesion can be used for extraction of DNA 
or RNA.

Techniques commonly used for mutation detection
At the start of nearly all procedures currently used for the detec-
tion of mutations in DNA is the PCR, an in vitro method for 
copying a given DNA sequence exponentially. PCR has simplifi ed 
and accelerated the isolation and cloning of DNA fragments dra-
matically. The components of a PCR include:
1 A DNA template (usually genomic DNA but also cDNA 
obtained after reverse transcription of mRNA; see below);
2 Oligonucleotide primers: short (about 20 nucleotides long), 
biochemically synthesized, single-stranded DNA molecules com-
plementary to the DNA sequences that bracket the target DNA 
sequence of the template, present in great excess;
3 The nucleotides dATP, dGTP, dTTP and dCTP (dNTPs) as 
substrate for the DNA copies and energy donors for the polym-
erization process;
4 A heat-resistant DNA polymerase; and
5 Buffers that create an optimal environment for both poly-
merase activity and primer annealing.

There are three stages in a PCR cycle. At high temperature, the 
double-stranded DNA template is denatured (made single-
stranded). The temperature is then lowered to enable the primers 
to bind to their complementary DNA sequence (annealing). 
Thereafter, the temperature is raised again to create the optimal 
temperature for the action of DNA polymerase, whereby the new 
DNA strand is made (extension). Then a new cycle starts, usually 
20–30 times. The nucleotide sequence of the amplifi ed PCR 
product is confi rmed by sequencing.

PCR can also be used for the amplifi cation of mRNA. To 
accomplish this, one has fi rst to transcribe the mRNA into com-
plementary DNA (cDNA) using the enzyme reverse transcriptase. 
This process is called reverse transcription. mRNA is incubated 
with an oligonucleotide primer of thymidine residues comple-
mentary to the poly-A tail of the mRNA. After annealing of the 
primer sequence to the mRNA, the primer sequence is extended 
by the enzyme reverse transcriptase, for which the mRNA serves 
as a template. Alternatively, random priming can be performed 
using hexanucleotides, which facilitate the amplifi cation of 5′ 
regions of the mRNA. The result of the activity of the reverse 
transcriptase is a double-stranded RNA-DNA duplex, the cDNA, 
which can be used as input in a PCR. This procedure is called 
reverse transcription PCR (RT-PCR) and is useful as a qualitative 
or, with some modifi cations, a quantitative measure of gene 
expression.

For the detailed analysis of a piece of DNA, frequently obtained 
by PCR, the nucleotide sequence is determined by sequencing 
[39]. The present form of this technique is a unidirectional PCR 
(instead of two primers necessary for exponential amplifi cation, 
only one primer is added to the reaction resulting in linear ampli-
fi cation). On top of the natural nucleotides, abnormal nucleo-
tides [dideoxynucleotide triphosphate (ddNTP)] labeled with 
different fl uorochromes are added. In each tube, a different one 
is used representing each of the four ddNTPs that stop the PCR 
randomly at a certain point. The resulting mixture consists of 
fl uorescently labeled fragments of various lengths that are sepa-
rated by gel electrophoresis. The sequence is subsequently read 
using the fl uorochromes.

This method can be automated and sequences of various DNA 
templates can be determined simultaneously. Sequence analysis 
of PCR-amplifi ed DNA fragments representing a candidate 
disease gene is the method of choice in the search for pathogenic 
mutations. It is simple, cheap, reliable and has a high sensitivity 
for the detection of mutations. Developments in this area, includ-
ing the automation of the procedure and the use of PCR and 
sequencing robots, have reduced the use of various other more 
time-consuming and laborious screening techniques, such as 
single-strand conformation polymorphism (SSCP) [40], dena-
turing gradient gel electrophoresis (DGGE) [41], temperature 
gradient gel electrophoresis [TGGE] and heteroduplex detection 
by denaturing HPLC (dHPLC) [38,42].

PCR and the Human Genome Project have replaced many of 
the molecular biological techniques, such as traditional cloning 
techniques, that were formerly used in identifying disease-causing 
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genes. Cloning refers to the creation of a recombinant DNA mol-
ecule that can be propagated indefi nitely, most often using the 
bacterium strain Escherichia coli K-12 as a carrier. Computational 
methods and bioinformatics can now be used to predict gene 
function of previously uncharacterized genes and to test directly 
hypotheses about gene function in experimental models. Cloning 
techniques still have an important role in biological tests to prove 
pathogenicity of a new mutation in a particular gene. An example 
of a hormone receptor that is cloned by conventional strategies 
is the PTH receptor, the rat homolog of which was cloned by 
expression cloning, using radiolabeled PTH as bait. Subsequently, 
the rat cDNA was used for isolation of the mouse and human 
homologs [43,44].

Mutation detection in case of certainty about 
the gene involved
Knowledge of the identity of a disease-causing gene is fundamen-
tal for the detection of a pathogenic mutation. When the genetic 
defect of a particular disorder is known, mutation analysis is 
straightforward. If the disease is caused by a deletion or amplifi ca-
tion of a gene, FISH analysis or MLPA are the methods of choice 
to start the search for the genetic defect (e.g. in mutation screen-
ing for Sotos syndrome and in patients with short stature sus-
pected of a defect in the IGF-1R [45,46]). The genetic screen can 
be extended by direct sequencing of the DNA of the affected gene 
to identify a disease-causing point mutation. The mutations in 
the FGFR3 causing hypochondroplasia or achondroplasia can 
only be revealed by sequencing. If information on the gene 
involved is lacking, various approaches can be followed to localize 
and identify the genetic defect as discussed below.

Figure 3.11 shows the steps in the identifi cation of a pathogenic 
mutation by sequencing in a disorder of which the gene defect is 
known. After isolation of genomic DNA from the index case, 
overlapping fragments of the candidate gene covering all coding 
exons and approximately 50  bp of fl anking intron sequences are 
amplifi ed by PCR. The required oligonucleotide primers can be 
derived either from the literature or be designed using software 
programs freely available on the Internet and the sequence infor-
mation of the gene provided by the Human Genome Project. The 
nucleotide sequence of the PCR products is determined and com-
pared with a reference sequence. In this way, heterozygous or 
homozygous nucleotide alterations can be detected with high 
specifi city. The alterations have subsequently to be classifi ed as 
either disease-causing (pathogenic) or non-functional.

A variety of point mutations can be found using sequencing: 
these include small insertions or deletions of one or a few nucleo-
tides or single-nucleotide alterations, which can be divided into 
neutral, nonsense and missense mutations that are located either 
in the coding exon or the non-translated intronic parts of the 
gene that are amplifi ed in the PCR reaction. The addition or 
removal of one (or a number that cannot be divided by three) 
nucleotide(s) leads to a frameshift which means that the code of 
all consequent codons changes and an abnormal protein is 
formed. Usually, one of the codons changes into a stop codon, so 

that the formation of the protein stops prematurely. This is 
almost invariably associated with disease. A nonsense mutation 
also leads to a premature stop codon and thus to a truncated 
protein. A neutral mutation indicates a nucleotide alteration that 
does not result in a change of amino acid in the translated protein. 
This usually has no functional relevance, unless the nucleotide 
alteration affects mRNA stability or protein translation.

If the mutated codon codes for another amino acid, a so-called 
missense mutation, it is not always clear whether the mutation 
causes disease. The protein may still retain its full function or part 
of it. The phenotype can thus vary from a complete defi ciency to 
no signs at all. Additional functional tests may be needed in such 
cases before the mutation is causally associated with the disease.

If the mutation results in a protein with an amino acid with a 
different charge, particularly if it is located in a functional domain 
of the protein crucial for protein–protein interactions, folding or 
other aspects of secondary and tertiary structure, one can be 
almost sure that the mutation is functional. If a mutation leads 
to less clear changes in the protein, one can check whether the 
mutation is found in control subjects. If it is not, the likelihood 
of a mutation being functional increases and the next step is to 
check whether the mutation is present in family members with 
or without the disease. If the mutation segregates with the disease, 
it provides additional evidence and, depending on the number of 
family members available for analysis, can even prove causality. 
Finally, biochemical tests in cellular models or knockout models 
may be necessary to clarify the functional importance of the 
mutation and its relation to disease.

The great majority of mutations in non-coding regions have 
no functional relevance but there are three exceptions: a mutation 
in the promoter region or a response element of the promoter 
can cause diminished transcription and therefore less protein 
production [47]; a mutation at the boundary between an exon 
and an intron or in its close vicinity can disturb the action of the 
splicing machinery, leading to a defective RNA molecule due to 
aberrant splicing; a mutation in the untranslated tail or polyade-
nylation signal of the gene can diminish the stability of the mRNA, 
causing a lower protein production.

Most mutations in the functional domain of the a gene cause 
loss-of-function. Most are rare and heterozygous. Although most 
inactivating mutations are recessive, a deletion of a single allele 
can also result in haploinsuffi ciency, a situation in which one 
normal allele is not suffi cient to maintain a normal phenotype. 
Other heterozygous mutations can result in loss-of-function due 
to a dominant-negative effect, in which the affected allele impairs 
the function of the second normal allele.

In some instances, a mutation leads to a gain-of-function. 
These mutations are characterized by complete or incomplete 
dominant inheritance. In some genes, for example the parathy-
roid hormone (PTH) receptor and the calcium-sensing receptor, 
both loss-of-function and gain-of-function mutations have been 
found (see Chapter 20).

Although most disease-causing mutations can be detected, 
pathogenic mutations located in intronic sequences or in the 
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Genetic basis of disease in index case

Patient with genetic disorder

Figure 3.11 Flow diagram for the identifi cation of disease-causing 
mutations by sequencing. See text for details.

promoter region of the gene that is involved in regulation of 
mRNA transcription, which are not amplifi ed by the PCR, can be 
missed, as may microdeletions involving, for example, one of the 
two copies of an exon. In this situation, the normal allele is ampli-
fi ed and a false-negative score is obtained, so that the expression 
pattern of the mRNA or sequencing of the corresponding cDNA 
may be needed for the detection of the mutation. MLPA or mul-
tiplex amplifi able probe hybridization (MAPH) may be needed 
to detect these types of aberration [36].

Finally, epigenetic changes, such as imprinting and X-
inactivation which involve methylation of DNA, can also be 
missed. They can change the expression of a particular gene, 
particularly when the gene is located in a genomic region subject 

to epigenetic regulation such as chromosome region 11p15.5 
encoding amongst others the IGF-2 gene [48].

Mutation detection in case of uncertainty about the 
gene involved
There are several ways to identify a gene responsible for a genetic 
endocrine disorder. One is to search the literature for candidate 
genes that can be screened for the occurrence of pathogenic dele-
tions by FISH and MLPA or by direct sequencing. For example, 
the discovery of the etiology of the combined pituitary defi ciency 
(GH, prolactin and TSH) in the Snell mouse (a mutation in the 
Pit-1 gene) led to the discovery of similar mutations in the human 
equivalent gene POU1F1 [49]. Later, the discovery of another 
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transcription factor in pituitary ontogenesis, Prop-1 in the mouse, 
was followed by the detection of mutations in humans [50]. The 
resemblance of phenotypes observed in transgenic mice with 
human disease has led to a rapid increase in the elucidation of 
many genetic disorders of unknown etiology (see Chapter 6).

In other cases, fi nding a patient with an abnormal karyotype, 
caused, for example, by a translocation, can help in the identifi ca-
tion of the gene involved. In such cases, it can be surmised that 
one of the breakpoints is located in the gene itself or in its close 
vicinity, which causes the disease. In such cases, the Human 
Genome Project will give information about the genes located in 
the neighborhood of the breakpoint. This strategy led, for 
example, to the discovery of the NSD-1 gene implicated in Sotos 
syndrome [45].

In the absence of more or less direct clues for a candidate gene, 
other techniques may be required to identify the responsible 
gene, such as “positional cloning,” referring to the technique in 
which a gene is isolated on the basis of information about its 
chromosomal location. In the past, this was time-consuming and 
laborious but positional cloning has been simplifi ed dramatically 
by the Human Genome Project and information on the chromo-
somal region involved in the disease can be derived from linkage 
analysis.

Linkage studies
Because most of the human genome does not code for protein, a 
large amount of sequence variation exists between individuals. 
These variations in DNA sequence, referred to as DNA polymor-
phisms, can be followed from one generation to the next and 
serve as genetic markers for linkage studies. Linkage means that 
the gene for the disease and the DNA marker are co-inherited. 
Polymorphic means that several variations (alleles) of the DNA 
marker occur in the population. Thus, if there is no candidate 
gene and if one or several large families with a disease are known, 
a genome-wide linkage study can be performed. In such an anal-
ysis, the location on the chromosome where the gene of interest 
is located is spotted by a linkage between the disease and an 
inherited polymorphic DNA marker situated on a known spot 
on a chromosome. If the mutated gene lies close to a polymor-
phic marker, there is a strong likelihood that the mutated 
gene joins the marker during the process of recombination in 
meiosis.

Linkage is expressed as a lod (logarithm of odds) score. High 
lod scores of +3 are generally accepted as supporting linkage and 
a score of −2 is consistent with the absence of linkage. Using a 
polymorphic marker set evenly distributed over all human chro-
mosomes, it is possible to pinpoint the genomic region that is 
involved in the disease. The segregation in families of a polymor-
phic marker with disease can identify the chromosomal location 
of the disease-causing gene.

Restriction fragment length polymorphisms (RFLPs) were the 
fi rst type of molecular markers used in linkage studies. Another 
useful type of DNA polymorphism consists of variable number 
of tandem repeats (VNTRs), composed of a variable number of 

repetitions of a one-, two- or three-base sequence. Such polymor-
phisms, also known as simple sequence repeats (SSRs) or micro-
satellites, for example dinucleotide repeats such as CACACA, 
occur in many places in DNA. Polymorphic in this context means 
that the number of repetitive elements (repeats) in this marker 
(and thus its length) is highly variable within the population. The 
location of many dinucleotide repeats is known and the length 
can easily be analyzed by PCR.

In linkage analysis, RFLPs and SSRs are currently largely 
replaced by single nucleotide polymorphisms or SNPs. The 
human genome project has created large databases of genome-
wide SNPs. It is estimated that 1 in every 600 base pairs in the 
human genome is a SNP. They are usually neutral. A fi xed com-
bination of alleles of several SNPs that are inherited together is 
called a haplotype. Technological development allows the simul-
taneous detection of 500 000 or more SNPs in a single experiment 
using high-throughput automated screening protocols.

A phenomenon called linkage disequilibrium is the basis for 
another strategy, which can afford a higher degree of resolution 
in mapping studies in some cases. This technique is not necessar-
ily confi ned to large families but can be performed if material is 
available from large numbers of (apparently) unrelated patients 
with the disease.

Microarray
Microarray technology is a rapidly evolving approach to identify 
genes involved in disease processes. Microarrays (DNA chips) can 
be used for various purposes, such as the study of gene expression 
patterns (at the RNA level) in various tissues or cells, the diagno-
sis of gene mutations, SNP analysis or genome-wide searches for 
small deletions or amplifi cations. Microarrays are also used to 
develop genetic fi ngerprints of different types of malignancies.

On a chip or glass plate, a large number of single-stranded 
DNA sequences, representations of the coding sequences of genes 
or SNPs, are spotted. From the tissue or cells that one wishes to 
study, RNA is isolated. It is fi rst transformed with reverse tran-
scriptase to cDNA which is labeled with a fl uorescent dye and 
hybridized on the array, where it binds to the complementary 
DNA sequences. When two samples are compared, two different 
fl uorescent labels (red and green) are used. The intensity of fl uo-
rescence is measured for each spot and is a measure of the quan-
tity of hybridized DNA on each spot and thus of the quantity of 
RNA in the original sample. One can also make a special array 
on which all possible mutations of one or more genes are repre-
sented. Hybridization with the patient sample shows which 
mutation is present.

In genetic research the application of bacterial artifi cial 
chromosome (BAC) and SNP microarrays is an important 
development. A BAC probe encodes a genomic DNA fragment 
of on average 200 000  bp. BAC DNA is used as probe in FISH. 
Microarray technology has allowed the generation of chips on 
which BACs covering the whole genome are spotted. This enables 
a genome-wide search for relatively small deletions or amplifi ca-
tions in a single experiment, which is in marked contrast to FISH 
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analysis which allows evaluation of only a few probes. Even higher 
resolution can be reached with the high coverage SNP microar-
rays. The results of these arrays can be used in linkage analysis 
and linkage disequilibrium studies.

The quantitative nature of this technique makes it suited for 
the genome-wide detection of small deletions or amplifi cations. 
Microarray technology allows for the genetic evaluation of 
new patient groups in whom a genetic defect is expected but 
the absence of a family history or a candidate gene does not 
provide suffi cient information to start more direct approaches 
in elucidating the genetic cause of the disease such as 
sequencing.

Conclusions

Endocrine tests, plasma hormone profi les and stimulation tests 
remain a vital part of pediatric endocrinology but DNA testing 
has become increasingly important and the spin-off from the 
Human Genome Project has led rapidly to further developments. 
The clinician who wants to use molecular tests for clinical 
and scientifi c purposes needs to keep pace with these 
developments.
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The pituitary gland is the central regulator of growth, reproduc-
tion and homeostasis. The gland lies within the sella turcica at the 
base of the brain to which it is attached by the pituitary stalk or 
infundibulum (Fig. 4.1). Its complex functions are mediated via 
hormone-signaling pathways that regulate fi nely balanced homeo-
static control. These pathways coordinate complex signals from 
the brain and the hypothalamus to the adrenals, thyroid and 
gonads.

The mature gland consists of the adenohypophysis (anterior 
and intermediate lobes) and neurohypophysis (posterior lobe). 
The anterior pituitary consists of fi ve different cell types, each 
defi ned by the hormone it produces: somatotropes [growth 
hormone (GH)], thyrotropes [thyrotropin or thyroid stimulating 
hormone (TSH)], corticotropes [corticotropin or adrenocortico-
tropic hormone (ACTH)], gonadotropes [follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH)] and lactotropes 
(prolactin). GH secreted from pituitary somatotropes binds to its 
receptors and activates a signaling cascade that eventually leads 
to the production of insulin-like growth factor 1 (IGF-1), which 
then mediates the various growth-promoting actions 
of GH.

The intermediate lobe produces pro-opiomelanocortin 
(POMC), which is a precursor to melanocyte stimulating 
hormone (MSH), and endorphins, and this intermediate lobe 
involutes in the adult.

The posterior lobe consists of axons of neurons, the cell bodies 
of which reside in the hypothalamus, and secretes arginine vaso-
pressin (AVP, also called antidiuretic hormone) and oxytocin. 

The anterior pituitary develops from oral ectoderm while the 
posterior pituitary develops from neural ectoderm. Both lobes of 
the pituitary gland are histologically different as a result of 
embryological development and function almost as two separate 
glands.

The hypothalamus lies superior to the pituitary gland and the 
link between the two organs is critical for normal pituitary func-
tion. The hypothalamus virtually surrounds the third ventricle 
and has neural projections into the cerebral cortex and median 
eminence. Various stimulatory and inhibitory releasing hor-
mones are secreted from hypothalamic nuclei and regulate the 
hypothalamo-pituitary-target gland axis (Table 4.1). They include 
GH-releasing hormone (GHRH), a 44-amino acid polypeptide 
which stimulates the release of GH; corticotropin-releasing 
hormone (CRH), a 41-amino acid polypeptide which stimulates 
the releases of ACTH; thyrotropin releasing hormone (TRH), a 
tripeptide that stimulates the release of TSH and prolactin; 
gonadotropin releasing hormone (GnRH), a decapeptide that 
stimulates the release of FSH and LH; somatostatin, a 14-amino 
acid peptide that inhibits the release of GH; and dopamine, a 
single amino acid derivative that inhibits the release of prolactin. 
Hormones secreted by the posterior lobe of the pituitary gland 
are synthesized in magnocellular neurons of the paraventricular 
and supraoptic nuclei within the hypothalamus.

The hypothalamus is supplied by blood from the circle of 
Willis and most venous blood drains into the vein of Galen. Blood 
from the superior hypophyseal arteries, which arise from the 
internal carotid arteries, fl ows through a capillary plexus in the 
median eminence to enter a sinusoidal network in the pituitary 
stalk. Blood passes from these sinusoids into a second capillary 
network plexus in the anterior pituitary. This venous portal 
system linking these two capillary networks is called the 
hypothalamo-pituitary portal system. The infundibulum or pitu-
itary stalk carries the portal blood with delivery of hypothalamic 
hormones to the anterior pituitary as well as the neural tracts 
from magnocellular neurons of the paraventricular and supraop-
tic nuclei within the hypothalamus to the posterior pituitary. Any 
damage to the pituitary stalk can therefore result in anterior and 
posterior pituitary dysfunction.

Clinical features of hypopituitarism are variable, both in sever-
ity and in the number of hormone defi ciencies. Onset of clinical 
features may be early in the neonatal period with a history of a 
stormy perinatal course. Isolated GH defi ciency (IGHD) is by far 
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Figure 4.1 Magnetic resonance imaging of the 
brain illustrating neuroanatomical relations of the 
pituitary gland.

Cell type Hormone Cell population 
(%)

Hypothalamic hormone Hypothalamic nucleus of 
synthesis

Somatotrope GH 40–50 GHRH (+)
Somatostatin (−)

Arcuate,
Anterior periventricular

Thyrotrope TSH  3–5 TRH (+)
Somatostatin (−)

Paraventricular,
Anterior periventricular

Corticotrope ACTH 15–20 CRH (+)
AVP augments CRH

Paraventricular,
Supraoptic

Gonadotrope LH, FSH 10–15 GnRH (+) Arcuate

Lactotrope Prolactin 10–25 TRH (+)
Dopamine (−)

Arcuate,
Paraventricular

ACTH, adenocorticotropic hormone; AVP, arginine vasopressin; CRH, corticotropin releasing hormone; FSH, follicle 
stimulating hormone; GH, growth hormone; GHRH, growth hormone releasing hormone; GnRH, gonadotropin 
releasing hormone; LH, luteinizing hormone; TRH, thyrotropin releasing hormone; TSH, thyroid stimulating 
hormone.

Table 4.1 Hormones secreted from the anterior 
lobe of the pituitary gland and their regulatory 
hormones.

the most common endocrinopathy, presenting later in infancy 
and childhood with growth failure. In many patients with hypo-
pituitarism, the root of the problem lies within the hypothalamus 
rather than the pituitary. The evolution of additional hormone 
defi ciencies with time is a well-recognized feature of hypopituita-
rism, and hence a complete evaluation of the hypothalamo-pitu-
itary axis is indicated in any patient suspected of having one 
hormonal defi ciency. These hormonal defi cits can also be present 
as a component of a syndrome, with patients manifesting 
abnormalities in extra-pituitary structures, usually in structures 
sharing a common embryological origin, such as the eye and 
forebrain.

Hypothalamo-pituitary development
There has been an explosion in the understanding of the genetic 
basis of the development of hypothalamo-pituitary and midline 
forebrain structures over the past 25 years. Development of the 
pituitary gland has been extensively studied in the mouse. 
Although little is known about pituitary development in humans, 
it would appear to mirror that seen in the rodent; pituitary devel-
opment is similar in all vertebrates (Fig. 4.2). The anterior and 
intermediate lobes of the pituitary gland are derived from oral 
ectoderm whilst the posterior pituitary is derived from neural 
ectoderm [1–3].
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The development of the anterior pituitary occurs in four dis-
tinct stages, leading to the formation of a complicated secretory 
organ containing fi ve different cell types secreting six different 
hormones.
1 Formation of the pituitary placode from oral ectoderm. Cell types 
of the pituitary gland are derived from the most anterior midline 
portion of the embryo in a region contiguous with the anterior 
neural ridge. The anterior neural ridge is displayed ventrally to 
form the oral epithelium which gives rise to the roof of the oral 
cavity. Onset of pituitary organogenesis coincides with a thicken-
ing (the pituitary placode) in the roof of the oral ectoderm at 
embryonic day (E) 8.5, corresponding to 4–6 weeks’ gestation in 
humans.
2 Formation of rudimentary Rathke’s pouch. Invagination of the 
oral ectoderm forms a rudimentary pouch and evagination of the 
ventral diencephalon forms the posterior pituitary. The pituitary 
placode makes contact with the fl oor of the ventral diencephalon. 
Apposition between the rudimentary Rathke’s pouch and neural 
ectoderm of the diencephalon is critical to normal development 
and is maintained throughout early pituitary organogenesis.
3 Formation of defi nitive Rathke’s pouch. The rudimentary 
Rathke’s pouch deepens and folds on itself until it closes, forming 
a defi nitive pouch. The infundibulum or pituitary stalk is formed 
by evagination of the posterior part of the presumptive 
diencephalon.
4 Formation of the adult pituitary gland. The defi nitive pouch is 
completely detached from the oral cavity. Spatial and temporal 
differentiation of various cell types within the pituitary gland 
results in the development of individual hormone secreting cells 
in a sequential order.

Complex genetic interactions dictate normal pituitary devel-
opment. A cascade of signaling molecules and transcription 

factors have a crucial role in organ commitment, cell prolifera-
tion, cell patterning and terminal differentiation and the fi nal 
product is a culmination of this coordinated process (Fig. 4.3). 
Initially, cells within the primordium of the pituitary gland are 
competent to differentiate into all cell types. Following 
expression of the earliest markers of pituitary gland develop-
ment [e.g. homeobox gene expressed in embryonic stem cells 
(Hesx1)], further signaling pathways are established from within 
the gland and ventral diencephalon that direct these cells 
towards terminal differentiation into mature hormone secreting 
cell types. Signaling molecules and transcription factors are 
expressed sequentially at critical periods of pituitary develop-
ment and expression of many of these factors is subsequently 
attenuated (Fig. 4.4). Genes that are expressed early are 
implicated in organ commitment but are also implicated in 
repression and activation of downstream target genes that 
have specifi c roles in directing the cells towards a particular 
fate. 

Spontaneous or artifi cially induced mutations in the mouse 
have led to signifi cant insights into human pituitary disease, 
and identifi cation of mutations associated with human pituitary 
disease have in turn been invaluable in defi ning the genetic 
cascade responsible for the development of this embryological 
tissue. Mutations involved specifi cally in human hypothalamo-
pituitary disease are listed in Table 4.2.

Early developmental genes and transcription factors
A number of signaling molecules and transcription factors are 
implicated early in pituitary organogenesis and lineage differen-
tiation. They are expressed sequentially at critical periods of pitu-
itary development and the expression of many of these is then 
subsequently attenuated.
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Figure 4.2 Rodent pituitary development. Four stages of pituitary development: 
(a) pituitary placode, (b) rudimentary pouch, (c) defi nitive pouch, (d) adult 
pituitary gland. AL, anterior lobe; AN, anterior neural pore; DI, diencephalon; F, 
forebrain; H, heart; HB, hindbrain; I, infundibulum; IL, intermediate lobe; MB, 
midbrain; N, notochord; NP, neural plate; O, oral cavity; OC, optic chiasm; OM, 

oral membrane; P, pontine fl exure; PL, posterior lobe; PO, pons; PP, pituitary 
placode; RP, Rathke’s pouch; SC, sphenoid cartilage. (From Sheng HZ, Westphal 
H. Early trends in pituitary organogenesis. Trends Genet 1999; 15: 236–240 
with permission.)
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Figure 4.3 Transcription factors and signaling 
molecules involved in anterior pituitary development. 
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Figure 4.4 Schematic representation of the developmental cascade of genes implicated in human pituitary development with particular reference to pituitary cell 
differentiation.
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mouse have shown that a close interaction between oral ectoderm 
and neural ectoderm is critical for initial development of the 
pituitary gland.

Rathke’s pouch develops in a two-step process that requires at 
least two sequential inductive signals from the diencephalon. 
First, induction and formation of the rudimentary pouch is 
dependent upon Bmp4, and secondly, Fgf8 activates two key regu-
latory genes, LIM homeobox 3 (Lhx3) and LIM homeobox 4 
(Lhx4), that are essential for subsequent development of the rudi-
mentary pouch into a defi nitive pouch. Both Bmp4 and Fgf8 are 
present only in the diencephalon and not in Rathke’s pouch.

Murine mutations within the thyroid-specifi c enhancer binding 
protein (Ttf1, also called Nkx2.1), expressed only in the presump-
tive ventral diencephalon, can cause severe defects in the develop-
ment of not only the diencephalon but also the anterior pituitary 
gland. Conditional deletion of Rbp-J, which encodes the major 
mediator of the Notch pathway, leads to conversion of the late 
[pituitary specifi c transcription factor 1 (Pit1)] lineage into the 
early (corticotroph) lineage. Notch signaling is required for 
maintaining expression of Prop1 (prophet of Pit1), which is 
required for generation of the Pit1 lineage. Attenuation of Notch 
signaling is necessary for terminal differentiation in Pit1 cells and 
maturation and proliferation of the GH-producing somatotroph 
[5]. There have been no reported mutations of these early mor-
phogenetic signals in humans.

Hesx1
Homeobox gene expressed in embryonic stem cells (Hesx1) is one 
of the earliest markers of the pituitary primordium, suggesting 
that it has a critical role in early determination and differentiation 
of the pituitary gland. It is also called Rpx (Rathke’s pouch 
homeobox) and is a member of the paired-like class of homeobox 
genes [6–9]. Hesx1 is a transcriptional repressor, although its 
downstream targets are as yet unknown. A highly conserved 
region in the N-terminus of Hesx1, the engrailed homology 
domain, is crucial for its strong repressor function, and binds 
TLE1, a mammalian homolog of the Drosophila co-repressor 
Groucho. The homeodomain also interacts with the nuclear co-
repressor NCoR1. The N-terminal domain-binding TLE permits 
cooperative binding of NCoR1, HDAC1 and Sin3A/B to the 
homeodomain, thereby making Hesx1 a strong repressor.

The gene is fi rst expressed during mouse embryogenesis in a 
small patch of cells in the anterior midline visceral endoderm as 
gastrulation commences. Hesx1 continues to be expressed in the 
developing anterior pituitary until E12, when it disappears in a 
spatiotemporal sequence that corresponds to progressive pitu-
itary cell differentiation. Extinction of Hesx1 is important for 
activation of other downstream genes such as Prop1.

It has been suggested that Hesx1 and Prop1 function as oppos-
ing transcription factors and that a careful temporal regulation 
of their expression is critical for normal pituitary development. 
Premature expression of Prop1 can block pituitary organogen-
esis whereas prolonged expression of Hesx1 can block Prop1-
dependent activation. There is also evidence to suggest that Prop1 

Table 4.2 Genetic disorders of hypothalamo-pituitary development in humans.

Gene Phenotype Inheritance

Isolated hormone abnormalities
GH1 Isolated GH defi ciency AR, AD
GHRHR Isolated GH defi ciency AR
TSH b Isolated TSH defi ciency AR
TRHR Isolated TSH defi ciency AR
TPIT Isolated ACTH defi ciency AR
GnRHR Hypogonadotropic hypogonadism AR
PC 1 ACTH defi ciency, hypoglycemia, 

hypogonadotropic hypogonadism, obesity
AR

POMC ACTH defi ciency, obesity, red hair AR
DAX1 Adrenal hypoplasia congenita and 

hypogonadotropic hypogonadism
XL

CRH CRH defi ciency AR
KAL1 Kallman syndrome, renal agenesis, synkinesia XL
FGFR1 Kallman syndrome, cleft lip and palate, facial 

dysmorphism
AD, AR

PROK2 Hypogonadotropic hypogonadism, anosmia

PROKR2 Hypogonadotropic hypogonadism, anosmia

Leptin Hypogonadotropic hypogonadism, obesity AR
Leptin-R Hypogonadotropic hypogonadism, obesity AR
GPR54 Hypogonadotropic hypogonadism AR
FSH b Primary amenorrhea, defective 

spermatogenesis
AR

LH b Delayed puberty AR
AVP-NPII Diabetes insipidus AR, AD

Combined pituitary hormone defi ciency
POU1F1 GH, TSH and prolactin defi ciencies AR, AD
PROP1 GH, TSH, LH, FSH, PRL and evolving ACTH 

defi ciencies
AR

Specifi c syndrome
HESX1 Septo-optic dysplasia AR, AD
LHX3 GH, TSH, LH, FSH, PRL defi ciencies, limited 

neck rotation
AR

LHX4 GH, TSH, ACTH defi ciencies with cerebellar 
abnormalities

AD

SOX3 Hypopituitarism and mental retardation XL
GLI2 Holoprosencephaly and multiple midline 

defects
AD

SOX2 Anophthalmia, hypopituitarism, learning 
diffi culties, esophageal atresia

AD

GLI3 Pallister–Hall syndrome AD
PITX2 Rieger syndrome AD

R, receptor; AR, autosomal recessive; AD, autosomal dominant; XL, X-linked.

Morphogenetic signals
Extrinsic molecules within the ventral diencephalon and sur-
rounding structures, such as bone morphogenetic proteins 2 and 
4 (Bmp2, -4), fi broblast growth factor 8 (Fgf8), sonic hedgehog 
(Shh), wingless (Wnt4), thyroid transcription factor 1 (Ttf1; also 
called Nkx2.1), and molecules involved in Notch signaling have 
critical roles in early organogenesis [3,4]. Recent studies in the 



Hypothalamo-Pituitary Disorders: Congenital

65

activation is itself a prerequisite for extinction of Hesx1. Lhx3 is 
also important for maintenance of Hesx1 expression.

Targeted disruption of Hesx1 in the mouse revealed a reduc-
tion in the prospective forebrain tissue, absence of developing 
optic vesicles, markedly decreased head size and severe microph-
thalmia reminiscent of the syndrome of septo-optic dysplasia 
(SOD) in humans. Other abnormalities included absence of the 
optic cups, the olfactory placodes and Rathke’s pouch, reduced 
telencephalic vesicles, hypothalamic abnormalities and aberrant 
morphogenesis of Rathke’s pouch. In 5% of null mutants, the 
phenotype was characterized by complete lack of the pituitary 
gland. In the majority of mutant mice, they were characterized 
by formation of multiple oral ectodermal invaginations and 
hence multiple pituitary glands.

Mutations in HESX1 in humans were fi rst reported in two 
siblings with SOD and subsequently other mutations have been 
shown to present with varying phenotypes characterized by 
IGHD, CPHD and SOD [8–13].

Pitx1 and Pitx2
Pituitary homeobox 1 (Pitx1) and pituitary homeobox 2 (Pitx2) 
are paired-like homeobox genes expressed in the fetal pituitary 
and in most cells of the adult pituitary gland. These genes have 
an important role in the development of Rathke’s pouch and the 
anterior pituitary gland.

In the mouse, Pitx1 is initially expressed in the fi rst branchial 
arch mesenchyme at E9 and then throughout the oral epithelium 
lining the roof of the buccal cavity and in Rathke’s pouch ecto-
derm. Pitx1 expression continues throughout development in all 
regions of the anterior pituitary and overlaps with that of Lhx3 
and appears to be required for sustained expression of the latter. 
Pitx1 is essential for sustained expression of alpha glycoprotein 
subunit unit (α-GSU), and for maintenance of cell-specifi c tran-
scription in corticotropes and gonadotropes. A T-box factor, 
Tpit, present only in POMC expressing cells within the pituitary, 
is essential for initiating POMC cell differentiation and for acti-
vating POMC transcription synergistically with Pitx1. Pitx1 also 
appears to modulate steroidogenic factor 1 (sf1) activity in 
gonadotropes, activation of the GH promoter and synergistic 
activation of the prolactin promoter with Pit1. Mice that are 
rendered defi cient in Pitx1 demonstrate abnormalities within the 
hind limb and palate. Gonadotropes and thyrotropes are reduced 
with an increase in the concentration of ACTH transcripts and 
peptide in corticotropes. In adults, PITX1 is specifi cally expressed 
at higher concentrations in cells of the α-GSU lineage and a frac-
tion of POMC-expressing cells. Most corticotropes in humans, 
however, do not express PITX1.

Pitx2 is fi rst expressed in the mouse embryo in the oral epithe-
lium and oral ectoderm. At E9.5 Pitx2 is expressed in the develop-
ing Rathke’s pouch in addition to mesenchyme near the optic 
eminence, basal plate of the central nervous system, forelimbs 
and domains of the abdominal cavity. It appears to be required 
for pituitary development shortly after formation of the commit-
ted pouch. It may be required for one or more anterior pituitary 

cell types or may act in concert with other transcription factors. 
It is also expressed in lungs, kidney, testes and tongue. Addition-
ally, Pitx2 is implicated in left–right asymmetry because it is 
expressed in the lateral plate mesoderm and then continues to be 
expressed asymmetrically in several organs that are asymmetric 
with respect to left–right axis of the embryo. There are at least 
three isoforms of Pitx2. Pitx2a and Pitx2b are expressed in the 
adult pituitary in thyrotropes, gonadotropes, somatotropes and 
lactotropes but not corticotropes, where Pitx1 is highly expressed. 
However, Pitx2c is expressed in all fi ve cell lineages.

To date, no mutations have been described within PITX1 in 
humans. Mutations in PITX2 are associated with Rieger syn-
drome in humans [14].

Lhx3 and Lhx4
LIM homeobox 3 (Lhx3) and LIM homeobox 4 (Lhx4) belong to 
the LIM family of homeobox genes that are expressed early in 
Rathke’s pouch. At least three different isoforms of Lhx3 have 
been described in mammals, each with distinct expression pat-
terns and transcriptional properties [15–17].

Lhx3 is detected in the developing nervous system. The Lhx3a 
isoform is fi rst expressed at E8.5 in the mouse embryo while 
Lhx3b is fi rst expressed at E9.5. Subsequently, Lhx3 is expressed 
in the anterior and intermediate lobes of the pituitary gland, 
ventral hindbrain and spinal cord. Maintenance of Lhx3 persists 
in the adult pituitary gland suggesting a maintenance function 
for one or more of the anterior pituitary cell types. Lhx3 activates 
the α-GSU promoter and together with Pit1 acts synergistically 
to activate the TSH-β and prolactin promoters and the Pit1 
enhancer. Lhx3 is one of the earliest markers for cells that are 
destined to form the anterior and intermediate lobes and contin-
ued expression is essential for formation of gonadotropes, thyro-
tropes, somatotropes and lactotropes. In Lhx3 null mutant mice, 
Rathke’s pouch is initially formed but then fails to grow and 
Hesx1 expression is switched off early. There is failure of expres-
sion of α-GSU, TSH-β, GH and Pit1 transcripts. Specifi cation of 
the corticotrope cell lineage does occur, although there is failure 
of POMC cell proliferation, probably secondary to reduced T-Pit 
expression [18].

Lhx4 is a closely related gene that is expressed in specifi c areas 
of the brain and spinal cord. Like Lhx3, Lhx4 is expressed through-
out the invaginating pouch at E9.5. Subsequent expression at 
E12.5 is restricted to the future anterior lobe. Its expression is 
reduced by E15.5 [19]. Null mutants of Lhx4 show formation of 
Rathke’s pouch with expression of α-GSU, TSH-β, GH and Pit1 
transcripts, demonstrating that various anterior pituitary cell lin-
eages are specifi ed although their numbers are reduced. Lhx3−/−, 
Lhx4−/− double mutant mice show a more severe phenotype than 
either single mutant with an early arrest of pituitary development, 
thereby suggesting that these two genes may act in a redundant 
manner during early pituitary development [20].

Human mutations in LHX3 are associated with GH, TSH, pro-
lactin and gonadotropin defi ciencies with some patients 
demonstrating a neck phenotype characterized by limited neck 
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rotation [21,22]. LHX4 mutations in humans, reported in fi ve 
pedigrees to date, resulted in variable hypopituitarism, more 
commonly GH, TSH and ACTH defi ciencies with a hypoplastic 
sella and variable cerebellar hypoplasia [23–25].

Sox3
Sox3 is a member of the Sox [SRY-related high mobility group 
(HMG) box] family of transcription factors present in the mam-
malian sex determining gene, SRY, which were initially identi-
fi ed based on homology to the conserved binding motif of the 
HMG class [26,27]. Approximately 20 different Sox genes have 
been identifi ed in mammals and variation in homology exhib-
ited within the HMG box between different members allows 
them to be grouped into different subfamilies [28–30]. Sox3 was 
among the fi rst of the Sox genes to be cloned and, together with 
Sox1 and Sox2, belongs to the Soxb1 subfamily exhibiting the 
highest degree of similarity to SRY [26,27,31]. Members of the 
Soxb1 subfamily of genes are expressed throughout the develop-
ing central nervous system and are some of the earliest neural 
markers that are believed to have a role in neuronal 
determination.

Sox3 is expressed in the earliest stages of development, with its 
main site of expression within the central nervous system, and 
has been strongly implicated in neurogenesis [32]. Subsequently, 
Sox3 is expressed along the full length of the developing CNS, 
including the brain and spinal cord, in actively dividing undif-
ferentiated neural progenitor cells where expression is maintained 
throughout development [33]. High concentrations of expression 
have also been noted in the ventral diencephalon, including the 
infundibulum and presumptive hypothalamus [34].

Targeted disruption of Sox3 in mice results in mutants that 
have a variable and complex phenotype including craniofacial 
abnormalities, midline CNS defects, and a reduction in size and 
fertility [34,35]. Sox3 mutant mice of both sexes are born with 
expected frequency showing no evidence for embryonic lethality, 
and approximately one-third of mutant mice are viable and fertile 
with no gross abnormalities. Heterozygous females are mosaic 
with respect to the mutation caused by X-inactivation and gener-
ally appear normal, although some display a mild craniofacial 
phenotype. However, approximately 43% of Sox3 null mice do 
not survive to weaning, and the most severely affected mice 
exhibit profound growth insuffi ciency and general weakness with 
craniofacial defects including overgrowth and malalignment of 
the front teeth and abnormality of the shape of the pinna which 
was completely absent in some animals [34].

Rizzoti et al. [34] analyzed the pituitary gland and brain of Sox3 
mutant mice in detail, revealing the mutants to have a variable 
endocrine defi cit, the extent of which was correlated with body 
weight. Pituitary concentrations of GH, LH, FSH and TSH were 
all lower in mutants compared to wild-type mice at 2 months of 
age. Histological analysis of the pituitary gland at this stage 
revealed a hypoplastic anterior lobe with the presence of an addi-
tional abnormal cleft disrupting the boundary between the ante-
rior and intermediate lobes.

Further examination of Sox3 mutant embryos revealed that 
Rathke’s pouch displayed an abnormally expanded and bifur-
cated appearance in mutant embryos, which possibly results in 
the additional cleft observed at later stages of development and 
in the adult pituitary. Sox3 is not expressed in Rathke’s pouch; 
however, it is expressed at high concentrations in the ventral 
diencephalon including the infundibulum which provides neces-
sary inductive signals for the formation of the anterior pituitary 
[4]. In Sox3 mutants, the evagination of the infundibulum was 
less pronounced than observed in wild-type mice and the pre-
sumptive hypothalamus thinner and shorter [34]. This suggests 
that the hypopituitary phenotype observed in mutant mice arises 
as a secondary consequence of the absence of Sox3 in the ventral 
diencephalon.

Duplications of Xq26-27 and mutations in SOX3 have been 
implicated in variable hypopituitarism and mental retardation in 
humans [36–40].

Sox2
Sox2 is also a member of the Soxb1 subfamily. In the mouse, 
initial expression of Sox2 is detected at E2.5 at the morula stage 
and then in the inner cell mass of the blastocyst at E3.5. Later 
expression of Sox2, following gastrulation, is restricted to the 
presumptive neuroectoderm and by E9.5 it is expressed through-
out the brain, central nervous system, sensory placodes, branchial 
arches, gut endoderm, the esophagus and trachea [41,42]. Homo-
zygous loss of Sox2 results in peri-implantation lethality, whereas 
Sox2 heterozygous mice appear relatively normal but show a 
reduction in size and male fertility [43]. Further studies that have 
resulted in the reduction of SOX2 expression concentrations 
below 40%, compared to normal concentrations, result in anoph-
thalmia in the affected mutants [44]. Given the observation of 
growth retardation and reduced fertility, Kelberman et al. [45] 
recently investigated the role of Sox2 in murine pituitary develop-
ment, showing that a proportion of heterozygous animals mani-
fested a variable hypopituitary phenotype, with hypoplasia and 
abnormal morphology of the anterior pituitary gland with con-
comitant reduction in concentrations of GH, LH, ACTH and 
TSH.

Mutations in the gene have since been shown to be associated 
with hypopituitarism and severe eye abnormalities in humans 
[45].

Terminal cell differentiation
Terminal pituitary cell differentiation is a culmination of a 
complex interaction between extrinsic signaling molecules and 
transcription factors such as Lhx3, Lhx4, Sox genes, GATA2, Isl1, 
Prop1 and Pit1. GATA2 encodes a transcription factor that is 
important in the differentiation of gonadotropes and thyrotropes. 
Other transcription factors involved in the maturation of the 
gonadotrope lineage include Sf1 and Dax1 (dosage-sensitive sex 
reversal-adrenal hypoplasia congenita critical region on the X 
chromosome). Pit1 and Prop1 are best characterized in terms of 
function in both humans and mice.
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Prop1
Prop1 (Prophet of Pit1) is a pituitary-specifi c paired-like home-
odomain transcription factor fi rst expressed in the dorsal portion 
of Rathke’s pouch at E10–10.5 followed by maximal expression 
at E12 and subsequent extinction by E15.5 [46]. It is believed to 
be required for expression of Pit1, the critical lineage-determin-
ing transcription factor, because there is a failure of determina-
tion of Pit1 lineages, lack of Pit1 gene activation and absence of 
progression to mature cells in the Ames dwarf mice who harbor 
a homozygous missense mutation in the Prop1 gene [47]. Prop1 
is also important in regulating the expression of Hesx1, the 
lineage-inhibiting transcription factor. Beta-catenin acts as a 
binary switch by interacting with Prop1 to simultaneously activate 
expression of Pit1 and to repress Hesx1, acting via TLE/Reptin/
HDAC1 co-repressor complexes in the latter case [48].

Homozygous Ames dwarf mice exhibit severe proportional 
dwarfi sm, hypothyroidism and infertility and the emerging ante-
rior pituitary gland is reduced in size by about 50% displaying an 
abnormal looping appearance. The adult Ames dwarf mouse 
exhibits GH, TSH and prolactin defi ciency resulting from a severe 
reduction of somatotrope, lactotrope and caudomedial thyro-
trope lineages. Additionally these mice have reduced gonadotro-
pin expression correlating with low plasma LH and FSH 
concentrations. The size of the pituitary gland on magnetic reso-
nance (MR) imaging is reduced considerably. Recent reports 
suggest that the Prop1-defi cient fetal mouse pituitary retains 
mutant cells in the periluminal area of Rathke’s pouch that fail 
to differentiate. The mutant pituitary then exhibits enhanced 
apoptosis and reduced proliferation [49]. At postnatal day 11, 
apoptosis-independent caspase-3 activation occurs in thyrotropes 
and somatotropes of normal but not Prop1 and Pit1 mutant 
pituitaries indicating a role for caspase-3 expression [50].

Humans with mutations in PROP1 characteristically have GH, 
TSH, prolactin and gonadotropin defi ciencies, suggesting a role 
for PROP1 in gonadotrope differentiation in humans [51]. The 
phenotype also includes evolving ACTH defi ciency in some 
patients.

Pit1
Pit1 (called POU1F1 in humans) is a pituitary specifi c transcrip-
tion factor belonging to the POU homeodomain family. It has 
also been called GH factor-1 as it was fi rst identifi ed as a regulator 
of GH1 transcription. Apart from GH1, Pit1 binding sites have 
also been identifi ed in promoters of the prolactin and TSH-β 
genes. Pit1 is expressed relatively late during pituitary develop-
ment (E13.5 in the mouse) and its expression persists throughout 
life. Pit1 usually binds to multiple sites on target genes and dimer-
ization of Pit1 on DNA seems to be important for high-affi nity 
DNA binding and consequent transcriptional activation. Although 
Pit-1 is suffi cient to activate the minimal elements in the GH1 
promoter necessary for cell-specifi c expression, it also requires 
other factors such as Zn-15, a zinc fi nger transcription factor, for 
synergistic activation of the GH1 gene. Pit1 is also essential for 
the development of somatotropes, lactotropes and thyrotropes in 

the anterior pituitary. Transcripts fi rst appear in cells within the 
caudomedial region of the anterior pituitary at E14.5, followed 
by detection of the protein within somatotropes and lactotropes 
and subsequent expression of GH1 and prolactin genes on E16 
and E17 respectively. Pit1 dependent thyrotropes arise on 
E15.5.

In the Snell dwarf mouse, a recessive point mutation results in 
absence of somatotropes, lactotropes and thyrotropes. A similar 
phenotype results in the Jackson dwarf mouse, which harbors a 
recessive null mutation of Pit1. Apart from its role in prolifera-
tion and maintenance of somatotropes, lactotropes and thyro-
tropes, Pit1 binding sites have also been found in promoter 
regions of the GHRHR and the Pit1 gene itself. Data suggest that 
auto regulation of Pit1 is required to sustain Pit1 gene expression 
once the Pit1 protein has reached a critical threshold [52,53].

Humans with mutations in POU1F1 characteristically present 
with a pituitary phenotype characterized by GH, TSH and pro-
lactin defi ciencies [54].

Anterior pituitary hormones and their 
defi ciencies

Growth hormone
Somatotropes account for 4–10% of the net weight of an adult 
pituitary gland. The human GH gene (GH-N or GH1) forms part 
of a cluster of fi ve homologous genes along with human chorionic 
somatomammotropic hormone pseudogene 1 (CSHP1), human 
chorionic somatomammotropic hormone 1 (CSH1), GH2 and 
human chorionic somatomammotropic hormone 2 (CSH2) 
located on the long arm of chromosome 17 (17q22-24) spanning 
66.5 kilobases (kb). Its expression is regulated not only by a proxi-
mal promoter but also by a locus control region 15–32  kb upstream 
of the GH-1 gene. The locus control region confers pituitary-spe-
cifi c, high level expression of human GH (hGH) [55]. The full-
length transcript from the GH-N gene encodes a 191 amino-acid 
22 kiloDalton (kDa) protein that contains two disulfi de bridges 
and accounts for 85–90% of circulating GH. Alternative splicing 
of the mRNA transcript generates a 20  kDa form of GH that 
accounts for the remaining 10–15%. Within both the proximal 
promoter and the locus control region are located binding sites for 
the pituitary-specifi c transcription factor Pit1.

In the circulation, GH binds to two binding proteins (BP), high 
and low affi nity GHBPs [56]. Little is known about low affi nity 
GHBP, accounting for approximately 10–15% of GH binding, 
with a preference for binding to 20  kDa hGH. However, high 
affi nity GHBP is a 61  kDa glycosylated protein that represents a 
soluble form of the extracellular domain of the GH receptor 
that can bind to both 20 and 22  kDa hGH, and thereby prolong 
the half-life of GH. In vivo studies that have co-administered 
GH and GHBP to hypophysectomized and GH defi cient rats have 
demonstrated a potentiation of weight gain and bone growth, 
although similar studies have not as yet been performed in 
humans.
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The half-life of hGH is short at less than 20  min. It binds to 
the GH receptor (GHR), which is present in a number of tissues. 
Binding of GH to the extracellular domain of the GHR results in 
receptor dimerization with phosphorylation of Janus (JAK) 
kinases as well as of the receptor itself. This induces phosphoryla-
tion of MAPK, STAT and PI3 kinase pathways. The end-result is 
activation of a number of genes that mediate the effects of GH. 
These include early response genes encoding transcription factors 
such as c-jun, c-fos and c-myc implicated in cell growth, prolifera-
tion and differentiation, and IGF-1 that mediates the growth-
promoting effects of GH [57,58].

Action and regulation
Actions
GH is secreted in a pulsatile fashion under the control of the 
hypothalamus. Peak serum GH concentrations are achieved 
during sleep. GH secretion is also increased during emotional 
stress, exercise, hypoglycemia, protein meals and prolonged 
fasting. Pharmacological agents used to increase GH secretion 
include insulin, glucagon, clonidine, levodopa and propranolol. 
Apart from its actions on linear growth, GH is anabolic, 
lipolytic and diabetogenic. It increases calcium absorption 
and is believed to improve bone density. Administration of 
recombinant human GH (hGH) results in a reduction in body fat 
and an increase in muscle mass.

GH acts indirectly on bone growth by stimulating the synthesis 
of IGF-1, which is the main GH-dependent growth factor. IGF-1 
is a single-chain polypeptide containing 70 amino acids. It shares 
considerable homology with insulin. It is synthesized in the liver 
and circulates bound to several binding glycoproteins. The prin-
cipal binding protein is IGFBP3, the secretion of which is also 
regulated by GH. Measurement of IGF-1 correlates well with 
spontaneous GH secretion and is hence widely used in the diag-
nosis of GH defi ciency. However, its concentration is altered in 
a number of other disease states such as hypothyroidism, malnu-
trition, poorly controlled diabetes and chronic disease.

Regulation
The secretion of GH is pulsatile with a predominant nocturnal 
component. Two hypothalamic hormones regulate pulsatility: 
GHRH, a 44 amino acid protein that stimulates GH secretion, 
and somatostatin, an inhibitory hormone containing 14 amino 
acids. The secretion of these hypothalamic hormones is further 
infl uenced by neurotransmitters and neuropeptides such as 
dopamine, catecholamines, histamine, serotonin, gamma amino-
butyric acid and opiates. Both GH and growth factors such as 
IGF-1 and IGF-2 also negatively feedback on the hypothalamic 
regulators of GH secretion, whereas sex steroids such as testos-
terone and estrogen increase hGH secretion.

Recent use of synthetic GH releasing peptides has led to the 
identifi cation of a GH secretagog receptor type 1a. The receptor 
is strongly expressed in the hypothalamus but specifi c binding 
sites for GH releasing peptides have also been identifi ed in other 
regions of the CNS and peripheral endocrine and non-endocrine 

tissues in both humans and other organisms. The endogenous 
ligand for the GH secretagog receptor, ghrelin, has now been 
isolated from the stomach and is an octanoylated peptide consist-
ing of 28 amino acids [59]. It is expressed predominantly in the 
stomach, but smaller amounts are also produced within the 
bowel, pancreas, kidney, the immune system, placenta, pituitary, 
testis, ovary and hypothalamus. Ghrelin leads not only to the 
secretion of GH, but also stimulates prolactin and ACTH secre-
tion. Additionally, it infl uences endocrine pancreatic function 
and glucose metabolism, gonadal function, appetite and behav-
ior. It also controls gastric motility and acid secretion, and has 
cardiovascular and antiproliferative effects. The role of endoge-
nous ghrelin in normal growth during childhood remains unclear. 
Both ghrelin and GH releasing peptides release GH synergistically 
with GHRH but the effi cacy of these compounds as growth-
promoting agents is poor.

Isolated GH defi ciency
Etiology and clinical features
Congenital GH defi ciency encompasses a group of different etio-
logical disorders. It may occur in isolation or associated with 
other anterior and posterior pituitary hormone defi ciencies with 
or without extra-pituitary features such as optic nerve hypoplasia 
and midline forebrain defects. The condition may be sporadic or 
familial. The reported incidence is 1 in 3500 to 1 in 10 000 live 
births, with the majority of cases being idiopathic in origin. 
Familial cases account for 5–30% of cases and there are four well-
described familial forms as shown in Table 4.3. Mutations within 
the genes encoding the transcription factors SOX3 and HESX1 
can also cause IGHD.

IGHD type IA
Patients with IGHD type IA have a complete absence of GH and 
lack tolerance to exogenous GH treatment with production of 
hGH antibodies [60]. They present with early and profound 
growth failure. Serum GH concentrations are undetectable or 
extremely low on provocation testing. The condition is character-
ized by an initial response to exogenous hGH treatment, followed 
by development of antibodies to GH, resulting in a markedly 
decreased fi nal height as an adult. The characteristic facial appear-
ance of GH defi ciency with mid-facial hypoplasia, delayed denti-
tion and frontal bossing is well recognized. The disorder is 
inherited in an autosomal recessive manner and only a few cases 
have been reported to date. The majority of patients with type IA 
isolated GH defi ciency have large deletions within the GH1 gene; 
those identifi ed to date range from 6.7 to 45  kb [61]. However, 
microdeletions such as that of a single base pair at codon 10 
leading to an altered reading frame with premature termination 
of translation and an ensuing truncated protein have also been 
described. Two further patients, a compound heterozygote with 
a 6.7  kb deletion and a 2  bp deletion in the third exon, and a 
patient who was homozygous for a missense mutation in the 
coding sequence leading to a premature stop codon also had a 
phenotype consistent with type IA IGHD. The exact prevalence 
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of this disorder is unclear. Sporadic cases may go unrecognized 
resulting in the possible low incidence of this disorder. A 
prevalence of 9–38% for GH-1 deletions in markedly short 
[height ≤4 standard deviations (SD)] individuals has been 
suggested.

All reported families to date have been consanguineous. There 
is marked heterogeneity in the phenotype of these patients, in 
addition to considerable variability in antibody formation and 
response to hGH treatment, even within families with the same 
deletions. Patients with larger deletions (>7.6  kb) respond better 
to GH treatment compared with those with smaller deletions. 
Recombinant human IGF-1 (rhIGF1) has also been used, particu-
larly in patients with a poor initial response to hGH treatment 
and formation of high antibody titers. With improvements in 
recombinant technology, purer forms of GH can now be pro-
duced which alleviate the problem of antibody formation to some 
extent.

IGHD type IB
IGHD type IB is also associated with a prenatal onset of GH 
defi ciency, but is milder than IGHD type IA, with detectable 
concentrations of GH after provocation testing. The condition is 
inherited as an autosomal recessive trait. Children present with 
marked short stature and a poor growth velocity, and the condi-
tion is characteristically associated with a good response to exog-
enous hGH treatment with no formation of GH antibodies. 
IGHD type IB is a result of either homozygous splice site 
mutations within the GH1 gene or mutations within the GHRH 
receptor (GHRHR). The human GHRHR gene consists of 13 
exons spanning approximately 15  kb, and has been mapped to 
chromosome 7p15. It encodes a protein containing 423 amino 
acids. The receptor is a G-protein coupled receptor characterized 
by seven transmembrane domains with a high binding affi nity for 
GHRH. Expression of GHRHR is upregulated by POU1F1. 
GHRHR is also required for proliferation of somatotropes and 
therefore has an important role in anterior pituitary 
development.

The fi rst reported cases of GHRHR mutations were from the 
Indian subcontinent in two fi rst cousins who were found to have 
a G > T substitution leading to a stop codon and a severely trun-
cated protein lacking the membrane spanning domains with a 
consequent inability to bind to GHRH [62]. Since then, several 
patients with GHRHR mutations have been reported, including 
splice site mutations [63].

IGHD type II
This condition is inherited in an autosomal dominant manner. 
Patients present with short stature and respond well to exogenous 
hGH treatment with no formation of antibodies. IGHD type II is 
most commonly the result of splice site mutations in intron III 
(IVSIII) within the GH1 gene. In addition, four missense muta-
tions (R77C, R183H, P89L and V110F) have also been implicated 
in IGHD type II. The phenotype associated with these mutations 
is highly variable, particularly in association with the R183H 
mutation, with some individuals being of normal stature without 
any treatment [64]. More recently, mutations in an exon splice 
enhancer within exon 3 of the GH1 gene have been associated 
with autosomal dominant GHD [65]. Splice site mutations lead 
to the production of two alternatively spliced GH molecules, 20 
and 17.5  kDa hGH. The 17.5  kDa form of GH generated as a 
result of the skipping of exon 3 and subsequent loss of amino 
acids 32–71 has a dominant negative effect preventing secretion 
of normal wild-type 22  kDa GH with a consequent deleterious 
effect on pituitary somatotropes. In a murine model of this domi-
nant negative mutation, there is evolution of the phenotype with 
later failure of prolactin, TSH and gonadotropin secretion [66].

Patients presenting with a splice site mutation within the fi rst 
two base pairs of intervening sequence 3 (5′ IVS +1/+2  bp) leading 
to a skipping of exon 3 were found to be more likely to present 
at follow-up with other pituitary hormone defi ciencies [67,68]. 
The development of multiple hormonal defi ciencies is not age-
dependent and there is a clear evidence of variability in the onset, 
severity and progression, even within the same family. A detailed 
analysis of different mutations identifi ed in IGHD type II showed 
different mechanisms of secretory pathophysiology at a cellular 
level resulting in a different extent of co-localization and a dif-
ferential effect on GH secretion. This might be caused by differ-
ences in folding or aggregation, processes that are necessary for 
sorting, packaging or secretion through the regulated secretory 
pathway [67].

The phenomenon of evolving CPHD could also be attributed 
to an invasion by activated macrophages leading to a signifi cant 
bystander endocrine cell killing, which in time compromises cel-
lular repletion of other cell lineages and ultimately to additional 
endocrine defi cits, as observed in transgenic mice. Early treat-
ment with rhGH in these patients may prevent the progressive 
dysfunction of the somatotropes and possibly other cell lines by 
suppressing the GHRH drive and hence production of the mutant 
17.5  kDa protein, although this remains to be proven.

Table 4.3 Isolated growth hormone defi ciency (GHD).

Inheritance Type Phenotype Gene Nature of mutations

Autosomal recessive IA Severe short stature, anti-GH antibodies on treatment GH-1 Deletions, amino acid substitutions
IB Less severe short stature No anti-GH antibodies GH-1/GHRHR Splice site mutations, amino acid substitutions

Autosomal dominant II Less severe short stature No antibodies GH-1 Splice site mutations

X-linked recessive III Short stature (GHD) with agammaglobulinemia Not known Not known
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IGHD type III
This disorder is inherited in an X-linked recessive manner. In 
addition to GH defi ciency, these patients may also manifest 
agammaglobulinemia. No abnormalities have been documented 
within the GH-1 gene in these patients and the exact mechanism 
for the phenotype is unknown. Recently, a polyalanine expansion 
within SOX3, a transcription factor implicated in CNS develop-
ment, has been described in a pedigree with X-linked mental 
retardation and GHD [40].

Thyrotropin or thyroid-stimulating hormone
TSH is a glycoprotein consisting of two non-covalently 
bound chains of amino acids (α and β) and is synthesized 
and stored within the thyrotropes of the anterior pituitary 
gland. The α chain consists of 92 amino acids and shares homol-
ogy with other pituitary glycoproteins, FSH and LH. The gene 
encoding TSH α glycoprotein is located on chromosome 6q12-
q21. The β chain contains 110 amino acids and is TSH-specifi c. 
The gene encoding the TSH β chain is located on chromosome 
1p13.

Actions and regulation
Actions
The primary function of TSH is to stimulate the thyroid gland to 
secrete the thyroid hormones triiodothyronine (T3) and thyrox-
ine (T4). Its actions include stimulation of the iodide pump on 
the cell membrane transporting iodide into the cell, stimulation 
of the synthesis of the thyroidal storage protein thyroglobulin, 
and stimulation and synthesis of T4 and T3 and their release from 
their complexes with thyroglobulin. TSH binds to its cell mem-
brane receptor, which consists of seven transmembrane domains, 
four intracellular domains and a long extracellular sequence with 
six potential glycosylation sites. It is a G-protein coupled receptor 
that stimulates adenyl cyclase activity, activation of protein kinase 
A and subsequent phosphorylation.

Regulation
TSH secretion is pulsatile with peak concentrations at night. Its 
secretion is stimulated by hypothalamic TRH acting via its G-
protein coupled receptor and inhibited by somatostatin and 
dopamine. The thyroid hormones negatively feedback both at the 
pituitary level on TSH secretion and at the hypothalamic level on 
TRH. Other factors impinging on TSH secretion include estrogen 
which increases the number of TRH receptors on the thyrotropes 
and a decrease in the ambient temperature acting as a potent 
stimulator of TSH.

Isolated TSH defi ciency
Clinical features
Central hypothyroidism has a reported prevalence of 1 in 50 000 
live births. Neonates can present with non-specifi c symptoms 
such as lethargy, poor feeding with failure to thrive, prolonged 
hyperbilirubinemia, and cold intolerance. Babies with central 
hypothyroidism may be born with a normal or above average 

birth weight and a birth length that is below average. Central 
hypothyroidism is generally milder than primary hypothyroid-
ism, where a more severe phenotype characterized by coarse 
facies, constipation and severe mental retardation may be char-
acteristic. Collu et al. [69] reported a patient with a TRH recep-
tor mutation who presented only with short stature and delayed 
bone maturation. Although he had a subnormal intelligence 
quotient, this was possibly related to the low socio-economic 
status of the family because the IQ of unaffected sibs was 
similar.

Etiology
Isolated central hypothyroidism, characterized by insuffi cient 
TSH secretion resulting in low concentrations of thyroid hor-
mones, is a very rare disorder. It may be sporadic, although 
familial cases have been reported with defi ciencies of TSH and 
TRH. Dacou-Voutetakis et al. [70] fi rst reported a homozygous 
nonsense mutation in exon 2 of the TSH β-subunit gene in three 
children affected by congenital TSH-defi cient hypothyroidism 
within two related Greek families. Affected individuals showed 
symptoms of severe mental and growth retardation. This muta-
tion gives rise to a truncated peptide including only the fi rst 11 
of 118 amino acids of the mature TSH β-subunit peptide. Collu 
et al. [69] were the fi rst to report an inactivating mutation of the 
TRH receptor gene as a cause for isolated central hypothyroid-
ism. The patient had complete absence of TSH and prolactin 
responses to TRH. Mutational analysis revealed that the patient 
was a compound heterozygote for two different mutations, 
having inherited a different mutated allele from each of the 
parents. The mutation resulted in a failure of TRH to bind the 
mutated TRH receptor with a consequent failure of TSH 
secretion.

Adrenocorticotropic hormone
ACTH is a 39 amino acid polypeptide with a short biological 
half-life of approximately 8  min. It is synthesized and stored 
within the corticotropes of the anterior pituitary that account for 
about 10% of the adenohypophysis. The initial precursor prohor-
mone is POMC, located at chromosome 2p23.3 in humans. Post-
translational processing of POMC is species-specifi c. The POMC 
gene spans approximately 12  kb and consists of three exons. 
Cleavage of the POMC precursor into biologically active peptides 
is a critical process. The main enzymes involved are prohormone 
convertases, particularly PC1 within the anterior pituitary corti-
cotropes. PC1 cleaves POMC to generate N-POC and β lipotro-
pin. N-POC is then cleaved to form pro-γ-melanocyte stimulating 
hormone, a joining peptide and ACTH. There is further evidence 
to suggest that another enzyme PC2 cleaves ACTH into αMSH 
and a corticotropin-like intermediate lobe peptide within the 
intermediate lobe and β lipotropin is cleaved into β endorphin 
and γ lipotropin. αMSH has an important role as an agonist for 
the melanocortin (MC) 1 receptor in causing pigment deposition 
in the hair follicle and as an agonist for the MC4 receptor in the 
hypothalamus where it controls appetite.
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Actions and regulation
Actions
The primary function of ACTH is to stimulate the zona fascicu-
lata and zona reticularis of the adrenal glands to produce gluco-
corticoids (mainly cortisol) and adrenal androgens. Like other 
peptide hormones, ACTH binds to its specifi c membrane recep-
tor on the adrenocortical cells to increase the formation of cyclic 
AMP and activation of various protein kinases.

Regulation
The secretion of ACTH follows a circadian rhythm with peak 
concentrations in the early hours of the morning and low con-
centrations in the late evening. As a result, cortisol secretion is 
circadian with peak concentrations at around 0800 hours and a 
nadir at midnight. This rhythm can be disrupted by shifts in 
day–night patterns.

Hypothalamic CRH binds with high affi nity to its specifi c cell 
membrane receptors on the corticotropes to increase transcrip-
tion of the POMC gene and ACTH synthesis. CRH neurons are 
also found in other areas of the brain including the hypothala-
mus, brainstem and cerebral cortex. AVP acts synergistically with 
CRH to stimulate ACTH release from the corticotropes.

Various other neurotransmitters (serotonin, norepinephrine, 
neuropeptide Y, interleukins 1 and 6, tumor necrosis factor and 
leukemia inhibitory factor) are also involved in the regulation of 
ACTH secretion. Stressors such as surgical stress, infection, pain, 
acute illness, fever, hypoglycemia and other pathological states 
increase CRH secretion resulting in a profound increase in both 
ACTH and cortisol secretion. Exogenous glucocorticoids reverse 
this effect. The exact mechanism underlying the increased secre-
tion of the steroid hormones is unclear, although it is thought to 
be mediated via interleukins.

Isolated ACTH defi ciency
Clinical features
Isolated congenital ACTH defi ciency is rare and is more com-
monly associated with other pituitary hormone defi ciencies. The 
clinical features of isolated congenital ACTH defi ciency are poorly 
defi ned and patients usually present in the neonatal period with 
non-specifi c symptoms such as poor feeding, failure to thrive and 
hypoglycemia. Signs of severe adrenal insuffi ciency include vas-
cular collapse, shock and bradycardia. Serum aldosterone secre-
tion is controlled by the renin-angiotensin system and hence 
abnormalities in salt excretion are unusual, although not 
unknown [71], in isolated ACTH defi ciency. Females rely on 
adrenal androgens for the development of pubic and axillary hair 
and hence women with isolated ACTH defi ciency will lack 
both.

Etiology
Only a few cases of isolated ACTH defi ciency have been reported. 
Krude et al. [72] fi rst described two patients with mutations in 
the POMC gene. The fi rst patient was a compound heterozygote 
with one missense mutation leading to a frameshift at codon 144 

and the other was a single nucleotide change leading to a prema-
ture stop codon. The second patient was homozygous for a point 
mutation in exon 2 leading to a start codon. Both patients pre-
sented with early-onset isolated ACTH defi ciency and obesity 
with red hair resulting from the lack of αMSH production. Symp-
toms of hypoglycemia and cholestasis resolved with hydrocorti-
sone supplementation. Both sets of heterozygous parents were 
asymptomatic.

Since the initial cases, there have been reports of a further three 
patients with POMC gene mutations, all presenting with isolated 
ACTH defi ciency, red hair and obesity. A compound heterozy-
gous mutation in the PC1 gene in a female patient with extreme 
early-onset obesity and ACTH defi ciency was fi rst described in 
1997 [73]. In addition she had defective processing of other pro-
hormones and presented with insulin dependent diabetes melli-
tus and hypogonadotropic hypogonadism [74]. More recently, a 
child with isolated ACTH defi ciency, red hair and a severe enter-
opathy was found to harbor mutations within PC1 [75]. Several 
recessive mutations have been identifi ed in TPIT, with a recessive 
mode of inheritance, resulting in severe ACTH defi ciency, pro-
found hypoglycemia associated with seizures in some cases and 
prolonged cholestatic jaundice in the neonatal period. Neonatal 
deaths have been reported in 25% of families with TPIT muta-
tions in a large series, suggesting that isolated ACTH defi ciency 
may be an underestimated cause of neonatal death [76].

Gonadotropins
The reproductive system is unique because of changes in the secre-
tion of reproductive hormones taking place throughout life. The 
gonadotropins, FSH and LH, are glycoproteins composed of two 
subunits: α and β. The α-subunit is identical to the α-subunit of 
TSH (gene encoding the α-subunit is located on chromosome 
6q12-q21) and the specifi c biological activity of both hormones 
resides in the β-subunit. The gene encoding the FSH β chain is 
found on chromosome 11p11.2 and that of the LH β chain is 
located on chromosome 19q13.2. The human chorionic gonado-
tropin β-subunit has similar biological activity to the LH β-subunit. 
LH secretion is pulsatile in both sexes but sexual dimorphism in 
physiological secretory patterns becomes evident with maturity of 
the hypothalamo-pituitary-gonadal axis. An increased nocturnal 
LH release is the fi rst sign of the onset of puberty.

Actions and regulation
Actions
Both hormones bind to membrane receptors in their ovarian and 
testicular cells, activate the G-protein coupled complex and stim-
ulate adenyl cyclase. FSH regulates gametogenesis in males and 
females while LH is thought to be primarily responsible for 
gonadal steroid secretion.

Regulation
Pulsatile release of hypothalamic GnRH regulates the secretion of 
the pituitary hormones LH and FSH which stimulate the testis 
and ovary at puberty to increase the gonadal steroid secretion and 
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develop secondary sexual characteristics. There is a surge in 
gonadotropin and gonadal steroid secretion in the neonatal 
period with concentrations similar to those reached during 
puberty.

Following the fi rst few months of life, the gonadotropin axis 
remains quiescent until puberty, when concentrations rise again. 
GnRH-synthesizing neuronal migration, from their fi rst appear-
ance in the embryonic medial olfactory placode to their fi nal 
position in the mediobasal hypothalamus, is complete by around 
19 weeks’ gestation when pulsatile GnRH release is established. 
Several signaling factors such as anosmin-1 or KAL1 and FGFR1 
are implicated in this migratory process. GnRH synthesis and 
release is also infl uenced by several neuroendocrine factors such 
as PC1 and leptin. Kiss-peptins are products of the KiSS-1 gene, 
which bind to a G-protein coupled receptor known as GPR54. 
Although KiSS-1 was initially discovered as a metastasis suppres-
sor gene, recent evidence suggests that the kisspeptin/GPR54 
system is a key regulator of the reproductive system, KiSS-1 
neurons playing an important part in feedback regulation of 
gonadotropin secretion.

Recent studies have described a role for PROK2 and its recep-
tor PROKR2 in the secretion of gonadotropins. Dopamine also 
appears to have a regulatory effect on gonadotropin secretion that 
is dose dependent. Estradiol and progesterone act via both the 
pituitary and hypothalamus to have a negative effect on gonado-
tropin secretion. However, if plasma estradiol concentrations are 
very high for a period greater than approximately 36  h in the 
absence of plasma progesterone, a positive feedback infl uence is 
exerted with an LH surge as seen in the mid-menstrual cycle in 
females. FSH secretion is also regulated by inhibin, a protein 
molecule secreted by the follicular granulosa cells in the female 
and Sertoli cells in the male.

Isolated gonadotropin defi ciency
Clinical features
Hypogonadism may be caused by abnormalities within the hypo-
thalamo-pituitary axis or within the gonad itself. Hypogonado-
tropic hypogonadism is particularly heterogeneous with a 
phenotype in males ranging from undescended testes at birth 
with absent pubertal development to normal puberty and infertil-
ity at the other extreme. It is four times more common in males 
than females with an incidence variably reported from 1 in 10 000 
to 1 in 86 000 [77,78]. The most common presentation of isolated 
hypogonadotropic hypogonadism is at puberty with a lack of 
pubertal development, although the diagnosis is sometimes sus-
pected at birth in patients who present with cryptorchidism and 
bilaterally undescended testes. The prevalence of abnormalities at 
birth is low suggesting that maternal human chorionic gonado-
tropin rather than fetal gonadotropins are responsible for testos-
terone secretion in the fetus.

The diagnosis of isolated hypogonadotropic hypogonadism at 
puberty is made with low concentrations of LH and FSH and a 
poor rise to stimulation with exogenous GnRH. Patients with 
constitutional delay in puberty (and growth) can present in a 

similar manner and distinction between the two conditions is 
sometimes unclear. The condition is benign, more common in 
males and is a diagnosis of exclusion. Children with constitu-
tional delay are generally short for chronological age although 
appropriate for skeletal age and progress to normal sexual matu-
ration and function spontaneously, albeit at a later age. Because 
of the diffi culty in distinction between the two conditions, it is 
sometimes necessary to treat the child with exogenous sex ste-
roids in order to complete puberty at an appropriate age and 
revisit the diagnosis on completion of puberty.

Etiology
Hypogonadotropic hypogonadism may be isolated, as discussed 
below, or combined with other pituitary hormone defi ciencies. 
Mutations in several transcription factors such as PROP1, LHX3, 
SOX2, SOX3 and HESX1 are associated with defi ciencies of 
gonadotropic hormones [8,21,51]. The condition may be spo-
radic or familial inherited in an autosomal dominant, autosomal 
recessive or X-linked manner.

The association between isolated hypogonadotropic hypogo-
nadism and anosmia (Kallman syndrome) was fi rst reported by 
Maestre de San Juan. Kallman detailed the genetic basis to this 
disorder due to mutations in the KAL-1 gene resulting in an X-
linked inheritance. The anosmia results from agenesis of the 
olfactory bulbs, the development of which is closely linked to that 
of GnRH synthesizing neurons. Although these patients are 
capable of synthesizing and secreting a normal GnRH protein, 
the improper location of the GnRH neurons results in an inability 
of GnRH to reach the pituitary gland to stimulate the gonadotro-
pins. Neuroimaging is often used in clinical practice to identify 
the abnormal olfactory bulbs in order to make the diagnosis. It 
is thought that approximately 75% of patients with Kallman syn-
drome demonstrate agenesis of the olfactory bulbs on neuroim-
aging [79]. Mutations in KAL1 are responsible for the X-linked 
form of Kallman syndrome [80,81] and other features such as 
mirror movements, renal aplasia, high-arched palate, deafness 
and pes cavus are associated with the X-linked form of the disor-
der [81].

DAX-1 (dosage sensitive sex reversal, adrenal hypoplasia con-
genita critical region on the X chromosome) mutations in humans 
cause hypogonadotropic hypogonadism and adrenal hypoplasia 
congenita which can result in severe neonatal adrenal crisis. Most 
often, the hypogonadotropic hypogonadism presents at puberty 
[82]. The condition is inherited as an X-linked disorder due to 
inactivating mutations of DAX1 gene. DAX1 is a transcription 
factor that is expressed in several tissues and in the hypothalamus 
and pituitary. It closely interacts with SF1 (steroidogenic factor 1), 
another transcription factor that is critical for adrenal and 
gonadal development. Duplications of DAX1 result in persistent 
Mullerian structures and XY sex reversal suggesting that the gene 
acts in a dosage sensitive manner. Females are phenotypically 
normal.

Inactivating mutations of the GnRHR were fi rst reported in 
1997 and since then seven different pedigrees have been described 
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[83]. There is a wide range of phenotypes described, from com-
plete hypogonadism with undescended testes and presentation at 
birth, to those who present with mild pubertal delay [84]. 
Although mutations in GnRHR are rare, patients with milder 
phenotypes harboring mutations may not yet be identifi ed. 
Recently, a homozygous missense mutation was identifi ed within 
a novel gene, GPR54, in a highly consanguineous pedigree of 
patients with hypogonadotropic hypogonadism [85]. A second 
patient with isolated hypogonadotropic hypogonadism was found 
to be a compound heterozygote for two different mutations 
within the gene. Further pedigrees have been identifi ed that 
harbor deletions within the gene. GPR54 is believed to be a regu-
lator of GnRH secretion at the hypothalamic level. Mutations in 
FGFR1, PROK2 and PROKR2 have also been described in associa-
tion with hypogonadotropic hypogonadism.

Mutations in PC1 are associated with defective processing of 
prohormones and a mutation in PC1 in a female patient has been 
reported with extreme early-onset obesity, ACTH defi ciency, 
insulin dependent diabetes and hypogonadotropic hypogonad-
ism [73].

Leptin is a secreted product of the adipocyte and acts as a 
satiety factor. Apart from its role in regulating nutrition, it appears 
to have an important role in several neuroendocrine functions by 
acting at a hypothalamic level. Mutations in leptin and its recep-
tor are both associated with obesity, marked hyperphagia, meta-
bolic abnormalities and hypogonadotropic hypogonadism 
[86,87]. Recently, treatment with leptin in a 12-year-old female 
patient with a frameshift mutation in the leptin gene has resulted 
in signifi cant weight loss and normalization of nocturnal LH 
secretion [88].

Prolactin
Action, regulation and defi ciency
Prolactin is a 199 amino acid protein with its gene located on 
chromosome 6p22.2-21.3. The principal functions of prolactin 
are growth and development of the breasts and initiation and 
maintenance of lactation in postpartum women. It also has some 
role in regulation of gonadal function by stimulating the genera-
tion of LH receptors in the gonads in both sexes. The mechanism 
of action of prolactin is similar to other protein molecules by 
stimulating the tyrosine kinase pathway and subsequent intracel-
lular protein phosphorylation.

The release of prolactin is under the control of the hypothala-
mus with afferent impulses from sensory receptors, primarily 
around the nipples. The dominant hypothalamic infl uence is 
inhibitory and the principal inhibitory hormone is dopamine. 
Other molecules exerting an inhibitory role are norepinephrine, 
histamine and serotonin acting at either a hypothalamic or pitu-
itary level. TRH, in addition to stimulating the release of TSH, is 
also the principal prolactin stimulatory hormone. Thyroxine and 
estrogen can modulate the number of TRH receptors in the lac-
totropes, thereby infl uencing prolactin release. Thyroxine, by 
negative feedback, decreases the number of TRH receptors while 
estrogens increase their availability.

The maternal pituitary is the main source of serum prolactin 
during pregnancy and the only known clinical effect of prolactin 
hyposecretion in adults is the failure of lactation in puerperal 
women. Prolactin defi ciency may be combined with other ante-
rior pituitary hormone defi ciencies as seen in patients with 
POU1FI and PROP1 mutations. Rarely it may occur as an isolated 
defi ciency [89].

Posterior pituitary hormones

The neurohypophysis consists of the supraoptic and paraven-
tricular hypothalamic nuclei containing the cell bodies of the 
magnocellular neurosecretory neurons that secrete vasopressin 
and oxytocin, the supraoptico-hypophyseal tract that includes the 
axons of these neurons, and the posterior pituitary where the 
axons terminate on capillaries of the inferior hypophyseal 
artery.

Arginine vasopressin
Vasopressin is a basic nanopeptide with a disulfi de bridge between 
the cysteine residues at positions 1 and 6. Most mammals have 
the amino acid arginine at position 8. The vasopressin gene lies 
on chromosome 20p13, in tandem with the oxytocin gene and 
separated by 8  kb of DNA. The gene contains three exons and 
encodes a polypeptide precursor that consists of a 19 amino acid 
amino-terminal signal peptide, a 9 amino acid vasopressin 
peptide, a diamino acid linker, the 93 amino acid neurophysin 
peptide (NPII), a single amino acid linker, and a 39 amino acid 
carboxyl-terminal glycopeptide copeptin.

The preprohormone is synthesized in the magnocellular 
neuron cell body, following which the signal peptide is cleaved. 
The prohormone then folds and places AVP into a binding pocket 
of NPII, which protects AVP from proteolysis and promotes 
high-density packing in neurosecretory granules by oligomeriza-
tion of AVP-NPII dimers. Following the formation of seven 
disulfi de bonds within NPII and one within AVP, and the glyco-
sylation of copeptin, the prohormone is packaged into neurose-
cretory granules and cleaved into the product peptides during 
axonal transport to the posterior pituitary. The mature hormone 
and NPII are then stored as a complex in secretory granules 
within the nerve terminals of the posterior pituitary. Stimulation 
of vasopressinergic neurons results in the opening of voltage-
gated calcium channels in the nerve terminals, which through 
transient calcium infl ux results in fusion of the neurosecretory 
granules with the nerve terminal membrane and release of their 
contents into the circulation. The half-life of vasopressin is short, 
approximately 5–15  min.

Actions and regulation
Vasopressin acts via three G-protein coupled receptors: it achieves 
its pressor effects via V1 receptors, its main renal effects via V2 
receptors (V2-R), and its action on corticotropes to secrete ACTH 
in synergy with CRH via V3 receptors. Activation of the V2-R 



CHAPTER 4

74

leads to a biphasic increase in the expression of the water channel 
protein aquaporin 2. This then allows reabsorption of water from 
the duct lumen along an osmotic gradient, with excretion of 
concentrated urine.

The main regulatory factors in determining vasopressin secre-
tion are osmotic status, blood pressure and circulating volume. 
Neurotransmitters such as dopamine and norepinephrine are 
also thought to have a role in vasopressin secretion, as does angio-
tensin II.

Central diabetes insipidus
This is most commonly caused by lesions within the hypothal-
amo-pituitary axis such as germinoma, Langerhans cell histio-
cytosis and craniopharyngioma, post-traumatic head injury, 
post-surgery and secondary to infl ammatory lesions such as sar-
coidosis. Congenital causes of central diabetes insipidus (DI) are 
rare. Familial central DI is an autosomal dominant disorder of 
AVP secretion.

Patients present with polyuria and polydipsia, usually in the 
fi rst 10 years of life. Overt hypertonic dehydration occurs only if 
the patient is unable to obtain water. Food consumption may be 
decreased leading to loss of weight and slow growth. During 
infancy, common clinical features include hyperthermia, vomit-
ing, failure to thrive and constipation. Neonatal manifestations 
are uncommon, suggesting that the pathophysiology of familial 
central DI involves progressive postnatal degeneration of AVP-
producing magnocellular neurons.

A number of mutations have been described in children with 
central DI in the AVP neurophysin gene. These include signal 
peptide mutations which decrease the ability of the signal pepti-
dase to initiate removal of the signal peptide from the preprohor-
mone [90]. A second group of mutations occurs within the AVP 
or amino-terminal domain of the NPII-coding sequence, and 
these interfere with the binding of AVP to NPII or in the folding 
of NPII [91]. A third group of mutations result in the synthesis 
of a truncated neurophysin molecule [92].

Recent studies have suggested that the mutations described to 
date may lead to abnormal folding and processing of the prepro-
hormone. The mutant protein may then accumulate within the 
endoplasmic reticulum, where it then may kill the cells by inter-
fering with the orderly processing of other essential proteins. 
Hence, heterozygous mutations within the AVP NII gene may 
result in the production of an abnormal preprohormone that 
cannot be processed properly and destroys AVP-processing 
neurons. A pedigree with autosomal recessive DI has also been 
described, with a homozygous mutation in exon 1 leading to 
partial loss of function.

Other causes include Wolfram syndrome, an autosomal reces-
sive condition that includes DI, diabetes mellitus, optic atrophy 
and sensorineural deafness. WFS1 is a novel gene on chromo-
some 4p16.1 encoding an 890 amino-acid glycoprotein (wolfra-
min), predominantly localized in the endoplasmic reticulum. 
Mutations in WFS1 underlie autosomal recessive Wolfram syn-
drome. Many mutations have been reported to date, over the 

entire coding region, and are typically inactivating, suggesting 
that a loss of function causes the disease phenotype [93].

DI may also be a feature of midline disorders such as septo-
optic dysplasia and holoprosencephaly.

Oxytocin
The oxytocin gene lies on chromosome 20p13 and consists of 
three exons, which, like vasopressin, encodes a polypeptide pre-
cursor with an amino-terminal signal peptide, the oxytocin 
peptide, neurophysin and a carboxy-terminal peptide. The human 
oxytocin promoter contains estrogen-response elements and 
interleukin-6 response elements. The signifi cance of this is 
unclear. The half-life of oxytocin is short. Oxytocin binds to a 
G-protein coupled cell surface receptor on target cells to mediate 
a variety of physiological effects largely concerned with reproduc-
tive function, namely the regulation of lactation, parturition and 
reproductive behavior. In humans, women lacking posterior 
pituitary function can breast-feed normally, illustrating that oxy-
tocin is not necessary for lactation in humans.

Combined pituitary hormone defi ciency

Clinical features
Combined pituitary hormone defi ciency (CPHD) is defi ned as a 
defi ciency in two or more pituitary hormones. The condition 
varies considerably in severity. The signs and symptoms of hypo-
pituitarism resulting from CPHD are essentially a combination 
of individual hormone abnormalities and may be non-specifi c 
in the early neonatal period becoming obvious with time. Occa-
sionally the condition may be life-threatening, especially in 
patients with ACTH defi ciency, and an early diagnosis is 
mandatory.

Neonatal presentation
The presentation of hypopituitarism in the neonatal period may 
be with symptoms of poor feeding, lethargy, apnea, jitteriness and 
poor weight gain. Hypoglycemia is present in the majority of 
patients with CPHD, probably because of ACTH defi ciency, 
although it has also been reported in patients with IGHD. Mea-
surement of capillary blood glucose is a routine practice in sick 
neonates and measurement of true blood glucose should be 
undertaken if the capillary glucose is less than 2.6  mmol/L. At the 
same time, blood should also be taken for measurement of 
random GH, cortisol, insulin, non-esterifi ed fatty acids and 
ketone bodies. Low serum insulin in the presence of hypogly-
cemia will rule out hyperinsulinemia and low serum GH and 
cortisol concentrations should point towards a diagnosis of hypo-
pituitarism. Patients with TSH defi ciency may present with tem-
perature instability and prolonged neonatal jaundice. Prolonged 
hyperbilirubinemia is, however, also a feature of hypopituitarism 
in patients without TSH defi ciency. Conjugated hyperbilirubine-
mia is a marker of cortisol defi ciency, and together with 
recurrent sepsis, apnea and seizures should prompt investigation 
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for hypopituitarism. Measurement of serum cortisol concentra-
tion is therefore required. Although ACTH does not regulate the 
renin-angiotensin system, patients with hypopituitarism can 
present with hyponatremia but without hyperkalemia. 
Occasionally patients present with DI in the neonatal period, 
although this is much more common in patients with associated 
midline defects. A history of breech delivery or other instrumen-
tal delivery is more common in patients with hypopituitarism. 
Patients with gonadotropin defi ciency, particularly LH, 
may present with undescended testes and a microphallus 
because growth of the penis is dependent upon normal secretion 
of LH and hence testosterone in the second and the third 
trimester.

Growth failure
Birth weight and birth length have been reported to be normal 
in patients with congenital hypopituitarism. However, there has 
been considerable controversy over the role of GH in the immedi-
ate postnatal period and in early infancy. Recent studies have 
shown evidence for severe growth failure in infants with congeni-
tal hypopituitarism [94,95]. Short stature is generally the primary 
complaint in patients with hypopituitarism who present later in 
infancy and childhood. Linear growth is dependent upon GH and 
thyroxine in childhood, and on sex steroids later during 
puberty.

The following features should warrant investigations for GH 
defi ciency:
1 Severe short stature (height ≥3  SD below the mean for the 
population);
2 Height ≥2  SD below the mean for the population and a growth 
velocity over 1 year more than 1  SD below the mean, or a decrease 
in height >0.5  SD over 1 year in children >2 years of age;
3 Height SD ≥1.5  SD below the mid-parental height;
4 Height velocity ≥2  SD below the mean over 1 year or ≥1.5  SD 
over 2 years in the absence of short stature;
5 Other anterior pituitary hormone defi ciencies;
6 Positive neonatal history in the presence of short stature or a 
reduced height velocity.
Bone maturation may be delayed for the chronological age.

Body habitus
Patients with GH defi ciency have a characteristic facial appear-
ance and body habitus. The head appears large with frontal 
bossing, a small nose, truncal obesity, immature facies, mid-facial 
hypoplasia and delayed dentition. Patients with GH defi ciency 
have a reduced lean body mass and increased total body fat. 
Prolonged untreated hypopituitarism results in a considerable 
defi cit in fi nal height.

Development
Patients with untreated hypothyroidism under the age of 2 years 
can develop severe brain damage and global developmental delay. 
Prolonged undetected hypoglycemia can also result in profound 
central nervous system damage. DI associated with either severe 

hyponatremia (resulting from overtreatment) or hypernatremia 
(resulting from inadequate treatment or fl uid deprivation) can 
also lead to brain damage.

Puberty
Male patients with hypogonadotropic hypogonadism may present 
with a microphallus and undescended testes. The diagnosis is less 
well-recognized in females at birth. Patients with hypogonado-
tropic hypogonadism can have a wide spectrum of abnormalities 
ranging from absent, delayed or arrested pubertal progress or 
infertility in later life. Additional GH defi ciency will result in 
failure of the pubertal growth spurt.

Diabetes insipidus
Patients with panhypopituitarism can unusually present with DI. 
The symptoms are those of polyuria and polydipsia with weight 
loss. Cortisol is essential for the excretion of a water load and the 
diagnosis of DI may be masked in patients with both ACTH and 
AVP defi ciency. Treatment with hydrocortisone will unmask DI 
with polyuria and polydipsia, and hence caution should be exer-
cised in patients with multiple pituitary hormone abnormalities 
when they are commenced on glucocorticoid replacement treat-
ment, with careful monitoring for DI. It is extremely unusual for 
DI to occur in patients without midline defects, such as septo-
optic dysplasia and holoprosencephaly.

Visual problems
Patients with hypopituitarism and visual abnormalities should be 
reviewed by an ophthalmologist to rule out optic nerve hypopla-
sia and hence a diagnosis of septo-optic dysplasia. Neuroimaging 
is required to exclude this diagnosis.

Etiology
Idiopathic CPHD
Most patients with CPHD do not have a known underlying etiol-
ogy and are classifi ed as having idiopathic disease. The condition 
is highly variable with respect to clinical presentation. Even if 
hypopituitarism is not recognized in the immediate postnatal 
period, a careful history at the time of diagnosis may indicate the 
presence of perinatal symptoms.

Craft et al. [96] have suggested a causal relationship between 
gestational–perinatal complications and hypopituitarism with 
risk factors such as prematurity, gestational bleeding, complica-
tions of delivery, fetal distress or asphyxia. It is diffi cult to differ-
entiate whether hypothalamo-pituitary defects are actually 
responsible for these perinatal complications or whether perina-
tal problems themselves lead to hypopituitarism. The discovery 
of pituitary transcription factors, mutations of which can lead to 
abnormalities of hypothalamo-pituitary morphology, suggests 
that the former may be the case at least in some patients. The fact 
that many males with hypopituitarism are born with genital 
abnormalities such as undescended testes and a micropenis also 
suggests that, in some cases at least, hypopituitarism is of prenatal 
onset.
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Non-syndromic genetic CPHD
Mutations in PROP1
The human PROP1 gene has been mapped to chromosome 5q 
and is a member of the paired-like homeobox gene family. The 
gene spans 3  kb and consists of three exons encoding a protein 
product of 226 amino acids. The DNA binding homeodomain 
consists of three alpha helical regions and most mutations 
reported to date affect this region.

Wu et al. [51] fi rst reported mutations in PROP1 in four unre-
lated pedigrees with an endocrine phenotype consistent with GH, 
TSH, prolactin, LH and FSH defi ciencies. The fi rst family har-
bored a homozygous mutation (R120C) in the paired like home-
odomain. The second and third pedigrees were found to have 
what is now believed to be a mutational “hot spot” within the 
PROP1 gene, a 2  bp deletion (delA301, G302, also known as 
296del GA). This mutation involves a 2  bp GA or AG deletion 
among three tandem GA repeats (296-GAGAGAG-302) within 
exon 2 resulting in a frameshift with a stop codon at codon 109, 
thereby leading to a truncated protein (S109X) that contains the 
N-terminus and only the fi rst helix of the homeodomain, thereby 
disrupting both DNA-binding and transcriptional activation. The 
patient in the fourth pedigree was a compound heterozygote 
(delA301, G302/F117I). To date, 22 distinct mutations have been 
identifi ed in over 170 patients (Fig. 4.5), suggesting that muta-
tions in PROP1 are the most common cause of CPHD, in approx-
imately 50% of familial cases [97,98].

The incidence in sporadic cases is much lower [98,99]. Affected 
individuals exhibit recessive inheritance. The most common 
PROP1 mutation (50–72%) detected in multiple unrelated fami-
lies is the 2  bp deletion within exon 2 resulting in a frameshift at 
codon 109 (see above) [51,97,98,100]. This probably represents 
a mutational hot spot [98] and along with the 150delA mutation 
accounts for approximately 97% of all mutations in PROP1.

The timing of initiation and severity of hormonal defi ciencies 
in patients with mutations in PROP1 is highly variable. Although 
most patients present with early-onset GH defi ciency, normal 
growth in early childhood and normal fi nal height in an untreated 
patient with a PROP1 mutation have been reported [101]. The 
normal fi nal height was achieved at the expense of considerable 

weight gain at the time of puberty. As observed in patients with 
POU1F1 mutations, the TSH defi ciency in these patients is highly 
variable and may not be present from birth. The spectrum of 
gonadotropin defi ciency can range from presentation with a 
microphallus and undescended testes, hypogonadism with lack 
of puberty, to spontaneous pubertal development with subse-
quent arrest, and infertility [47].

The exact mechanism underlying this “acquired” defi ciency is 
unclear, although it suggests that Prop1 is not required for gonad-
otrope determination but is required for differentiation. Indi-
viduals with mutations in PROP1 exhibit normal ACTH and 
hence cortisol concentrations in early life but often demonstrate 
an evolving cortisol defi ciency associated with increasing age 
[100,102–105], although it has also been described in a 7-year-old 
patient [105]. The underlying mechanism for cortisol defi ciency 
is unknown, especially as PROP1 is not expressed in cortico-
tropes, although it appears to be required for maintenance of the 
corticotrope population. Various hypotheses have been postu-
lated such as a gradual attrition of corticotropes or an expanding 
pituitary and its subsequent involution [102], although there 
appears to be no correlation between involution of the pituitary 
gland and development of ACTH defi ciency.

Pituitary morphology in patients with mutations in PROP1 is 
variable. Most individual reports have documented a normal 
pituitary stalk and posterior lobe, with a small or normal anterior 
pituitary on MR scanning. However, in some cases, an enlarged 
anterior pituitary has also been reported [51,100,106]. Longitu-
dinal analyses of anterior pituitary size have revealed that a sig-
nifi cant number of patients demonstrate pituitary enlargement 
in early childhood, which can wax and wane in size, with subse-
quent involution in older patients (Fig. 4.6) [99,104,107]. The 
pituitary enlargement consists of a mass lesion interposed between 
the anterior and posterior lobes, possibly originating from the 
intermediate lobe [107]. To date, the underlying mechanism 
leading to pituitary gland enlargement remains unknown. The 
only biopsy report of the “tumor” was non-specifi c with presence 
of amorphous material, no signs of apoptosis and no recognizable 
cells. Prolonged expression of HESX1 or LHX3 and hence of 
undifferentiated precursor cells that remain viable for a longer 
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Figure 4.5 Human mutations in PROP1 causing 
combined pituitary hormone defi ciency. All 
mutations are inherited recessively.
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Figure 4.6 Magnetic resonance imaging of a 9-
year-old boy with a 13 base pair deletion in PROP1 
showing: (a) an enlarged sella turcica with a 
markedly enlarged anterior pituitary (AP, 8.6  mm), 
with enhancing lesions suggestive of possible 
haemorrhage at initial presentation; (b) an anterior 
pituitary size of 6.8  mm 4 months later; (c) an 
anterior pituitary size of 8.3  mm 12 months later; 
(d) an anterior pituitary size of 4.2  mm 21 months 
later. PP, posterior pituitary.

time have been implicated [46]. A recent report suggesting that 
Prop1-defi cient fetal mouse pituitary retains mutant cells in the 
periluminal area of Rathke’s pouch that fail to differentiate and 
exhibit enhanced apoptosis and reduced proliferation may be a 
possible explanation [49].

Mutations in POU1F1
The human POUIFI gene has been localized to chromosome 3p11 
and consists of six exons spanning 17  kb. It encodes a 291 amino 
acid protein with a molecular mass of 33  kD. The protein has 
three functional domains: a transactivation domain, a POU spe-
cifi c domain and a POU homeodomain. The POU specifi c and 
POU homeodomains are both critical for high affi nity DNA-
binding on GH and prolactin promoters.

The fi rst mutation within POUIFI was identifi ed by Tatsumi et 
al. [54] in a child with GH, prolactin and profound TSH defi -

ciency. The patient was homozygous for a nonsense mutation in 
POU1F1 resulting in a severely truncated protein of 171 amino 
acids, lacking half of the POU-specifi c domain and all of the 
POU-homeodomain. Such a protein would be incapable of 
binding to GH and PRL promoters and thus unable to activate 
the transcription of these genes. The inheritance is both as an 
autosomal dominant and recessive, the former associated with a 
dominant negative effect whereby the mutant protein interferes 
with the function of the normal protein. More recently, a patient 
with GH defi ciency, normal basal serum prolactin but lack of 
response to stimulation with TRH and evolving secondary hypo-
thyroidism has been identifi ed with a novel mutation (K216E) 
that can bind to DNA and activate transcription, but that does 
not support retinoic acid induction of the POU1F1 gene distal 
enhancer either alone or in combination with wild-type POU1F1 
[108]. Hence functional analysis of many of these mutations 
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suggests that some mutations disrupt DNA binding whereas 
others disrupt transcriptional activation or other properties such 
as autoregulation.

The spectrum of hormone defi ciency can also vary in patients 
with POU1F1 mutations. GH defi ciency generally presents early 
in life, along with prolactin defi ciency. However, TSH defi ciency 
can be variable with presentation later in childhood [109,110] or 
preserved [111]. A total of 27 mutations within POUIFI have 
been described (22 recessive, fi ve dominant) in over 60 patients, 
all with a broadly similar phenotype of GH, TSH and prolactin 
defi ciency (Fig. 4.7). Although the majority of mutations within 
POU1F1 are recessive, the heterozygous point mutation R271W 
appears to be a “hot spot” for mutations within POUIFI [112], 
and has been identifi ed in several unrelated patients from differ-
ent ethnic backgrounds [113–119].

MR imaging demonstrates a small or normal anterior pituitary 
with no other extra-pituitary abnormalities. Abnormalities within 
midline structures are not associated with POU1F1 mutations. 
Defi ciency of GH, prolactin and TSH is more profound in patients 
harboring mutations in POU1F1 than in patients with PROP1 
mutations. Table 4.4 compares the phenotype in patients with 
hypopituitarism as a result of mutations in PROP1, POU1F1 and 
LHX3.

Syndromic CPHD
Septo-optic dysplasia
Septo-optic dysplasia (SOD) is a rare congenital heterogeneous 
anomaly with a prevalence ranging from 6.3 to 10.9 per 100 000 
[120,121]. The condition is defi ned by the presence of any two of 
three features: midline forebrain defects, optic nerve hypoplasia 
(ONH) and hypopituitarism. The fi rst reported case of ONH 
associated with absence of the septum pellucidum was in a 7-
month-old infant with congenital blindness, absent pupillary 
refl exes and normal development, more than 50 years ago. Prior 
to that, ONH had only been described as a rare and isolated 
anomaly for almost a century. De Morsier, in 1956, described the 
postmortem fi ndings of ONH and agenesis of the septum pellu-
cidum and coined the term “septo-optic dysplasia”, also known 

as De Morsier syndrome. Approximately 30% of patients with 
SOD manifest the complete clinical triad, 62% of patients have 
some degree of hypopituitarism, and 60% have an absent septum 
pellucidum [122,123]. The condition is equally prevalent in males 
and females.

ONH may be unilateral or bilateral and may be the fi rst pre-
senting feature, with the later onset of endocrine dysfunction. 
Bilateral ONH is more common (88% compared with 12% uni-
lateral cases). Additionally, there appears to be little correlation 
between the size of the optic nerve and its visual function. Neu-
roradiological abnormalities are present in up to 75–80% of 
patients with ONH [124,125]. Pituitary hypoplasia may manifest 
as endocrine defi cits varying from isolated GH defi ciency to pan-
hypopituitarism. There has been some suggestion that abnor-
malities of the septum pellucidum and hypothalamo-pituitary 
axis on neuroimaging can predict the severity of endocrine dys-
function [126]. A decrease in growth rate resulting from GH 
defi ciency is the most common feature, with hypoglycemia and 
polyuria and polydipsia being less common. Either sexual precoc-
ity or failure to develop in puberty may occur. Abnormal hypo-
thalamic neuroanatomy or function and DI may be a feature. The 
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Figure 4.7 The reported POU1F1 mutations to 
date.

Table 4.4 Clinical features of hypopituitarism due to mutations in POU1F1, 
PROP1 and LHX3 causing combined pituitary hormone defi ciency (CPHD) in 
humans.

Phenotype PROP1 POU1F1 LHX3

Presentation Delayed Congenital Congenital
GH Defi cient Defi cient Defi cient
TSH Defi cient Defi cient Defi cient
Prolactin Defi cient Defi cient Defi cient
LH, FSH Defi cient Normal Defi cient
ACTH May evolve Normal Normal
Pituitary size S, N, E S, N S, N, E
Non-pituitary phenotype Nil Nil Short cervical spine

E, enlarged; N, normal; S, small.
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endocrinopathy may be evolving with a progressive loss of endo-
crine function over time. The most common endocrinopathy is 
GH defi ciency followed by TSH and ACTH defi ciency. Gonado-
tropin secretion may be retained in the face of other pituitary 
hormone defi ciencies [127]. Commencement of GH treatment in 
SOD children with GH defi ciency may be associated with acceler-
ated pubertal maturation.

Neurological defi cit is common, but not invariably so, and in 
one study, was documented in 15 of 24 children with a severe 
degree of optic nerve hypoplasia. The defi cit ranged from global 
retardation to focal defi cits such as epilepsy or hemiparesis. Other 
neuroanatomical abnormalities include cavum septum pellu-
cidum, cerebellar hypoplasia, schizencephaly and aplasia of the 
fornix. An association between SOD and other congenital anom-
alies such as digital abnormalities has been reported [128–130].

Both genetic and environmental factors have been implicated 
in the etiology of the condition [131,132]. Environmental agents 
such as viral infections, vascular or degenerative changes and 
exposure to alcohol or drugs have been implicated in the etiology 
of SOD. The condition presents more commonly in children 
born to younger mothers and clusters in geographical areas with 
a high frequency of teenage pregnancies [121,133,134]. Because 
forebrain and pituitary development occurs as early as 3–6 weeks’ 
gestation in the human embryo, and is closely linked, any insult 
at this critical stage of development could account for the features 
of SOD.

In the light of the phenotype demonstrated in Hesx1 null 
mutant mice, the human homolog of the gene was screened for 
mutations in patients with SOD. HESX1 maps to chromosome 
3p21.1-3p21.2, and its coding region spans 1.7  kb with a highly 
conserved genomic organization consisting of four coding exons. 
A homozygous missense mutation (Arg160Cys) was found in the 
homeobox of HESX1 in two siblings within a highly consanguine-
ous family in which two affected siblings presented with ONH, 
absence of the corpus callosum, and hypoplasia of the anterior 
pituitary gland with panhypopituitarism [8]. The parents were 
heterozygous for the mutation and phenotypically normal. 
Screening of extended members of the family revealed a further 
nine phenotypically normal heterozygotes within this highly con-
sanguineous pedigree, consistent with an autosomal recessive 
inheritance. The mutation led to a complete loss of DNA-binding, 
and the mutation unusually was associated with an in vitro domi-
nant negative effect even though heterozygotes for the mutation 
did not manifest a phenotype. Haplotype analysis using markers 
which closely fl anked HESX1 revealed that such heterozygous 
HESX1 mutations are associated with a dominant inheritance 
that is incompletely penetrant, although the insertion (Table 4.5) 
was a de novo mutation.

The phenotypes associated with heterozygous mutations are, 
on the whole, milder, classically characterized by isolated GHD 
with an ectopic/undescended posterior pituitary. However, the 
overall frequency of HESX1 mutations in SOD has been low, 

Table 4.5 Reported mutations in HESX1.

Mutation Inheritance Endocrine phenotype Neuroradiological fi ndings Reference

Q6H Dominant GH, TSH, LH, FSH defi ciency AP hypoplasia, ectopic PP [9]

I26T Recessive GH, LH, FSH defi ciency; evolving ACTH, TSH 
defi ciency

AP hypoplasia, ectopic PP, normal ON [10]

c.306–307insAG Dominant GH, LH, FSH defi ciency; hypothyroidism AP hypoplasia, ON hypoplasia [13]

Q117P Dominant GH, TSH, ACTH, LH, FSH defi ciency AP hypoplasia, ectopic PP [345]

c.357+2T > C Recessive GH, TSH, ACTH, PRL defi ciency AP aplasia, normal PP, normal ON [346]

Alu insertion (exon 3) Recessive Panhypopituitarism AP aplasia, hypoplastic sella, normal PP and infundibulum [347]

E149K Dominant GH defi ciency AP hypoplasia, ectopic PP, infundibular hypoplasia [134]

c.449–450delCA Recessive GH, TSH, ACTH defi ciency AP aplasia, normal PP, normal ON, thin CC, hydrocephalus [346]

R160C Recessive GH, TSH, ACTH, LH, FSH defi ciency AP hypoplasia, ectopic PP, ON hypoplasia, ACC [8]

S170L Dominant GH defi ciency Normal AP, ON hypoplasia, ectopic PP, partial ACC [9]

K176T Dominant GH defi ciency, evolving ACTH, TSH defi ciency Ectopic PP [345]

g.1684delG Dominant GH defi ciency AP hypoplasia, ON hypoplasia, ACC, absent PP bright spot [12]

T181A Dominant GH defi ciency AP hypoplasia, normal ON, absent PP bright spot [9]

AP, anterior pituitary; CC, corpus callosum; ON, optic nerve; PP, posterior pituitary; SP septum pellucidum.
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suggesting that mutations in other known or unknown genes may 
contribute to this complex disorder (Table 4.5).

Hypopituitarism and neck abnormalities
LHX3 maps to human chromosome 9q34. LHX3 mutations are 
a rare cause of CPHD including defi ciencies for GH, prolactin, 
TSH, and LH/FSH in all patients. To date, homozygous muta-
tions in LHX3 [a missense mutation (Y116C) in the LIM2 domain, 
a novel, single base pair deletion in exon 2, deletion of the entire 
gene (del/del), mutations causing truncated proteins (E173ter, 
W224ter), and a mutation causing a substitution in the home-
odomain (A210V)] have currently been identifi ed in 12 patients 
from seven unrelated consanguineous families [21,22,135]. The 
mutations are associated with diminished DNA binding and 
pituitary gene activation, consistent with observed hormone 
defi ciencies.

Whereas most patients have severe hormone defi ciencies man-
ifesting after birth, milder forms have been observed. The lack of 
limited neck rotation, initially thought to be a universal feature 
of patients with LHX3 mutations, extends the known molecular 
defects and range of phenotypes found in LHX3-associated dis-
eases [22]. Hypopituitarism was additionally associated in all 
patients, apart from those with W224ter mutations, with a short 
rigid cervical spine with limited head rotation and trunk move-
ment. Pituitary morphology on MR scanning was variable in 
these patients, as with mutations in PROP1, ranging from a small 
to a markedly enlarged anterior pituitary not evident in a previ-
ous MR scan, to a recent report of a hypointense lesion with a 
“microadenoma” [135].

Hypopituitarism with cerebellar abnormalities
The human LHX4 gene extends over 45  kb on chromosome 1q25. 
Mutations within LHX4 have been reported in seven patients to 
date with variable hypopituitarism and MR abnormalities. Muta-
tional analysis of the fi rst reported patient, with CPHD (GH, TSH 
and ACTH defi ciency), revealed a heterozygous intronic muta-
tion in LHX4 [24]. MR imaging revealed anterior pituitary hypo-
plasia, an undescended posterior pituitary, an absent pituitary 
stalk, a poorly formed sella and pointed cerebellar tonsils. The 
second patient presented with a similar phenotype but also had 
additional prolactin, LH and FSH defi ciencies, Chiari malforma-
tion and respiratory distress syndrome and was found to have a 
heterozygous missense mutation (P366T) in exon 6, which was 
present in the LIM4 specifi c domain [25].

More recently, Pfaeffl e et al. [23] have reported three novel 
heterozygous mutations (A120P, L190R, R84C) in three unre-
lated families. All patients had evidence of variable hypopituita-
rism between and within families and a hypoplastic anterior 
pituitary on neuroimaging. However, an undescended posterior 
pituitary was not observed in patients of the fi rst family, two of 
whom demonstrated pituitary cysts. Mutations in LHX4 are rare 
and the resultant phenotype in patients with mutations suggests 
that LHX4 tightly coordinates brain development and skull shape. 
Haploinsuffi ciency of LHX4 results in defective regulation of 

POU1F1 and downstream activation of GH1 expression, provid-
ing a mechanism at the molecular level in patients with mutations 
in LHX4 [136]. However, ACTH defi ciency observed in these 
patients cannot be explained by this mechanism suggesting that 
other LHX4-dependent pathways may exist independent of 
POU1F1 in the developing pituitary gland.

Rieger syndrome
Mutations within PITX2 or RIEG are associated with Rieger syn-
drome in humans. Rieger syndrome is an autosomal dominant 
condition with variable manifestations including anomalies of 
the anterior chamber of the eye, dental hypoplasia, a protuberant 
umbilicus, mental retardation and pituitary abnormalities. All 
mutations identifi ed within PITX2 to date are heterozygous, 
affecting the homeodomain of the gene, although none of the 
patients with these mutations presented with pituitary hormone 
defi ciencies [1].

Hypopituitarism with mental retardation
A number of pedigrees have been described with X-linked hypo-
pituitarism involving duplications of Xq26-q27 [36,37,39], with 
the smallest described to date being approximately 690  kb [38]. 
The phenotype is that of variable mental retardation and hypo-
pituitarism associated with anterior pituitary hypoplasia, infun-
dibular hypoplasia and an ectopic posterior pituitary, with 
variable abnormalities of the corpus callosum. All duplications 
encompass the SOX3 gene (OMIM 313430). SOX3 is encoded by 
a single exon producing a transcript with a coding region of 
approximately 1.3  kb, mapping to chromosome Xq27. The SOX3 
protein consists of a short 66 amino acid N-terminal domain of 
unknown function, the 79 amino acid DNA binding HMG 
domain and a longer C-terminal domain, containing four poly-
alanine stretches, shown to be involved in transcriptional activa-
tion [27,137]. Further implication of SOX3 in hypopituitarism 
comes from identifi cation of patients with hypopituitarism and 
an expansion of a polyalanine tract within the gene [38,40]. 
Mutations in the gene are associated with both panhypopituita-
rism and IGHD. A proportion of Sox3 null mice also exhibit 
pituitary and hypothalamic defects, in addition to craniofacial 
abnormalities, reduced size and fertility and defects of CNS 
midline structures. This suggests that Sox3/SOX3 dosage is critical 
for normal hypothalamic-pituitary development as over-dosage 
(patients presenting with Xq27 duplications) and under-dosage 
(the phenotype of Sox3 null mice as well as patients with loss of 
function polyalanine expansions) of Sox3 are both associated 
with infundibular hypoplasia and variable hypopituitarism 
[38,40].

Hypopituitarism and severe eye defects
Like its murine counterpart, the human SOX2 gene (OMIM 
184429) is composed of a single exon encoding a 317 amino acid 
protein containing an N-terminal domain of unknown function, 
a DNA binding HMG domain and a C-terminal transcriptional 
activation domain. Twelve heterozygous de novo mutations in 
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SOX2 were previously reported in 14 human patients associated 
with bilateral anophthalmia or severe microphthalmia with addi-
tional abnormalities including developmental delay, learning dif-
fi culties, esophageal atresia and genital abnormalities [42,138–141]. 
All of these mutations occured de novo and included fi ve non-
sense, four frameshift, one deletion and two missense mutations. 
We have subsequently reported six patients harboring de novo 
heterozygous mutations in SOX2 resulting in loss-of-function of 
the mutant protein, four of which were previously unreported 
(c.60insG, c.387delC, Y160X and c.479delA).

Clinical evaluation revealed that in addition to anophthalmia 
or microphthalmia, SOX2 mutations were also associated with 
anterior pituitary hypoplasia and hypogonadotropic hypogonad-
ism, which resulted in the absence of puberty in all six patients 
and genital abnormalities in males. All affected individuals exhib-
ited learning diffi culties with other variable manifestations 
including hippocampal abnormalities, defects of the corpus cal-
losum, esophageal atresia and sensorineural hearing loss [45]. 
The mutations were associated with signifi cant loss-of-function 
which included loss of DNA binding, nuclear localization, and 
transcriptional activation, suggesting these phenotypes arise as a 
result of haploinsuffi ciency of SOX2 in development.

More recently, Sato et al. [142] have reported an additional 
patient with a missense mutation in the HMG domain (L75Q) 
resulting in decreased DNA binding affi nity of the mutant protein. 
The affected individual manifested unilateral right-sided anoph-
thalmia and isolated hypogonadotropic hypogonadism, with a 
normal anterior pituitary and normal mental development, 
further supporting a critical role for SOX2 in the regulation 
of correct gonadotropin production in addition to eye develop-
ment [142]. SOX2 has also been shown to interact with β-catenin, 
and can therefore interact with the Wnt signaling pathway 
[143].

Holoprosencephaly
Abnormal cleavage of the forebrain leads to holoprosencephaly 
(HPE). Three types have been identifi ed: alobar, semilobar and 
lobar. The condition is also associated with other anomalies such 
as nasal and ocular defects, abnormalities of the olfactory nerves 
and bulbs, corpus callosum, hypothalamus and pituitary gland. 
Phenotypes can be highly variable and the pituitary abnormality 
most commonly associated with HPE is DI, although anterior 
pituitary hormone defi ciencies may be associated with the 
condition.

Major advances have recently been made in understanding the 
etiology of this condition. At least 12 chromosomal regions on 
11 chromosomes contain genes implicated in HPE. Autosomal 
recessive and dominant forms of the condition have been 
described. Mutations in various genes such as SHH, ZIC2, TG1F 
and SIX3 have now been implicated in this condition. Three GLI 
genes have been implicated in the mediation of SHH signals. 
Heterozygous mutations within GLI2 were identifi ed in seven of 
390 patients with HPE [144]. The phenotype and penetrance was 
variable, with the parent carrying a mutation but showing no 

obvious phenotype in some cases. In all affected patients, pitu-
itary gland function was abnormal, accompanied by variable cra-
niofacial abnormalities. Other features included post-axial 
polydactyly, single nares, single central incisor and partial agene-
sis of the corpus callosum.

Miscellaneous conditions
A number of conditions are associated with variable hypopituita-
rism. These include Pallister–Hall syndrome, Fanconi anemia, 
solitary single central incisor, cleft lip and palate and ectrodac-
tyly-ectodermal dysplasia-clefting syndrome.

Investigation and treatment of hypopituitarism

Investigations for hypopituitarism
The diagnosis of hypopituitarism is based upon a combination of 
provocative testing of the hypothalamo-pituitary axis, measure-
ment of IGF-1 and IGFBP3, neuroradiology, and the clinical 
phenotype [145]. Normal secretion of a hormone is dependent 
upon the presence of an intact hypothalamo-pituitary-target 
gland axis. The axis can be stimulated to test for hormone defi -
ciency and can be suppressed to test for hormonal excess and this 
forms the basis for several pituitary stimulation tests. Children 
with congenital abnormalities of the hypothalamo-pituitary axis 
are at risk of serious morbidity from hypoglycemia, adrenal crisis, 
delayed mental development and even mortality. The diagnosis 
of CPHD may be evident in the newborn period when the infant 
presents with hypoglycemia, or prolonged neonatal hyperbiliru-
binemia. Additionally, males may present with undescended 
testes and a microphallus. The diagnosis is often clear on assess-
ing basal thyroid function, with a low concentration of free thy-
roxine (FT4) and a concomitant low concentration of TSH. The 
random cortisol is low, and a 24-h plasma cortisol may confi rm 
low concentrations of cortisol throughout the day. The concen-
tration of the GH-dependent factors IGF-1 and IGFBP3 is also 
useful, although in isolation the sensitivity and specifi city of the 
test is poor. Growth hormone provocation tests are contraindi-
cated in children less than 1 year of age.

In the older child, the diagnosis of CPHD is based upon the 
documentation of a low growth velocity in conjunction with 
GHD on provocative testing. TSH defi ciency is characterized by 
a low TSH in conjunction with a low thyroxine concentration. A 
routine TRH test is not mandatory to establish the diagnosis of 
central hypothyroidism in children with CPHD [146], although 
recent studies have suggested that the test might be more useful 
in infants [147]. Basal serum prolactin concentrations of 
<500  mU/L are usually indicative of prolactin defi ciency and may 
be confi rmed by a suboptimal response to TRH. Gonadotropin 
defi ciency is confi rmed by a poor response to GnRH, although 
the latter is dependent upon the age at which the test is per-
formed. ACTH defi ciency can be diagnosed as a poor cortisol 
response to provocation with either hypoglycemia or exogenous 
ACTH (synacthen). In some patients, 24-h plasma cortisol 
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sampling may prove necessary as it provides a better marker of 
endogenous physiological cortisol secretion as opposed to the 
measure of cortisol reserve [148]. In males, stimulation of testes 
with human chorionic gonadotropin can be used in the diagnosis 
of hypogonadotropic hypogonadism, when the testes often 
show a very poor testosterone response to human chorionic 
gonadotropin.

MR imaging of the brain is extremely useful in detecting 
abnormalities of forebrain and pituitary development, and in 
assessing the size of the optic chiasm and optic nerves [126,149]. 
The size of the anterior pituitary gland is highly variable, as it can 
be normal, hypoplastic or enlarged. The posterior gland may be 
eutopic or ectopic. Midline defects of the forebrain may also be 
present.

The role of genetics remains to be established and is only 
offered on a research basis at present. Appropriate mutational 
screening is an important adjunct to assessment and management 
of the patient as it not only provides a better understanding of 
the pathophysiological process but it can also help in manage-
ment of the patient as observed in those with IGHD type II and 
those with mutations in PROP1. Mutations within PROP1 or 
HESX1 can alert one to the possibility of evolving cortisol defi -
ciency. Additionally, the detection of a mutation within one of 
the pituitary transcription factors in a patient with an enlarged 
pituitary will circumvent the need for surgery. Detection of muta-
tions can also lead to early diagnosis, and hence reduce the mor-
bidity that is associated with a late diagnosis.

There is at present no need for prenatal diagnosis because the 
condition is eminently treatable. Given the variable penetrance 
of many of the dominant mutations, prenatal diagnosis should 
certainly not be offered until our understanding of the genetic 
basis to many of these conditions is signifi cantly advanced. 
However, the concentrations of cortisol and thyroxine should be 
checked postnatally in order to diagnose the condition as quickly 
as possible and thereby institute treatment rapidly with a view to 
preventing brain damage that might ensue if the child has undi-
agnosed hypothyroidism or hypoglycemia.

Management of hypopituitarism
The mainstay of treatment is replacement therapy with the appro-
priate hormones. Thyroxine should be commenced if the free or 
total thyroxine concentration is low, ensuring that the cortisol 
secretion is normal or that hydrocortisone treatment is com-
menced if required prior to thyroxine treatment. Growth should 
be carefully monitored, and if the growth velocity is poor and 
GHD confi rmed on provocative testing, then treatment with 
recombinant hGH (rhGH) should be commenced. rhGH should 
be continued until linear growth ceases, although there is now a 
case for the use of GH treatment in young adults with GHD given 
the possible metabolic effects on fat, lean body mass and bone 
mineral density. Sex steroids in the form of estrogen or testoster-
one should be commenced at the time of puberty if gonadotropin 
defi ciency is confi rmed. Hydrocortisone should be commenced 
if cortisol secretion is impaired. If a mutation within PROP1 is 

documented and the cortisol secretion is normal, cortisol secre-
tion should be assessed at regular intervals because it may become 
impaired at a later date. If a pituitary mass is present, serial MR 
imaging scans are indicated in order to monitor the size of the 
mass.

In patients with SOD, adequate ophthalmological, neurologi-
cal and social support should be offered to the patients and their 
families, given the visual disability that is a part of the 
condition.

It is important to remember that these conditions can evolve 
and so regular monitoring of thyroxine concentrations as well as 
cortisol concentrations is recommended, on or off treatment.

Growth hormone receptor and downstream 
signaling

Cellular actions of GH occur through the binding of GH to its 
single membrane passing receptor (GHR). Only one GHR has 
been described and probably most, if not all, actions of GH occur 
through binding to this receptor. After binding of GH to its 
receptor, intracellular signaling cascades are activated, resulting 
in the transcriptional activation of target genes. Aberrations in 
this process result in GH insensitivity (GHI) and are discussed 
below.

Biology of GH and IGF-1 signaling
Growth hormone receptor
The GHR is a member of the type I class of cytokine receptor 
family that also includes single transmembrane receptors for pro-
lactin, leptin, erythropoietin, thrombopoeitin, leukemia inhibi-
tory factor (LIF) and several interleukins and colony-stimulating 
factors. Members share 15–20% homology in the cytokine 
homolog domain, which is located in the extracellular part of the 
receptor and is involved in ligand binding. Based on structural 
and sequence homology, the family can be subdivided into fi ve 
groups [150,151]. GHR belongs to group 1 together with recep-
tors for prolactin, erythropoietin and thrombopoietin. All of 
these receptors form homodimers and contain conserved Box1 
and Box2 domains and signal through JAK2 and Stat5 (signal 
transducer and activator of transcription). Members of other 
groups of the cytokine receptor family also signal through JAKs 
and Stats but not necessarily JAK2 and Stat5.

The GHR gene is located on human chromosome 5p13.1-p12, 
and spans approx 87  kb in the human genome. In most species, 
GHR contains several alternative promoters positioned in clusters 
up to 40  kb upstream of exon 2, which are expressed in a tissue-
specifi c fashion [152–155], allowing for tissue-specifi c regulation 
of GHR expression.

Apart from the main 4.6  Kb GHR transcript, there are several 
GHR isoforms varying in size and sequence, arising from alterna-
tive processing of the primary transcript, for example GHR 1-277 
and GHR 1-279 that lack most of the intracellular domain. Two 
genomic GHR isoforms that exist only in humans have arisen 
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from ancestral homologous recombination. They differ in the 
retention or deletion of exon 3 [152]. The functional differences 
between these two isoforms have been the subject of much recent 
research and are discussed below.

The GHR gene encodes for the GHR proreceptor. After cleav-
age of an 18 amino acid signaling peptide, the mature receptor 
has a 246 amino acid extracellular domain, 24 amino acid trans-
membrane domain and a 350 amino acid intracellular domain. 
The extracellular domain contains a distal part involved in GH 
binding and a more proximal part involved in GHR dimerization 
(Fig. 4.8) [156,157]. The intracellular domain contains a proline-
rich Box1 which is associated with JAK2 binding. Tyrosine resi-
dues in the intracellular domain of GHR have a key role in 
signaling. Just distal to Box2 is a small domain, the UbE motif, 
which is necessary for ubiquitination and internalization of 
GHR.

GHR is expressed on the cell plasma membrane but is consti-
tutively internalized, both by clathrin coated pits and caveolae. 
GHRs are transported to the endosomes from where they can be 
recycled to the plasma membrane or targeted for degradation. 
Degradation occurs in the proteasome, an enzyme complex that 
degrades ubiquitinated proteins. Ubiquitination of GHR, i.e. 
addition of ubiquitin groups, increases after GH binding to GHR, 
and is dependent on the UbE motif [158]. Internalization is 
important for the regulation and termination of signaling.

Growth hormone binding protein
The main GH binding protein (GHBP) is the soluble extracellular 
domain of the GHR and has an identical affi nity for GH as GHR 
[159]. It binds to GH and increases its half-life in the circulation 
and may serve a function in the transportation of GH to target 
tissues and subsequent binding to the receptor. Although in 
rodents GHBP arises through alternative splicing, human GHBP 
arises from proteolytic cleavage of the cell membrane anchored 
GHR, for example by TNF α converting enzyme (TACE) [160]. 
GHBP is, like GHR, present in many tissues, but GHBP in the 
circulation is mostly derived from the liver. Although GHR and 
GHBP are regulated by and are very sensitive to GH, and GHR 
and GHBP often change in parallel [161–163], measurement of 
plasma GHBP has not been shown to refl ect GHR and GH 
responsiveness [164]. The absence of GHBP in the circulation 
may suggest an abnormality of the GHR and support a diagnosis 
of GHI but GHR mutations do not necessarily affect GHBP con-
centrations, and GHBP may even be high [165]. Liver dysfunc-
tion also impairs GHBP production [166].

GH signal transduction
Initiation of signaling by GH
GHR, like its family group member EPO-R, is preformed as a 
dimer and is transported in a non-ligand bound state to the cell 
surface [157]. GH then binds in a sequential manner to the GHR 
dimer where the fi rst GHR binds to the stronger site 1 of the GH 
molecule followed by the second GHR binding to the weaker site 
2. Binding of GH results in a conformational change whereby 

rotation of the GHRs results in repositioning of the intracellular 
domains and of Box1-associated JAK2 molecules. As a result, 
JAK2 is autophosphorylated and activated which in turn leads to 
cross-phosphorylation of distal tyrosine residues of GHR which 
enables SH2 (Src homology 2) domain molecules to dock to these 
sites [167,168]. Stat5a and Stat5b molecules contain SH2 domains 
and bind to these phosphorylated tyrosine sites and then they in 
turn become phosphorylated. Phosphorylated Stat5 molecules 
(homo- and hetero-) dimerize and translocate to the nucleus 
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Figure 4.8 Schematic representation of the mature growth hormone (GH) 
receptor (middle), associated domain functions (right side) and corresponding 
coding regions in GHR (left side). Homozygous recessive and heterozygous 
dominant negative mutations are indicated with arrows. aa, amino acid number 
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where they bind DNA, as dimers or as tetramers, and activate 
target genes (Fig. 4.9) [169].

Signal transducer and activator of transcription 5
The Stat family consists of Stats 1–4, Stat5a, Stat5b and Stat6. 
STAT5A and STAT5B genes are located on chromosome 17q11.2 
and have originated from gene duplication, and encode for the 
787 amino acid proteins Stat5a and Stat5b that are 95% homolo-
gous. Stat5 has, like all Stats, an N-terminal coiled-coil domain, 
which provides a hydrophilic interface for protein binding, a 
DNA binding domain, a linker domain, a SH2 domain necessary 
for the binding of docking sites and for dimerization, and a tran-
scriptional activation domain (Fig. 4.10) [170]. The transcrip-
tional activation domain contains the tyrosine residue 699 
available for phosphorylation, and both the DNA binding domain 
and the N-terminal domain are crucial for stable Stat–DNA 
interaction.

Both Stat5a and Stat5b can be activated by GH, and they have 
both overlapping and distinct functions [171–176]. Gene inacti-
vation mouse models have shown that deletion of Stat5b, but not 
of other Stat genes, even though GH also activates Stat1 and Stat3, 

affects growth, and that Stat5b is of greater importance for stimu-
lation of growth than Stat5a [170,171,177–179]. Stat5b null mice 
have severe postnatal growth retardation especially in males, 
although this is not as severe as in Ghr null mice. They have 
increased GH secretion, reduced hepatic IGF-1, IGFBP3 and acid 
labile subunit (ALS) expression, and increased obesity (177). 
Stat5a null mice have normal growth but impaired mammary 
gland formation and lactogenesis, refl ecting impaired signaling 
of prolactin [172]. Stat5a/b double null mice are more severely 
affected than the single null mice, and display more severe growth 
retardation, although Ghr null mice are still more severely affected 
[180,181]. Stat5a/b double null mice also have a severe combined 
immunodefi ciency, with reduced CD8 T-cell number and a 
failure of hematopoietic stem cells to develop lymphoid lineages 
[182]. Transgenic Stat5 expression results in expansion of CD8 
cells and lymphomagenesis [183] and also in increased prolifera-
tion and differentiation in mammary cells [184], suggesting a 
critical role for Stat5 in cell proliferation, particularly in immune 
cells.

Stat5b is phosphorylated upon stimulation by a pulse of GH, 
and after this rapid activation becomes temporarily refractive to 
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Hypothalamo-Pituitary Disorders: Congenital

85

further or continuous stimulation [185,186]. GH secretion is 
more continuous in females, and indeed, in female rodents, 
Stat5b is phosphorylated to a lesser extent although phosphoryla-
tion still occurs. This gender-specifi c signaling has an important 
role in the regulation of gender-specifi c proteins, especially 
CYP450 enzymes [187,188] which have a role in hepatic metabo-
lism of steroids and foreign compounds. The Stat5b null male 
mice are resistant to GH pulses [189] and their hepatic male-
specifi c genes are decreased to female concentrations while female 
predominant genes are expressed at higher concentrations than 
in WT males. Hepatic nucleic factors (HNFs), especially HNF3, 
4α and 6, interact with Stat5b to induce these Stat5b-dependent 
gender-specifi c gene expression patterns [176,188,190].

Stat5 response elements
Phosphorylated Stat5a and Stat5b bind Stat5 response elements 
(Stat5 RE) as dimers or tetramers but their binding is enhanced 
by the interaction of co-activators binding to adjacent DNA 
binding sites, like the γ-interferon activated sequence (GAS) 
motif [169], the glucocorticoid receptor (GR) response element 
[191], C/EBP and HNFs [188]. Inactivation of the GR binding 
site also results in reduced GH signaling, severe growth delay and 
reduced expression of GH-dependent genes in mice [191]. Stat5 
RE have been located in the second and third intron of the human 
IGF-1 gene and 73  kb upstream of the initiation site, although the 
effectiveness of the distant site is much less [192,193]. Besides 
IGF-1, Spi2.1, CIS, SOCS2, HNF6 and several genes for CYP450 
enzymes contain functional Stat5 RE [188,194–196]. IGFBP3 and 
ALS are also direct GH target genes dependent on Stat5b but it is 
still unclear whether each gene is a direct target for Stat5b [197]. 
More genes with functional Stat5 binding sites are being identi-
fi ed now, including genes involved in lactogenesis [whey acid 

protein (WAP), beta-casein] [198] and immune function (IL-2b, 
PIM1, IFN-g) [199].

Negative regulation of signaling
Activation of JAK-STAT signaling occurs rapidly, within minutes 
after GH stimulation, but is transient because of the tight control 
of the termination of signaling. This negative regulation of 
sign aling occurs at several levels: GHR internalization, 
suppressors of cytokine signaling (SOCS), protein tyrosine phos-
phatases (PTPs) and protein inhibitors of activated Stats 
(PIAS).

The SOCS family of proteins comprises cytokine inducible-Src 
homology 2 protein (CIS) and SOCS 1–7. GH, PRL and many 
other cytokines can induce CIS, SOCS1, -2 and -3. SOCS family 
proteins inhibit JAK-STAT signaling by inhibiting JAK proteins, 
binding positive regulators of signaling or docking sites, and pro-
moting GHR ubiquitination. The role of the several family 
members has become clearer from phenotypes associated with 
their overexpression. Mice overexpressing CIS have mild growth 
retardation and have also altered T-cell function and impaired 
mammary gland development, whereas Socs2 null mice show 
gigantism similar to bovine GH overexpressing mice (30–40% 
overgrowth), are hyperresponsive to GH and have increased 
extrahepatic IGF-1 production. Stat5 signaling is indeed pro-
longed in hepatocytes of these mice and cross-breeding with 
Stat5b null mice showed that Stat5b is necessary for the gigantism 
[200].

PTPs dephosphorylate activated phosphorylated proteins in 
cytokine signaling pathways but also insulin signaling pathways. 
Several PTPs, like PTP-1, PTP-H1 and PTP-B1 and TC-PTP 
attenuate GH signaling, and PTP-1B is involved in fasting induced 
GH insensitivity [201–203]. PTPN11 mainly functions in RAS-
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Figure 4.10 Localization of STAT5B mutations and 
their resulting immune phenotype. CCD, coiled-coil 
domain; DBD, DNA binding domain; L, linker 
domain; ND, N-terminal domain; SH2, Svc homology 
2-containing domain; TAD, transactivation domain. 
Base pair insertions and deletions are in italics.
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MAPK signaling, and abnormalities result not only in Noonan 
syndrome but also in associated mild GH resistance [204].

Other signaling pathways
Apart from activating Stat5a and Stat5b, GH is also able to acti-
vate Stat1 and Stat3 and to activate the MAPK-ERK pathway, PI3 
kinase pathway and phospholipase C/DAG/PKC/Ca2+ pathway 
(Fig. 4.9) [205]. However, of these signaling pathways, Stat5b 
signaling is the most important for the regulation of growth. The 
role of other pathways has not been fully elucidated, although 
“knock-in” mice models with various truncated GHRs start to 
give us some insight [206].

IGF-1, its binding proteins and the acid-labile subunit
IGF-1 and IGF binding protein 3 (IGFBP3) are the main end 
products of the interaction of GH with its receptor. IGF-1 is a 
major regulator of growth and promotes proliferation, differen-
tiation and cell survival. In addition, it promotes metabolic 
actions necessary for growth, such as protein synthesis, calcium 
accretion and fatty acid and glucose transport [207,208]. IGF-1 
is of major importance for intrauterine growth but GH is not a 
main regulator of fetal IGF-1 production and growth, and fetal 
IGF-1 is more dependent on maternal feeding and metabolism 
[209,210]. In accordance, there is a strong relation between birth 
weight and umbilical cord IGF-1 concentrations [211,212], 
whereas children with severe GH defi ciency, GH1 gene deletion 
or GH insensitivity have only marginally reduced birth weights 
and lengths [94,213,214].

Mice with a targeted deletion of Igf1 have severe prenatal (40% 
reduction in birth weight) and postnatal growth defi ciency, sen-
sorineural hearing loss and many die shortly after birth [215–
217]. Hemizygous mice are mildly affected [218]. Interestingly, 
Igf1 haploinsuffi ciency is also found in dogs and is a major deter-
minant of their size [219].

The IGF-1 gene is located on chromosome 12q22-24.1. Alter-
native processing of the gene results in several IGF-1 mRNAs and 
precursor proteins and allows for complex tissue specifi c regula-
tion of IGF-1 expression but does not affect the structure of the 
main mature 70 amino acid IGF-1 peptide. IGF-1 circulates as a 
150  kD ternary complex, bound to IGFBP3 and ALS. ALS is an 
85  kDa glycoprotein almost exclusively produced in the liver, and 
its production is, like IGFBP3, stimulated directly by GH. ALS 
stabilizes the ternary complex, increases its size and therefore 
extends its half-life to approximately 15 hours, whereas free IGF-
1 has a half-life in the order of minutes [220]. Of the six IGFBPs 
secreted into the circulation, only IGFBP3 and IGFBP5 are GH-
induced, and only these two IGFBPs bind ALS [221]. Since GH 
can induce all three building blocks of the ternary complex, it can 
be maintained in a stable complex. At least 80% of IGF-1 in the 
serum is bound in the ternary complex with ALS and IGFBP3 or 
IGFBP5 [222]. IGFBP1 is regulated by insulin, and increases free 
IGF-1 after a meal. IGFBP2 is the most abundant IGFBP in the 
circulation and concentrations can increase further in chronic 
disease.

The major source of circulating IGF-1 is the liver and IGF-1 
concentrations correlate with hepatic function [223]. In the post-
natal period, GH is the main regulator of IGF-1 production and 
indeed the degree of postnatal growth failure due to genetic IGF-1 
defi ciency and GH defi ciency are similar [224]. Nutritional and 
immunological status is of major importance for IGF-1 produc-
tion. Malnutrition and fasting result in a rapid decrease in hepatic 
IGF-1 production and this is partly due to reduced GH sensitivity 
[201,225], whereas IGF-1 concentrations are often high in obesity 
[226]. Increased activity of the immune system in systemic 
infl ammatory disease such as Crohn disease or juvenile arthritis 
suppresses IGF-1 production [227]. Children with renal dysfunc-
tion also have low IGF-1 concentrations and bioavailability 
[228,229]. Thyroid hormone, androgens and low dose estrogen 
stimulate IGF-1 production [230]. GH is also the major regulator 
of IGFBP3, but glucocorticoids, parathyroid hormone, and estro-
gens also affect IGFBP3 production.

Type I IGF-1 receptor
The IGF-1R gene is located on human chromosome 15q26.3. The 
type I IGF-1 receptor (IGF-1R) protein consists of transmem-
brane α and β subunits that are synthesized as preproglycopro-
teins. The mature protein is organized in a heterotetrameric 
fashion (α2β2). The α chain is involved in ligand binding, 
whereas the β chain contains a tyrosine kinase domain. IGF-1 
binding results in phosphorylation of intracellular tyrosine resi-
dues of the receptor, facilitating binding of signaling molecules. 
Insulin receptor substrates and Shc proteins become activated 
and transmit signals through the Ras/Raf/MAPK pathway and the 
PI3K/Akt pathway, resulting in cell proliferation and cell survival 
[208]. IGF-1 acts primarily through IGF-1R, but can bind with 
lower affi nity to the highly homologous insulin receptor, and to 
IGF-1R/IR heterodimers. Vice versa, insulin is able to signal 
through the IGF-1R [207,231]. Signs of such alternative signaling 
can become apparent in pathological IGF-1 or insulin signaling.

Deletion of IGF-1r in mice results in severe prenatal growth 
retardation and respiratory failure at birth invariably resulting in 
death, and the growth failure is more severe than in Igf-1 null 
mutants (45% vs. 60% of normal birth weight) [215]. Mice car-
rying one Igf-1r allele have only a mild growth defect (85% of 
normal) [232]. Interestingly, they also show increased longevity 
which is not due to altered energy metabolism [233].

Peripheral target tissues
The growth plate is the fi nal target organ for GH and IGF-1 to 
promote longitudinal growth. However, the growth plate is also 
a target for other growth factors and abnormalities in their 
expression or signaling can cause as severe a growth defi ciency as 
GH/IGF-1 pathology, for example in anomalous PTH-R signal-
ing (Jansen metaphyseal and Blomstrand chondrodysplasia), 
FGFR3 signaling (achondroplasia, hypochondroplasia), NPR2 
(natriuretic peptide receptor 2) signaling (acromesomelic dyspla-
sia, Maroteaux type) and SHOX insuffi ciency (Turner syndrome, 
Leri–Weil dyschondrostosis, Langer mesomelic dysplasia).
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The hierarchical organization of the growth plate is of value 
for the unraveling of hormone action. It contains a zone of imma-
ture resting chondrocytes, a zone of proliferating cells and a zone 
of fully differentiated chondrocytes that produce extracellular 
matrix and hypertrophy, which results in growth. The perichon-
drium surrounding the growth plate contains undifferentiated 
mesenchymal cells, which can differentiate into chondrocytes. In 
rodents, GHRs are most pronounced in the resting cells and the 
prehypertropic chondrocytes [234], whereas IGF-1R is present in 
proliferating chondrocytes [235]. Low amounts of IGF-1 are 
present in proliferating cells [236]. Both GH and IGF-1 are able 
to affect growth plate chondrocytes [237] but discussion contin-
ues about the physiological impact of their endocrine and para-
crine/autocrine actions.

There is now support from many studies for differential roles 
for IGF-1 and GH in longitudinal growth. Although IGF-1 is of 
great importance for normal intrauterine and postnatal growth, 
the role of hepatic generated and circulating IGF-1 in the regula-
tion of growth may be of less importance than previously thought 
[238], because mice lacking hepatic IGF-1 production and mice 
lacking ALS production, which results in extremely rapid clear-
ance of IGF-1, are of near-normal size [239–241], GH affects cell 
cycle times of resting cells in the growth plate, and GH can 
induce Stat5 phosphorylation and IGF-1 production in chon-
drocytes in vitro and in vivo [242–244]. Additionally, mice over-
expressing bovine GH (bGH) show gigantism [245], in contrast 
to mice overexpressing IGF-1 [246]. IGF-1 is able to stimulate 
growth in severely growth retarded children and rodents 
[165,247], but systemic treatment fails to normalize bone length 
in Ghr null mice [248] and double Ghr/Igf-1 null mice are more 
severely affected than the single null mice [249]. However, com-
plete absence of circulating IGF-1 does have a small effect on 
growth [250]. These studies suggest that the direct effects of GH 
and the local production of IGF-1 are at least as important as 
their endocrine effects.

Clinical aspects of growth hormone insensitivity
The clinical entity of dwarfi sm, high circulating GH and insensi-
tivity to GH has been named Laron dwarfi sm, Laron syndrome, 
GH insensitivity or GHR defi ciency. The label “GH insensitivity” 
captures the spectrum of consequences of GHR defects best. 
Classic GH insensitivity (GHI) is a fully penetrant autosomal 
recessive disease caused by mutations in GHR. Other causes for 
GHI are given in Table 4.6.

Abnormalities of GH
Mutations in GH1 can lead to IGHD, but they can also result in 
production and secretion of bioinactive GH that is unable to 
activate GH signaling pathways. Patients with bioinactive GH 
present with short stature, normal or increased GH concentra-
tions, and low IGF-1 concentrations, suggestive of GHI. However, 
in contrast to classic GHI, they are able to produce IGF-1 in an 
IGF generation test and respond well to rhGH treatment, so that, 
strictly speaking, they are not GH insensitive.

The fi rst patient with bioinactive GH was described by 
Kowarski et al. [251], and therefore this clinical entity is also 
referred to as “Kowarski syndrome”. A few patients were described 
in the 1980s, based on their clinical and biochemical phenotype. 
More recently, several GH1 gene mutations have been described 
that would result in bioinactive GH, but the reduction in GH 
bioactivity and the relation with the phenotype has been diffi cult 
to establish in some cases [252–254]. Of note, one heterozygous 
mutation (I179M) results in a mutant GH that would selectively 
affect ERK, but not Stat5, signaling; however, the pathophysio-
logical impact is unclear because the genotype does not co-
segregate with the phenotype [255]. Another homozygous 
mutation (C53S) results in the absence of the disulfi de bridge 
linking C53 and C165 in the GH protein, which reduces the 
capacity to bind GHR and activate JAK2-Stat5 signaling [256]. 
The patient presented with short stature (−3.6  SD), moderately 
increased GH secretion, decreased IGF-1 concentration 
(−3.4  SD), and a normal GHBP concentration, with a good 
response to rhGH treatment. The mutant GH protein was detected 
in some GH assays, but not in others, emphasizing that this dis-
order and IGHD resulting from GH1 mutations lie within the 
same diagnostic spectrum.

Abnormalities of GHR
In 1966, Laron et al. [257] described the clinical phenotype of the 
“Laron dwarf” and in 1989, 2 years after the cloning of GHR, the 
fi rst GHR defect in “Laron syndrome” was described [258]. 

Table 4.6 Classifi cation of growth hormone (GH) insensitivity.

1 Congenital GH insensitivity
GH axis
(a) Bioinactive GH
(b) GHR defects:
 i. Extracellular
 ii. Transmembrane
 iii. Intracellular
(c) GH-signal transduction defects
 i. STAT5B defects
 ii. PTPN11 defects

IGF-1 axis
(a) IGF-1 defects
(b) IGF-1R defects
 i. IGF-1R gene mutation
 ii. IGF-1R haploinsuffi ciency
(c) IGFALS defects

2 Acquired GH insensitivity
 i. GH autoantibodies
 ii. Malnutrition
 iii. Liver disease
 iv. Uncontrolled diabetes
 v. Catabolic states (intensive care, postoperatively)
 vi. Chronic infl ammation (infl ammatory bowel disease, arthritis)
 vii. Other
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Classic GH insensitivity (GHI) is a fully penetrant autosomal 
recessive disease and many patients belong to consanguineous or 
inbred families. Most mutations affect the extracellular domain 
of the GHR, and interfere with GH binding or GHR production/
traffi cking [259]. To date, approximately 250 patients have been 
described worldwide with 60 different mutations. Most common 
mutations are nonsense and missense mutations, but splice site 
mutations, and gross and small deletions also occur; most muta-
tions are in exons 4, 5, 6 and 7 (Fig. 4.8) [165]. The largest isolated 
cohorts are in the Mediterranean, Israel and Ecuador. Members 
of the Ecuadorian cohort all have the same mutation in exon 6 
(E180) that leads to the creation of a novel splice site, resulting 
in a protein lacking amino acids 181–188 [214].

Mutations affecting the extracellular domain – classic GHI
Birthweight in GHI is usually in the normal range, although birth 
length may be slightly reduced (42–46  cm), similar to babies born 
with a deletion of GH1. Postnatal growth fails immediately after 
birth and the growth defi cit increases with age. Growth charts for 
GHI exist [260], and the mean adult height of untreated women 
is 123  cm (range 105–140  cm) and that of untreated men is 
139  cm (range 116–142  cm) in the Israeli cohort and somewhat 
less in the Ecuadorian cohort. Individual heights range between 
−4 and −10  SD, and there is no genotype–phenotype correlation 
[261]. Young children resemble those with severe isolated GH 
defi ciency and are short and obese, have frontal bossing, a saddle 
nose, mid-facial hypoplasia, thin sparse hair, acromicria, a high-
pitched voice and microphallus. Head circumference is in the low 
normal range, proportional to the growth defi cit, in contrast to 
IGF-1 and IGF-1R gene mutations [224,262]. Teething is often 
delayed and motor development may be slightly delayed. Chil-
dren often have recurrent hypoglycemia. Puberty is slightly 
delayed, especially in boys, and menarche in girls is between 13 
and 15 years; however, fertility is normal. Lean body mass, muscle 
mass and muscle strength are reduced. Because of the reduced 
muscle and bone mass, body mass index (BMI) does not accu-
rately refl ect degree of adiposity, which can be as high as 50% fat. 
Bones are thin, but bone density is normal for the bone size. The 
skin is thin and sweating is reduced. Intellect is generally normal 
[214,259,263–265]. The height of heterozygous carriers is in 
the lower normal range but not statistically different from non-
carriers [266].

Spontaneous GH secretion is increased, with increased trough 
and peak concentrations, and an increased response to stimula-
tion but a normal pulsatile pattern and a normal suppression by 
exogenous IGF-1 [214,259]. Pituitary size is normal, but prolac-
tin concentrations can be occasionally increased [267]. GHBP is 
typically low or low normal in patients with extracellular domain 
mutations. Circulating IGF-1 concentrations are variable, and 
range from just below normal to undetectable concentrations, 
but IGFBP3 and ALS concentrations are extremely low. Despite 
the low concentrations, height correlates with IGFBP3 SD 
[261,268]. Concentrations of IGFBP1 and IGFBP2 are increased. 
Serum lipid and insulin concentrations are relatively high and 

insulin insensitivity increases with advancing age and increasing 
obesity [214]. Table 4.7 summarizes these clinical features of 
GHI.

Hemoglobin, hematocrit and red blood cell count may be sub-
normal, in line with a role for GH and IGF-1 in erythropoiesis 
[269,270]. GHI is not associated with altered immune function, 
neither in humans nor in animal models [180]. Although GH and 
IGF-1 can stimulate the immune system [271], they are not oblig-
atory for normal immune function [272].

GHI with normal GHBP concentrations, often called atypical 
GHI, is associated with lack of facial abnormalities; most of these 
patients do not have confi rmed GHR mutations and may have 
defects further downstream [165]. Unusually, two mutations in 
the extracellular domain have been described in patients who 
have normal GHBP concentrations and normal facial appearance; 
one is a mutation in the extracellular domain (exon 6, D152H) 
that only results in a mild decrease of GH binding, but prevents 
dimerization [273], and the other is a homozygous mutation in 
intron 6 that results in an active splice site and the formation of 
a pseudoexon between exons 6 and 7, adding 36 amino acid in 
frame in the extracellular domain. This unusual mutation results 
in abnormal cellular traffi cking of GHR and reduced number of 
GHRs on the plasma membrane [274,275].

Mutations affecting the transmembrane domain
Only two mutations have been described that affect the trans-
membrane region of the GHR protein: a homozygous mutation 
in the splice acceptor site (G > T 785-1) of intron 7 and one in 
the splice donor site (G > C 875+1) of intron 8, both resulting in 
the skipping of exon 8 which encodes for the transmembrane 
domain [276,277]. Patients have severe growth defi ciency (−5.1 
to −5.4  SD) and high concentrations of GHBP as a result of the 
failure of the receptor to anchor in the plasma membrane.

Table 4.7 Hallmarks of growth hormone insensitivity (GHI) due to extracellular 
domain mutations in GHR.

Autosomal recessive; heterozygous parents of low-normal height
Normal birth weight with slightly reduced birth length
Occasional to frequent hypoglycemia
Severe postnatal growth defi ciency (height −4 to −10  SD)
Facial dysmorphism
Truncal obesity
Mild delay in puberty
Increased GH secretion with occasionally increased prolactin secretion
Low GHBP concentrations (exceptionally normal GHBP concentrations)
Low-normal to undetectable IGF-1 concentrations
Low IGFBP3 concentrations
No or poor response in IGF generation test
Normal intellectual capacity
Insulin insensitivity developing with age and obesity

GHBP, growth hormone binding protein; IGF, insulin-like growth factor.
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Mutations affecting the intracellular domain
A few children with GHI have mutations affecting the intracellu-
lar domain of GHR. A dominant negative heterozygous mutation 
in the splice acceptor site of intron 8 (G > C 876-1) or the splice 
donor site of intron 9 (G > A 945+1) results in skipping of exon 
9 and a severe truncation of the intracellular domain to 7 amino 
acids [278,279]. GHR internalization, which normally occurs 
after GH binding, is blocked while dimer formation with wild-
type receptors still occurs, so that non-signaling truncated recep-
tor dimers outnumber wild-type receptors on the plasma 
membrane, thereby having a dominant negative effect. GHBP 
concentrations are extremely high because of the defective 
GHR internalization, but height is only mildly affected (−3.0 to 
−3.5  SD), possibly because of residual signaling through wild-
type GHR dimers.

A homozygous deletion in exon 10 results in a premature stop 
codon and truncation after Box1 of the GHR preventing Stat5 
signaling, but not other signaling, and results in severe short 
stature (−6 to −8.7  SD) and an extremely low concentration of 
IGFBP3 but normal GHBP concentration [280].

GHR abnormalities and idiopathic short stature
The group of children with idiopathic short stature (ISS) is by 
nature heterogeneous and abnormalities of the GH-GHR-signal 
transduction pathways may underlie the clinical phenotype in a 
subgroup of these patients. Heterozygous GHR mutations have 
been identifi ed in approximately 5% of patients with ISS 
[281,282], but data supporting the causal relation between the 
mutation and the phenotype of short stature are lacking; addi-
tionally, the height of heterozygous parents of patients with 
classic GHI is in the normal range [266]. It is likely that mutations 
of components of the signaling transduction pathways down-
stream of GHR and IGF-1R will be identifi ed in the future. Muta-
tions in SHOX have been described in ISS [283] and mutations 
in other genes involved in skeletal development may account for 
a further small cohort of patients with ISS. For example, C-type 
natriuretic peptide (CNP) is expressed in growth plate chondro-
cytes and stimulates matrix production and chondrocyte differ-
entiation. Null mice for Cnp or its receptor natriuretic peptide 
receptor B (Npr2) are dwarfed and human homozygous loss-of-
function mutations cause acromesomelic dysplasia, Maroteaux 
type. Heterozygous carriers are normally proportioned but have 
mild short stature [284–286]. As a group, children with ISS often 
have IGF-1 concentrations in the low normal range, although 
IGFBP3 concentrations are usually normal, in contrast to patients 
with severe GHD and GHI [287,288].

Exon 3 deleted GHR
Several GHR isoforms exist in humans, and expression of an 
alternative GHR transcript that lacks exon 3 (GHRd3) and 
encodes a protein that lacks 22 amino acid in the extracellular 
domain has recently been related to an increased response to GH 
treatment as compared with the full-length GHR (GHRfl ), both 
in vivo and in vitro [289]. The occurrence of the GHRd3 poly-

morphism is the result of ancestral homologous recombination 
of elements fl anking exon 3. Approximately 25% of the GHR 
alleles are GHRd3 and 75% are GHRfl  in European populations 
[290]. Exon 3 deletion does not affect GH binding [291], and the 
molecular mechanism for the increased response to GH is still 
lacking. There is no relation with adult height in the normal 
population [292], but an initial retrospective analysis performed 
in a cohort of GH-treated small for gestational age (SGA) and 
ISS children showed a twofold increase in height velocity 
response to GH treatment in patients with the GHRd3/d3 geno-
type compared with the GHRfl /fl  genotype. Subsequent retro-
spective studies have been confl icting [292–295]. In a recent 
large retrospective study of 181 patients with IGHD, patients 
with the d3/d3 genotype had an increased height velocity during 
the fi rst 2 years of GH treatment but not in the subsequent 2 
years, and there was no difference in fi nal height between the 
genotypes in the 95 patients who had reached fi nal height [296]. 
The clinical impact of this genotype variation in the several 
causes of short stature is therefore still unclear and it remains to 
be seen whether GHR genotype could or should be used as a 
pharmacogenomic marker to optimize individual GH treatment 
in the future.

Abnormalities of STAT5B
The fi rst STAT5B mutation was described in a patient with the 
clinical phenotype of GHI: severe short stature, facial dysmor-
phism, extremely low IGF-1, IGFBP3 and ALS concentrations 
and no response to rhGH. The normal GHBP concentration and 
the presence of lymphoid interstitial pneumonia and frequent 
severe infections such as hemorrhagic varicella and herpes zoster 
suggested that this condition was distinct from classic GHI. 
Mutation analysis revealed a homozygous mutation in the SH2 
domain of Stat5b, which prevents the mutant Stat5b from being 
phosphorylated [297]. Four more mutations have been described 
[298–301], in several domains of Stat5b (Fig. 4.10), and, in con-
trast to the phenotype of Stat5b null mice, both genders seem 
similarly affected.

All patients have a similar endocrine phenotype of normal or 
low-normal birth weight, severe postnatal growth defi ciency, 
normal head circumference, delayed puberty and a biochemical 
profi le consistent with severe GHI, including increased prolactin 
secretion, but the immune phenotype varies (Table 4.8). Most 
patients have had severe infections that require T-cell mediated 
immunity; lymphoid interstitial pneumonitis, juvenile idiopha-
thic arthritis and hypergammaglobulinemia are variably present, 
without a clear genotype–phenotype relation. Response of Stat1 
and Stat3 activation to GH is exaggerated. The heights of patients 
with GHR mutations and those with Stat5b mutations are of 
similar magnitude, suggesting that most of the growth-promot-
ing effect of GH is Stat5-dependent, and this is in line with the 
much milder growth defi ciency in a patient with diminished ERK 
signaling [255] and with mice models of altered GHR signaling 
[206]. Heterozygous carriers are of normal stature and have 
normal immune function.
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Table 4.8 Clinical and biochemical features of growth hormone insensitivity (GHI) due to mutations of STATB, IGFALS, IGF-1 and IGF-1R.

Gene defect STAT5B IGFALS IGF-1 IGF-1R

Mode of inheritance AR AR AR AD

Number of patients 
described

6 6 2 5 (+mothers)

IUG
Birth weight −0.7 to −2.5  SD ↔ −3.9  SD −1.5 to −3.5  SD

Birth length −0.4 to 0  SD ↔ −4.3 to −5.4  SD −1.0 to −5.8  SD

Birth HC NA NA −4.9  SD −4.6 to −5.6  SD

Neonatal problems – – Hypoglycemia,
NG feeding (1)

–

Auxology
Height −5.6 to −9.9  SD −1 to −3.1  SD −6.9 to −8.5  SD −2.6 to −5.0  SD

Head circumference −1.4  SD −0.6 to −1.8  SD −8.0  SD NA

Pubertal development Delayed Normal–delayed Delayed ↔

BMI NA/mild increase ↔ −1.9 to −2.0  SD ↔

Parents’ height −0.8 to −2.8  SD (HZ) −2.2 to +0.6  SD (HZ) −2.4 to +0.3  SD (HZ) −1.6 to −4.0  SD (HZ)
−2.2 to +0.5  SD(NML)

Related problems Lymphoid interstitial pneumonia (3–4), 
Immune defi ciency (3), 
Hypergammaglobulinemia (2)

Abnormal thrombocyte aggregation (1)
JIA (1)

Mild speech disorder (1) Sensorineural deafness
Cataract (1)
Shallow anterior chambers (1)
Restricted movement of elbows 

(1)

Mild delay in motor (3) and 
speech (1) development

Delayed tooth eruption (1)

Dysmorphisms Prominent forehead
Saddle nose
High-pitched voice

Mild micrognathia 
Tooth irregularities (1)

Microcephaly
Micrognathia
Bilat. ptosis (1)
Bilat. clinodactyly (1)
Myopia (1)

Microcephaly (5)
Triangular face (2)

Mental retardation No Mild (1) Severe Mild (2)

Investigations
GH stimulation test ⇑ ⇑ ⇑ ↔/↑

Spont GH secretion ↑ ↑ ⇑ ↔/↑

Prolactin ⇑ ↔/NA ↔/NA ↔/NA

GHBP ↔ ↔/↑ ↔ NA

IGF-1 Undetectable/very low −4.5 to −10  SD Undetectable/+7  SD ↔/⇑

IGF-2 ⇓ −3.5  SD ↔ ↔

IGFBP3 Undetectable/very low −4 to −10  SD ↔ ↔/↑

IGF-1/BP3 generation No response No response No response NA/⇑

ALS Undetectable/very low Undetectable ↔/⇑ NA/⇑

Insulin-sensitivity NA/↔ ↓ ⇓ (1) NA

Bone age NA/ severe delay Mild delay Mild delay Mild delay

Bone density NA ↔ −4.4 to −4.8  SD ↔ (1)

MRI brain NA/normal Normal Slightly enlarged lateral 
ventricles

NA/normal

Number of affected patients in brackets, if not all patients are affected. AD, autosomal dominant; AR, autosomal recessive; HZ, heterozygous; IUG, intrauterine growth; 
JIA, juvenile idiopathic arthritis; NG, nasogastric; NML, normal; – absent, ↔ normal, ↑ mildly increased, ⇑ increased, ↓ mildly decreased, ⇓ decreased.
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The immune function of two patients, who both had signs of 
interstitial pneumonitis and hypergammaglobulinemia, was 
further examined. T-cell lymphopenia with normal CD4+/CD8+ 
ratios was noted, but with a very low number of NK (natural 
killer) cells and CD4+ and CD25+ T cells, and an impaired prolif-
eration response to interleukin 2 (IL-2). Despite the lymphope-
nia, T cells show hyperactivation [301,302]. IL-2 also uses Stat5b, 
like GH, for its signaling, and indeed the immune phenotype of 
Stat5b null mice and mice lacking Il2 or its receptor, that includes 
autoimmunity and lymphoid cell hyperplasia, are very similar 
[303]. Regulatory T cells are involved in suppression of immunity 
and prevention of autoimmunity [304] and the lymphoid inter-
stitial pneumonitis and JIA of Stat5b defi cient patients could be 
the result of these immunological abnormalities.

Abnormalities of PTPN11 – Noonan syndrome
Noonan syndrome is caused by abnormalities within signaling 
pathways associated with GH signaling. Cardinal features include 
cardiac abnormalities (pulmonary stenosis and hypertropic car-
diomyopathy), broad or webbed neck, chest deformities, short 
stature and facial dysmorphism (triangular face, hypertelorism, 
low set ears and ptosis). Other variable features include bleeding 
diathesis, cryptorchidism and delay of puberty.

Mutations in PTPN11 (protein tyrosine phosphatase N11), 
SOS1 and KRAS have been identifi ed in patients with Noonan 
syndrome in frequencies of approximately 50%, 10% and less 
than 5% of the cases [305–307]. PTPN11 encodes the protein 
SHP2 (SRC homology domain 2 containing protein tyrosyl phos-
phatase 2), which is widely expressed in both embryological and 
adult tissues and is involved in the regulation of signal transduc-
tion. Activating mutations of PTPN11 result in overactive SHP2, 
which enhances RAS/MAPK signaling, and this in turn underlies 
many of the features of Noonan syndrome. However, SHP2 is 
also involved in GH signaling and normally binds to the GHR 
and inhibits GH signaling [308]. Indeed, overactive SHP2 blocks 
GH-JAK-STAT5 signaling through binding to tyrosyl phosphory-
lation sites of the GH receptor. Patients with a PTPN11 mutation 
are mildly GH insensitive and slightly shorter than suggested by 
their target height [204,309]. Their IGF-1 and ALS concentra-
tions are relatively low, whereas their IGFBP3 concentrations are 
normal. GH treatment increases height velocity in the short term, 
but less so in Noonan patients with PTPN11 mutations than in 
those without [309,310]. Activating PTPN11 mutations are also 
associated with leukemia and other neoplasms but these muta-
tions usually result in greater SHP2 activity than those found in 
Noonan syndrome [311].

Abnormalities of IGF-1
The fi rst IGF-1 gene defect was described in 1996 [224]. A 
homozygous splice site mutation resulted in a deletion of exon 4 
and 5 of the IGF-1 gene and in a premature stop codon, which 
led to a reduction of the IGF-1 peptide from 70 amino acids to 
25 amino acids. The patient was born with severe proportional 
intrauterine growth retardation (IUGR) [birth weight 1.4  kg 

(−3.9  SD), birth length 37  cm (−5.4  SD) and head circumference 
27  cm (−4.9  SD) at a gestational age of 37 weeks] and had feeding 
problems in the neonatal period but only mild hypoglycemia 
and jaundice (Table 4.8). He had severe postnatal growth failure 
and his height and weight were −6.8  SD and −6.5  SD, respec-
tively at the age of 15 years, but his fat mass was relatively 
normal. He had severe microcephaly and mental retardation as 
well as sensorineural deafness. He was mildly dysmorphic (bilat-
eral ptosis, micrognathia, low hairline, bilateral clinodactyly, 
one-sided single palmar crease) and his puberty was slightly 
delayed at the age of 15. His spontaneous GH secretion was 
increased, whereas the IGF-1 was undetectable. IGFBP3 was 
normal, as was ALS, but IGF-2 was mildly elevated. An IGF-1 
generation test did not increase IGF-1. Bone age was delayed and 
there was a mild degree of hyperinsulinism. The parents were 
heterozygous for the same defect and had heights and IGF-1 
concentrations in the low normal range. The patient was treated 
with GH, but failed to respond.

A second patient was described 10 years later [312]. This 
patient had a homozygous missense mutation resulting in a 
V44M alteration. The altered protein had a 90-fold reduced affi n-
ity for IGF-1R [313]. The clinical picture of IUGR, severe short 
stature, microcephaly, micrognathia, deafness and severe mental 
retardation, is very similar to that of the earlier described patient. 
A homozygous mutation in the polyadenylation signal has also 
been described in a patient with a phenotype similar to the cases 
above [314], but subsequent studies suggest that this is a poly-
morphic variant [315].

IGF-1 gene abnormalities have been speculated to underlie the 
growth phenotype in children born SGA failing to show catch-up 
growth. Associations with polymorphism in non-coding regions 
have been suggested [316,317] but no functional mutations or 
polymorphisms in the IGF-1 coding region have been identifi ed 
[315].

Abnormalities of IGFALS
A total of six families with gene abnormalities of IGFALS all 
resulting in severe ALS defi ciency have been described (Table 4.8) 
[318–321]. Patients with homozygous mutations have undetect-
able ALS by ELISA and Western ligand and immunoblotting and 
extremely low IGF-1 and IGFBP3 serum concentrations. All have 
only a very mild growth defi ciency (height −1.2 to −3.1  SD) with 
no clear prenatal growth defi ciency, but a delay in pubertal devel-
opment. Insulin sensitivity is markedly reduced with insulin con-
centrations reaching values in the low hundreds (μIU/mL) during 
an oral glucose tolerance test.

ALS was also undetectable in three affected siblings with com-
pound heterozygous mutations. These patients had a milder 
growth phenotype (height −0.5  to −1.0  SD) but also had pubertal 
delay and insulin insensitivity. The mild growth defi ciency seen 
in these patients with ALS defi ciency is in line with the phenotype 
of the Igfals null mice [241]. Some patients had an increased GH 
secretion which could support maintenance of a normal plasma 
concentration of free IGF-1 and could also contribute to the 
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reduced insulin sensitivity although altered IGF-1 bioavailibility 
is the main contributor to altered glucose sensing [318].

Abnormalities of IGF-1R
In 2003, IGF-1R mutations were described for the fi rst time in 
patients selected from a population of patients with IUGR without 
catch-up growth or with short stature and increased IGF-1 con-
centrations [322]. The fi rst patient was found to have a com-
pound heterozygous mutation but all of the other four described 
mutations are heterozygous mutations [262,323–325]. All but 
one result in reduced IGF-1R signaling, although the primary 
defects affect ligand binding, dimerization or tyrosine kinase 
activity of the IGF-1R. Affected patients are characterized by 
IUGR (approximately −3  SD) with reduced birth length, micro-
cephaly and short stature (Table 4.8). Typically, there is no catch-
up growth and postnatal growth is parallel to the lowest centile. 
Some patients have dysmorphic features. Despite the IUGR, there 
is no hypoglycemia, in contrast to GHR mutations. In contrast to 
IGF-1 defi ciency, there is no severe mental retardation, although 
mild retardation has been reported in two patients. Pubertal pro-
gression and fertility is normal. IGF-1 concentrations can be 
normal or mildly to severely elevated whereas IGFBP3 is normal 
in most cases. GH secretion may be increased, although prolactin 
concentrations are normal. Bone age seems less delayed than in 
typical isolated GHD or GHI.

The fi ve mutations were identifi ed in different regions of the 
IGF-1R gene and resulted in severe truncation, abnormal cleavage 
to the mature receptor, reduced ligand binding or reduced signal-
ing. The effect on growth was variable, the cleavage site mutation 
affecting growth the least (height −2  SD) and the ligand binding 
domain mutation affecting growth the most (height −5  SD).

The relative high number of mutations found since 2003 
suggest that heterozygous IGF-1R mutations may not be uncom-
mon, although they still only explain approximately 2% of the 
short stature in populations selected for IUGR and abnormal 
growth [322]. A few patients with heterozygous terminal dele-
tions of the long arm of chromosome 15 (15q26.2-qter) and one 
of a ring chromosome 15 have been described [326,327], result-
ing in IGF-1R haploinsuffi ciency. These patients have IUGR and 
short stature of varying severity. Conversely, trisomy 15q26-qter 
results in a high birth weight, mild postnatal overgrowth and 
macrocephaly although other genes apart from IGF-1R could be 
involved in this phenotype [328].

Treatment with rhGH has been shown to improve short-term 
growth in some of the patients with IGF-1R mutations [322].

Abnormalities of IGF-2
Although abnormalities of IGF-2 do not result in GHI, we 
mention IGF-2 for completion. The IGF-2 gene is located on 
chromosome 11p15 in a 1  Mb cluster of genes implicated in 
growth regulation, many of which are imprinted. Besides the 
paternally imprinted IGF-2 gene, this cluster includes H19, a 
maternally expressed growth suppressor gene, p57KIP2, a mostly 
maternally expressed growth suppressor gene and LIT1, which is 

paternally expressed and methylates upstream targets. Epigenetic 
defects that result in loss of paternal methylation and silencing of 
IGF-2 may underlie up to 50% of the patients with Russell–Silver 
syndrome [329]. Disturbances in the imprinting and methylation 
of this region that give rise to an increased expression of paternal 
growth promoting genes and decreased expression of maternally 
expressed growth suppressing genes can result in Beckwith–
Wiedemann syndrome.

Investigation of GHI
Basal investigations
Initial investigation of suspected GHI should at least include a 
GH stimulation test, IGF-1 and IGFBP3 concentration, infl am-
mation markers, bone age and chromosome analysis. A skeletal 
survey may be performed to exclude chondrodysplasia. If assays 
are available, assessment of GHBP, ALS and IGFBP1 and IGFBP2 
concentrations is useful. An overnight GH profi le will give more 
information on GH secretion but only needs to be performed in 
cases of diagnostic diffi culty. IGF-1 and IGFBP3 concentrations 
are measured by immunoassay, but assays require dissociation of 
IGF-1 and IGFBPs and extraction of IGFBPs to prevent interfer-
ence in IGF-1 measurements. Most current assays block IGFBP 
binding sites by addition of IGF-2, and therefore the antibody for 
IGF-1 needs to be of high specifi city. Total IGF-1 is measured and 
measurement of free IGF-1 is more complex and not generally 
used in clinical laboratories. Because of the use of different anti-
bodies and different methods, comparability of values obtained 
with different assays is of limited value. Age- and gender-specifi c 
normative data are normally available from the commercial sup-
plier and should be used because IGF-1 and IGFBP3 can still 
increase during puberty in GHI. Another pitfall is that proteo-
lyzed IGFBP3 may still be functionally active but may not be 
recognized by the antibody used in the assay [330]. IGFBP3 con-
centration may be a better indicator of GH action than IGF-1. 
IGFBP3 concentrations are generally low in GHD and GHI, 
whereas concentrations are generally normal in ISS and chronic 
disease [287,288]. Both IGF-1 and IGFBP3 assays lack the sensi-
tivity to diagnose GHD or GHI [331] but assessment of the com-
bination of IGF-1 and IGFBP3 (and ALS if available) may provide 
useful information.

IGF generation tests
Criteria to further investigate GHI and perform an IGF genera-
tion test are as follows:
1 Proportional short stature with a height below the parental 
target height and a height < −2.5  SD;
2 Low serum IGF-1 and/or IGFBP3 concentration (<−2  SD for 
age);
3 Increased or normal GH response on a GH stimulation test.

However, these criteria have their pitfalls, because IGF is also 
regulated by factors other than GH. The IGF-1 generation test 
has a low sensitivity and specifi city [332], although with improv-
ing assays and standardization of protocols, it can still provide 
useful information and is currently the only test available to assess 
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GH sensitivity. It is not usually diffi cult to recognize severe GHI, 
but reduced GH sensitivity may be more diffi cult to establish. 
Many different protocols for IGF-1 generation have been used. 
The most frequently used protocol uses GH treatment in a dose 
of 0.033  mg/kg/day given by subcutaneous injections in the 
evening for 4 consecutive days. Blood is taken before the fi rst GH 
injection and again after the last GH dose, for measurement of 
IGF-1 and IGFBP3. There are no good normative data because a 
wide range of responsiveness exists in the normal population but 
usually an increase in IGF-1 and IGFBP3 by at least 20% or twice 
the coeffi cient of variation of the assay is regarded as normal 
[287,333], although IGF-1 usually shows a greater response than 
IGFBP3 [288]. In (partial) GHI, the IGF-1 and IGFBP3 concen-
trations remain low for age while in children with bioinactive GH 
and neurosecretory dysfunction, there is a normal IGF-1 and 
IGFBP3 response to exogenous GH. In the heterogeneous group 
of ISS, IGF-1 generation is also within the normal limits [287].

Alternatively, a low dose IGF-1 generation test has recently 
been suggested (0.011  mg/kg/day) to assess mild GHI [287]. A 
combination of a low and a high dose IGF-1 generation test 
(0.025 and 0.050  mg/kg for 8 days) may increase sensitivity and 
specifi city [288,334]. A trial of GH treatment for 4–6 months with 
assessment of height velocity, IGF-1 and IGFBP3 may also give 
valuable information. At this stage, when the IGF generation test 
does not provide a clear-cut result, 20  min sampling for overnight 
GH profi le could also be undertaken.

Treatment in GH insensitivity
Before the production of recombinant human IGF-1, there was 
no treatment available for GHI. When recombinant human IGF-
1 became available in the 1990s, trials with IGF-1 treatment were 
performed in specialized centers. Apart from proven GHR muta-
tions, treatment groups also included patients with a GHI phe-
notype and abnormal IGF-1 generation test but without proven 
mutation in GHR and GHD patients that had developed GH 
antibodies. All studies were uncontrolled, apart from one in 
Ecuador that was placebo-controlled and blinded [335]. Most 
studies used twice daily subcutaneous IGF-1 injections in a dose 
of 40–120  μg/kg, and most studies showed an increase in height 
velocity (HV) from approximately 3–4  cm/year to 8–9  cm/year 
in the fi rst year and 5.5–7  cm/year in the second year of treatment 
with a corresponding increase in height SD of approximately 1–
1.5  SD. The response decreased in the subsequent years although 
HV remained above the baseline HV [335–337]. Long-term 
results for the US study showed that HV remained around 4.5–
5  cm/year for at least 8 years. Six patients who had reached near 
fi nal height had gained more than 10  cm over predicted height, 
and measured 112–164  cm [338].

Because of concerns of hypoglycemia, a small, double blind, 
placebo controlled study was performed which showed that on 
placebo injections, 2.6% of the glucose measurements were below 
the hypoglycemia threshold (<50  mg/dL) whereas 5.5% were 
during rhIGF-1 treatment, although this difference was not sta-
tistically signifi cant. To reduce the risk of hypoglycemia, rhIGF-1 

has to be administered within 30  min of a meal. Other side effects 
include lipohypertrophy at the injection site, hyperstimulation of 
lymphoid tissue and benign intracranial hypertension that 
responds to temporary cessation of treatment. In the trials, coars-
ening of facial features was noted in many patients, especially 
during puberty. Cholesterol and free fatty acids increased slightly 
over the years, but percentage body fat remained stable in the 
long term. There are four conditions for which rhIGF-1 is the 
only specifi c growth therapy currently available: GHI due to GHR 
gene mutation, Stat5b gene mutations, IGF-1 gene mutation and 
GH inactivating antibodies [339]. The usual dose is 40  μg/kg 
twice daily but can be increased to 80–120  μg/kg. Besides mecaser-
min (rhIGF-1), mecasermin rifanbate, an equimolar complex of 
IGF-1 and IGFBP3, is commercially available although it is not 
currently marketed for the indications above. Because of its 
extended half-life [340], treatment with mecasermin rifanbate is 
only once daily but doses are higher, starting with 0.5  mg/kg and 
increasing to 1.0–2.0  mg/kg, providing 200–400  μg/kg rhIGF-1 to 
obtain pharmacological effects [341]. In contrast to rhGH treat-
ment in GH defi ciency, rhIGF-1 treatment only partially restores 
the growth defect, most likely due to suboptimal delivery, in space 
and time, of IGF-1 to target cells. As expected [342], and as 
observed in leprechaunism and diabetes, IGF-1 treatment also 
very effectively improves the insulin insensitivity in IGF-1 defi -
ciency [343]. Lastly, IGFBP displacers, i.e. IGF analogs that bind 
IGFBPs but not IGF-1R and therefore “displace” IGF-1 from 
IGFBPs, have been used in animal studies and shown to increase 
free IGF-1 and to improve growth in hypophysectomized rats 
[344].
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The pituitary gland and hypothalamus are central regulators of 
growth, metabolism and development. Hypopituitarism is the 
defi ciency of one or more pituitary hormones and has a preva-
lence of 45 cases per million and an annual incidence of about 
4 cases per 100  000 [1]. The fi ne balance of the hypothalamo-
pituitary axis can be affected by a variety of pathological condi-
tions that lead to hormone defi ciencies or dysregulation [2]. 
These include tumors affecting the hypothalamo-pituitary area, 
damage secondary to trauma, surgery, irradiation, infection, 
autoimmune processes, infi ltration by granulomatous disease or 
iron overload states and vascular causes (Table 5.1).

CNS tumors

Tumors in the hypothalamo-pituitary area may cause endocrine 
disturbance either directly, or secondary to treatment (surgery, 
radiotherapy). Clinically evident endocrine effects are caused by 
hormone hypersecretion from the mass or, more commonly, 
from pituitary hormone defi ciencies. These are the result of direct 
pressure of the expanding mass on the anterior pituitary cells and, 
in case of hypothalamic and stalk involvement, secondary to 
reduced synthesis and transport of hypothalamic releasing hor-
mones. Furthermore, hypothalamic involvement leads to impor-
tant non-endocrine sequelae such as temperature dysregulation, 
hyperphagia, obesity and sleep disorders that affect the quality of 
life of survivors.

Growth hormone (GH) secreting cells are especially vulnerable 
to pressure effects and radiation injury. As a result, GH defi ciency 
and growth failure are early endocrine manifestations, followed 
by gonadotropin and thyroid stimulating hormone defi ciency. 
Because of the proximity of the sellar area to vital structures 
(ventricles, optic nerves and chiasm), pituitary tumors in chil-

dren often present with signs and symptoms of increased 
intracranial pressure or visual disturbances [3]. Tumors that 
affect the pituitary area can be benign or malignant, cystic or 
solid. Rarely they are secondary to metastases from distant 
organs in children. Tumors of the sellar area are summarized in 
Table 5.2.

Craniopharyngioma

Epidemiology and histology
Craniopharyngiomas are rare epithelial tumors of embryonal 
origin, derived from remnants of Rathke’s pouch [4]. In children 
they represent 5–15% of intracranial tumors and are the most 
common neoplasm of the hypothalamo-pituitary area, account-
ing for approximately 80% of tumors in this location [5,6]. Their 
incidence is 1.3 per million per year and about one-quarter affect 
children younger than 14 years [7]. In the UK, there are 15 new 
cases per year in children under 15 years of age [8]. There is a 
bimodal peak in incidence, the fi rst between 5 and 14 years and 
the second in adults older than 50 years. However, they can be 
diagnosed at any age and have even been reported in the neonatal 
period [9–11].

At presentation, most craniopharyngiomas have a combined 
intrasellar and suprasellar location (74.2%) and almost half have 
hypothalamic involvement (51.6%). A smaller percentage is 
exclusively suprasellar (22.6%) or confi ned within the sella turcica 
(6–3%). Almost one-third invade the fl oor of the third ventricle 
and may cause obstructive hydrocephalus [12,13]. Craniopha-
ryngiomas in children are predominantly cystic (56.7%), multi-
cystic (16.7%), predominantly solid (13.3%), purely solid (10%) 
or purely cystic (3.3%). The cystic fl uid is viscous and rich in 
cholesterol and the incidence of calcifi cation is much higher in 
children (83.3%) than adults [14].

There are two main histological types: the adamantinomatous 
type, which consists of epithelial neoplastic cells that resemble 
those found in lesions of the jaw (the more common) and the 
papillary type found almost exclusively in adults. Although 
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craniopharyngiomas are histologically benign, they can extend 
from their initial site, develop papillae and invade surrounding 
tissues including the hypothalamus and optic chiasm. This attach-
ment makes their complete excision diffi cult, if not impossible, 
and contributes to tumor recurrence and morbidity.

Genetics
Craniopharyngiomas are sporadic but there have been rare case 
reports of affected family members suggesting recessive inheri-
tance [15,16]. Genetic studies aim to elucidate their origin and 
pathogenesis and to identify markers that can predict the behav-
ior of the tumor. The genetic basis of these tumors is unclear. 
Multiple chromosomal abnormalities, including deletions and 
translocations, have been reported in a few cases [17,18] but 
subsequent studies did not yield consistent results [19].

Only a small subset of craniopharyngiomas (two of eight 
tumors examined) are monoclonal, deriving from a single pro-
genitor cell [20]. Further study of tumors with monoclonal 
characteristics using comparative genomic hybridization (CGH), 
showed no genetic abnormality in 30%, whereas 67% (6 of 9) 
exhibited at least one change. The most common genetic abnor-
mality was an increase in the DNA copy number with different 
areas being involved (i.e. 1p32-tel, 9q22-tel, 12q22-tel, 22q12-tel) 
[21]. However, a recent study of 11 pediatric adamantinomatous 
craniopharyngiomas using CGH showed no alteration in the 
DNA copy number, suggesting that the acquisition of chromo-
somal imbalances is a rare event and probably does not have a 
role on the etiology of childhood craniopharyngiomas [22]. A 
possible explanation for these confl icting results may be that most 
studies do not discriminate between early and late onset forms of 
the disease.

Candidate genes for the pathogenesis of craniopharyngiomas 
include patched (PTCH) and potential oncogenes such as those 
coding for the alpha subunits of the stimulatory (Gsa) or inhibi-
tory (Gi2a) GTP-binding protein. So far mutations have been 
identifi ed in neither them [20] nor in the tumor suppression gene 
p53 [23]. There is evidence, however, that the activation of β-
catenin may have a role in the pathogenesis of adamantinoma-
tous craniopharyngiomas. β-Catenin is a cytoplasmic protein 
important for cell–cell adhesion and association with cadherins. 
It is also a downstream component of the Wnt signaling pathway 
that regulates many developmental processes such as cell prolif-
eration, axis orientation and organ development. Sekine et al. 
[24] found mutations in β-catenin in all adamantinomatous cra-
niopharyngiomas they examined. Although further studies con-
fi rmed that it is the adamantinomatous, and not papillary, 
craniopharyngiomas that have heterozygous missense mutations 
in β-catenin, the reported rate was lower (16%, 7 of the 43 
examined) [25].

Presentation
At presentation most children (up to 75%) have symptoms 
related to increased intracranial pressure, including headache, 
vomiting and visual disturbances (Table 5.3) [26]. Compared 

Table 5.1 Causes of acquired hypopituitarism.

I. Tumors in/around pituitary area
 1 Solid or mixed lesions
 Craniopharygioma
 Germinoma
 Optic glioma
 Dysgerminoma
 Ependymoma
 Pituitary adenoma
 Meningioma
 Chordoma

 2 Cystic lesions
 Rathke’s cleft cyst
 Arachnoid cyst
 Dermoid cyst

 3 Metastatic tumors (rare)
 i.e. Childhood Hodgkin and nasopharyngeal carcinoma

II. Radiotherapy
 1 Radiotherapy for CNS tumors (locally and for tumors located distally)
 2 CNS irradiation for hematologic malignancies and bone marrow transplant

III. Brain trauma
 1 Traumatic brain injury (e.g. road traffi c accident, child abuse, accidental)
 2 Post neurosurgery
 3 Subarachnoid hemorrhage (pituitary apoplexy, vascular causes)

IV. Infl ammation/infection
 1 Meningitis, encephalitis
 2 Pituitary abscess
 3 Sarcoidosis
 4 Tuberculosis
 5 Auto-immune processes: i.e. autoimmune lymphocytic hypophysitis

V. Infi ltration
 1 Langerhans cell histiocytosis
 2 Iron overload: hemochromatosis, thalassemia and diseases requiring 

chronic transfusions

VI. Psychosocial deprivation

Table 5.2 Tumors involving the hypothalamo-pituitary area.

Craniopharyngioma
Pituitary adenoma
Optic tract glioma
Pilocytic astrocytoma
Ependymoma
Germinoma
Hamartoma
Meningioma
Rathke’s cleft cyst
Dermoid/epidermoid cyst
Arachnoid cyst
Langerhans cell histiocytosis



CHAPTER 5

108

with adults, the incidence of headache, nausea or vomiting and 
hydrocephalus are signifi cantly higher in children [13].

Seventy to 80% of children have evidence of endocrine defi -
ciencies at presentation (Table 5.4) and growth failure is observed 
in 32–52%. Low concentrations of IGF-1 have been reported in 
80% of children at time of diagnosis [26–28]. GH defi ciency is 
the most common hormone defi ciency, documented in 75–100% 
of those tested before treatment, followed by adenocrticotropic 
hormone (ACTH; 20–70%) and thyroid stimulating hormone 
(TSH; 3–30%) defi ciencies [13,26,29,30]. Compression of the 
pituitary stalk or damage of hypothalamic dopaminergic neurons 
results in elevated prolactin (PRL) concentrations in 8–20% of 
children at diagnosis.

The incidence of diabetes insipidus (DI) at presentation varies 
between 10 and 29% of patients, depending on the study [31]. 
However, in a recent study almost half of patients had DI at pre-
sentation. The authors suggested that the incidence of DI is either 
underestimated or may be masked by the simultaneous presence 
of ACTH defi ciency [26].

In adolescents, craniopharyngiomas present with delayed 
puberty or pubertal arrest: in a series of 56 patients, all adoles-
cents complained of delayed puberty [26]. This is consistent with 
the fi nding that hypogonadism is one of the most frequent pre-
senting complaints in adults [4]. Rare presentations include pre-
cious puberty [32] and the syndrome of inappropriate antidiuretic 
hormone secretion (SIADH) [33].

Compared with adults, there is no signifi cant difference in the 
incidence of GH, ACTH and TSH defi ciency or DI in children. 
In contrast to what is observed in other pituitary tumors, such as 
adenomas, the treatment of craniopharyngioma does not reverse 
the pre-existing pituitary defi ciencies [4].

Magnetic resonance imaging fi ndings
Craniopharyngiomas appear as mass lesions in the sellar and/or 
suprasellar area which may extend to the hypothalamus and 
invade the third ventricle. Adamantinomatous craniopharyngio-
mas are predominantly cystic and the cystic portion of the lesion 
appears hyperintense in T1 and T2 images. The solid part of the 
tumor shows areas of high and low signal intensity that represent 
areas of calcifi cation and hemosiderin deposits [34]. In the major-
ity of cases (58–76%) the size of craniopharyngiomas, as esti-
mated by magnetic resonance imaging (MRI) or computed 
tomography (CT), has been reported to be 2–4  cm, while it is 
smaller than 2  cm in 4–28% of cases and more than 4  cm in 14–
20% [6,14,35]. The imaging characteristics of craniopharyngio-
mas may provide clues for the differential diagnosis from other 
mass lesions in the area (Figs 5.1–5.3).

Table 5.3 Symptoms at presentation in 41 cases of childhood 
craniopharyngiomas. (After Karavitaki et al. [13].)

Symptom Percentage (%)

Headache 78
Nausea/vomiting 54
Visual fi eld defects 46
Decreased visual acuity 39
Growth failure 32
Papilloedema 29
Cranial nerve palsies 27
Anorexia/weight loss 20
Poor energy 22
Lethargy 17
Polyuria/polydipsia 15
Cognitive impairment 10
Change in behavior 10
Decrease consciousness/coma 10
Optic atrophy  5
Hyperphagia/excessive weight gain  5
Ataxia/unsteadiness  7
Hemiparesis  7
Blindness  3

Table 5.4 Incidence of pituitary hormone defi ciencies and hyperprolactinemia 
in children with craniopharyngioma at diagnosis. Data are presented as 
percentage of patients tested for the defect.

Study GHD ACTHD TSHD GnD PRL DI

Karavitaki et al. [13] 100% 68% 25% – – 22%
deVries et al. [26] 85% 71% 2.7% – 8% 52%
Bin-Abbas et al. [28] – 19% 25% – – 32%
Honegger et al. [30] 74% 27% 20% 91% 17% 10%
DeVile et al. [31] 87% 32% 32% 50% 32% 29%
Sklar et al. [27] 75% 25% 25% 40% 20% –

ACTHD, adenocorticotropic hormone defi ciency; DI, diabetes insipidus; GHD, 
growth hormone defi ciency; GnD, gonadotropin defi ciency; PRL, prolactin; TSHD, 
thyroid stimulating hormone defi ciency.

Figure 5.1 Craniopharyngioma. Enhancing solid mass with cystic component 
occupying the sella turcica.
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Figure 5.2 Pituitary adenoma. Mass that involves the pituitary gland, with 
parasellar extension.

Figure 5.3 Langerhans cell histiocytosis. Thickened pituitary stalk, absence of 
the bright spot of posterior pituitary and anterior pituitary hypoplasia.

Treatment and outcome
Management is complex, controversial and best achieved by a 
multidisciplinary approach in specialized centers (Fig. 5.4). Aims 
of treatment are to relieve acute signs and symptoms of compres-
sion (raised intracranial pressure, threatening visual failure), to 
preserve hypothalamic function, thus reducing later morbidity 
and mortality, and to provide long-term control and prevent 
recurrence [36–38].

The extent of surgical resection is probably the most important 
factor infl uencing recurrence of craniopharyngioma [39]. In 
patients who had surgery only, the 10-year recurrence-free sur-
vival rate after total removal was 83%, after subtotal removal 
50.5% and after partial removal 15.6%. Tumors usually recur in 
the fi rst 5 years and relatively rarely thereafter [14], although, 
even after complete resection confi rmed radiologically, relapses 
can occur in 15–25% of patients [14,39]. In older series, when 
patients were treated with radical and repeated surgical resec-
tions, mortality was high (25–50%) and hypothalamic, visual and 
cognitive morbidity occurred in the vast majority (75%), espe-
cially in craniopharyngiomas with suprasellar or retro-chiasmatic 
extension [12].

Guidelines for the multidisciplinary management of children 
with craniopharyngioma have been published [8,36,37] and 
patients can be categorized in two risk groups with respect to 
management and prognosis. The good risk group includes older 
children with small tumors (2–4  cm) and no hypothalamic syn-
drome or hydrocephalus, while younger children with larger 
tumors (>2–4  cm) and hypothalamic syndrome or hydrocepha-
lus have a poor risk. Complete radical resection, with or without 
adjuvant radiotherapy, is suggested for the good risk group, while 
limited surgery and immediate or delayed radiotherapy is the 
treatment of choice for the poor risk group [37,40].

Although clinical characteristics of the tumor have been shown 
to be prognostic for relapse (i.e. size and location) [41], there are 
still no identifi ed biochemical factors to predict the behavior of 

the tumor and recurrence risk. Studies have focused on factors 
responsible for the vascularization of the tumor and expression 
of molecules that mediate adhesiveness to surrounding tissues. 
Study of the expression of vascular endothelial growth factor 
(VEGF) and the microvascular density (MVD) of craniopharyn-
giomas have shown that VEGF expression and MVD were higher 
in the adamantinomatous than papillary type. This agrees with 
the observation that the former have a tendency to infi ltrate and 
relapse but there was no signifi cant difference in the expression 
pattern between patients who had recurrence and those who 
remained recurrence free [42].

The tendency of craniopharyngiomas to adhere to surrounding 
tissues may be regulated by the expression of integrins and galec-
tins, which are members of the lectin family and modulate the 
function of integrins. Adamantinomatous craniopharyngiomas 
express integrin subunits (i.e. a2,a5,b1,b5), while optic chiasm 
and pituitary stalk express vibronectin, thrombospondin and 
forms of collagen. The interaction between these molecules may 
explain the adhesiveness to these tissues. This interaction is likely 
to be more complex and correlations with clinical characteristics 
are yet to be made [43].

Pituitary adenomas

Pituitary adenomas represent less than 3% of supratentorial tumors 
in childhood and about 3.5–6% of all surgically treated pediatric 
pituitary tumors. In most cases they are hormonally active, arising 
from any of the fi ve cell types of the anterior pituitary, and may 
produce prolactin (prolactinomas, 52%), ACTH leading to Cush-
ing disease (corticotropinomas 33.3%), GH (somatotropinomas 
8%) or, more rarely, TSH (thyrotropinomas). Non-functioning 
pituitary adenomas are rare in children (2.7%) compared to adults 
where they represent almost 20% of pituitary adenomas. While the 
majority of childhood pituitary adenomas are prolactinomas pre-
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senting in adolescence, corticotropinomas are the most common 
tumors in prepubertal children [44,45].

Pituitary adenomas occur in isolation or may be part of a 
genetic syndrome such as multiple endocrine neoplasia type 1 
(MEN1), McCune–Albright syndrome or Carney complex [46]. 
Their pathogenesis is not clear but there is increasing evidence 
that dysregulation in hormone receptor signaling, changes in 
molecules that regulate cell cycle or are important for adhesion 
to extracellular matrix, as well as changes in growth factors may 
be implicated [47].

Their clinical presentation results from pituitary hormone 
hypersecretion or defi ciencies, disruption of growth and sexual 
maturation, and pressure effects. On MRI, pituitary adenomas 
show slow uptake of gadolinium and appear as hypo-enhancing 
lesions that may displace the pituitary stalk [34].

Prolactinomas
Prolactinomas are the most common pituitary adenoma. The 
majority are microprolactinomas and present in children older 

than 12 years with a female preponderance (female to male 
ratio 4.5 : 1) [44]. Macroadenomas are more frequent at diagno-
sis in boys than in girls, although this difference does not 
appear to be signifi cant (76.2% vs 48.3%; P = 0.09) [48]. In 
prepubertal children, prolactinomas present with headache, 
visual disturbance and growth failure. Around puberty the main 
symptoms arise from the suppression of gonadotropin secre-
tion, either as a result of hyperprolactinemia, or secondary to 
local compression. Females present with amenorrhea or men-
strual irregularities, pubertal arrest and galactorrhea. In a series 
reported by Cannavo et al. [49], the incidence of galactorrhea 
was as high as 91%. Adolescent males present with symptoms 
related to mass effect, such as headache and visual impairment, 
as well as pubertal arrest and growth failure. Almost one-third 
of patients with prolactinomas have additional pituitary 
hormone defi ciencies. Associated hormone defi ciencies are rare 
in microprolactinomas (4.7%), whereas they are common in 
patients with macroprolactinomas and extrasellar extension 
(77.8%) [48,49].

Assess risk factors

Good risk factors
Small tumor
No hydrocephalus
No hypothalamic syndrome
No breech of the floor of third ventricle

Poor risk factors
Larger/retrochiasmatic tumors
Hydrocephalus
Hypothalamic syndrome
Breech of the floor of third ventricle

Consider radical surgery Consider limited surgery
Avoid further hypothalamic injury

Complete excision Incomplete excision

Younger patient

MRI surveillance – 4 monthly
± repeated minimally invasive surgery
until older, or risks outweight benefits

External fractionated
conformal radiotherapy

Tumor regrowth
solid/cystic

Individual therapy: Radical therapy to solid component, cyst controlling
procedures
? Systemic chemotherapy

Older patient

Postoperative MRI – to confirm operative findings

MRI surveillance
Initially 6-monthly

Tumor regrowth,
solid/cystic

Further surgery if appropriate

MRI surveillance – 6 monthly

Figure 5.4 Recommended management plan for a 
child with craniopharyngioma. (After Spoudeas [8].)
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For the diagnosis of prolactinoma, it is important to obtain 
both radiological (MRI) and biochemical evidence of sustained 
hyperprolactinemia. In children, as in adults, serum prolactin 
usually parallels the tumor size and patients with prolactin con-
centration exceeding 2–3000  mU/L are likely to have a prolacti-
noma. However, moderate elevation of PRL concentration may 
be the result of pituitary stalk compression by another tumor, 
rather than a prolactinoma per se. Therefore, the differential 
diagnosis should include secondary hyperprolactinemia resulting 
from impaired hypothalamic production of dopamine or stalk 
compression (e.g. sellar and parasellar masses, granulomatous 
infi ltration, head trauma), medication (i.e. phenothiazines, meto-
clopramide) and the presence of macroprolactin [50,51].

Unless there are complications requiring surgical decompres-
sion (visual loss, hydrocephalus), the treatment of choice is phar-
macological with dopamine agonists. Bromocriptine at a dose 
ranging from 2.5 to 20  mg/day orally achieves normalization of 
prolactin concentrations in 38.5% of patients but side effects, 
including gastrointestinal disturbance and postural hypotension, 
often lead to poor compliance. Cabergoline, at doses ranging 
from 0.5 to 3.5  mg/week, is effective in adolescent patients with 
large tumors and appears to be better tolerated than bromocrip-
tine [52] but there are studies reporting clinically signifi cant 
mitral valve regurgitation in patients on long-term cabergoline 
[53]. This effect seems to be dose dependent and has been 
observed in adult patients treated for Parkinson’s disease with 
higher dosing regimens than the ones used for the treatment of 
prolactinomas. Irrespective of the type of treatment, the reduc-
tion of tumor size, by dopamine agonists or surgery, may result 
in restoration of normal pituitary function [54].

Corticotropinomas
Corticotropinomas are the most common pituitary adenomas in 
prepubertal children, representing up to 54.8% of pituitary ade-
nomas in those under 11 years of age [44]. Cushing disease caused 
by an ACTH-secreting pituitary adenoma is the most common 
cause of Cushing syndrome in children over 5 years of age [55]. 
Corticotropinomas are usually microadenomas, with a diameter 
less than 5  mm, while macroadenomas are rare and have been 
described as an early manifestation of MEN1 [56].

Children present clinically with rapid weight gain and charac-
teristic changes in facial appearance (100%), striae (53–64%), 
hypertension (32–47%), emotional liability (53%) and fatigue 
(59–64%), while muscle weakness and easy bruising are rare 
[55,57]. Other features include virilization and pseudoprecocious 
puberty [58]. Psychological changes observed include compulsive 
behavior and overachievement at school, which differ from the 
depression and memory and sleep problems observed in adults 
[45]. The growth pattern is characterized by short stature (height 
less than −2  SD in 40%), with a discrepancy between height SD 
and body mass index (BMI) SD [55].

Diagnostic investigations include endocrine and radiological 
investigations as well as bilateral inferior petrosal sinus sampl-
ing (BIPSS) [59,60]. BIPSS leads to successful localization of the 

microadenoma in 58–74% of patients [57,61]. The treatment of 
choice is transphenoidal excision and the cure rate ranges between 
45% and 78% depending on series, while almost 40% require 
postoperative radiotherapy to achieve remission [62–64]. Post-
operative complications include growth hormone defi ciency 
(36%), transient DI (12%), panhypopituitarism (4%) and tran-
sient cerebrospinal fl uid rhinorrhea (4%) [57].

Optic gliomas

Tumors of the optic pathway represent 4–6% of all pediatric 
intracranial tumors and the most common are optic gliomas 
(65%). Most are low-grade lesions with favorable prognosis if 
treated optimally [65]. Gliomas confi ned to the optic nerve have 
a predilection for females (60–70%) and are associated with neu-
rofi bromatosis type 1 (NF-1) in more than half of cases, while 
38% are sporadic. Children with sporadic gliomas are more likely 
to manifest increased intracranial pressure, decreased visual 
activity and endocrine complications [66]. The most frequent 
symptoms at presentation are visual defects (diminished vision, 
optic atrophy, strabismus, nystagmus, proptosis), ataxia and pre-
cocious puberty [67].

Because of their close anatomic relation to the hypothalamus 
and pituitary, dysregulation of the hypothalamo-pituitary axis is 
common and brought about either by the tumor itself or second-
ary to treatment. Premature sexual maturation (PSM) is a fre-
quently presenting symptom, while the most common defect post 
cranial irradiation is growth hormone defi ciency (GHD) [68]. In 
a study of 100 patients with precocious puberty caused by central 
lesions, 45 had been diagnosed with optic glioma or astrocytoma. 
All patients treated for optic glioma had hypothalamo-pituitary 
defi ciencies, including GHD (100%), thyrotropin defi ciency 
(71.4%), ACTH defi ciency (12.5%) and gonadotropin defi ciency 
(34.3%) [69]. Because this study was designed to investigate 
patients who presented with central precocious puberty, with 
respect to its etiology, the high incidence of endocrine abnormali-
ties may be a result of selection bias.

In another series of 68 children treated for optic glioma the 
incidence of endocrine dysfunction was 42.6% and GHD occurred 
in 38%. Hypogonadotropic hypogonadism was diagnosed in 36% 
(9 of 25 teenage patients), hypothyroidism in 20.5%, PSM in 
19.6% of the age-specifi c population, and hypoadrenalism and 
DI each in 11.8%. All patients with ACTH defi ciency also had 
GHD and hypothyroidism [70]. In the same study GHD and 
hypogonadism were signifi cantly correlated with radiotherapy 
and there was also signifi cant association between tumor resec-
tion and hypoadrenalism, hypothyroidism and DI.

Cystic lesions

Cystic lesions in the pituitary area include Rathke’s cleft cysts, 
arachnoidal cysts, cystic adenomas and craniopharyngiomas. 
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Rathke’s cleft cysts are benign remnants of Rathke’s pouch. They 
are usually small (less than 5  mm), asymptomatic and found 
in almost 20% of routine autopsies [71]. They consist of well-
differentiated columnar or cuboidal epithelial cells and the content 
of the cyst varies. Rathke’s cleft cysts can grow and become symp-
tomatic, especially if they have suprasellar extension. Symptoms 
include headache, visual defects and pituitary dysfunction ranging 
from increased prolactin to pituitary hormone defi ciencies [72]. 
Differential diagnosis from other cystic lesions in the area is not 
always easy, because the cyst fl uid shows variable signal intensities 
on MRI and can appear as hypo- or hyperdense. Almost 50% of 
Rathke’s cleft cysts show rim enhancement. Treatment should 
include both fl uid drainage and cyst wall removal in order to avoid 
relapses [73] and recurrence is rare (2 of 14 patients in one series).

Arachnoid cysts consist of a collection of cerebrospinal fl uid 
(CSF)-like fl uid surrounded by a wall made of arachnoid struc-
tures. They are mainly suprasellar, with only rare cases being 
intrasellar [74]. Suprasellar cysts are usually diagnosed following 
non-endocrine symptoms such as neurological defi cits, macro-
cephaly and visual symptoms, as was demonstrated in a study of 
30 patients (mean age at diagnosis 4.3  ±  1 year) [75]. Because of 
the proximity of the lesion to the hypothalamo-pituitary area, 
arachnoid cysts may cause central precocious puberty, amenor-
rhea and hyperprolactinemia in addition to thyrotropin, ACTH 
or GH defi ciency and almost one-third of patients develop preco-
cious puberty. Precocious puberty may be followed by pubertal 
arrest, a sequence that may be the result of hypothalamo-pituitary 
dysfunction [75].

A study of 100 patients with precocious puberty caused by CNS 
lesions showed that 10% of cases were due to suprasellar arach-
noid cysts and 60% of patients with arachnoid cysts were also GH 
defi cient [69]. When it comes to treatment, the use of endoscopic 
exploration during transphenoid surgery offers advantages for 
the management of cystic pituitary lesions [76].

Traumatic brain injury

Traumatic brain injury has been recognized as a cause of acquired 
hypopituitarism in a number of adult studies. Data on pediatric 
patients are sporadic but there is a growing awareness that hypo-
pituitarism is under-diagnosed with possible negative effects on 
growth and development [77]. These effects may be signifi cant 
considering the scale of the problem: in the UK, 180 children per 
100  000 population per year sustain a head injury, with 5.6 per 
100  000 requiring intensive care of whom almost one-third 
undergo neurosurgery. The incidence of traumatic brain injury 
peaks in adolescence and early adulthood, with rates approaching 
250 per 100  000 [78,79].

Although the pituitary gland is protected within the sella 
turcica, the rich vascular network of the hypothalamus and pitu-
itary and the structure of the pituitary stalk make it vulnerable to 
the effects of trauma (Table 5.5). The pathophysiology of hypo-
pituitarism related to trauma is not clearly defi ned but it is 

thought that it is the result of direct trauma or of vascular injury 
resulting in ischemia and infarction [80,81]. This is supported by 
the anatomical fi ndings of autopsies following head trauma, 
which include anterior lobe necrosis, pituitary fi brosis, hemor-
rhage, infarction or necrosis of the pituitary stalk [82].

It is of note that the peripheral layer of anterior pituitary cells, 
under the capsule, receive arterial blood from the capsule and not 
from the system of portal veins and this may explain why these 
cells and those in a small area adjacent to the posterior lobe are 
the only surviving cells in cases of pure anterior lobe necrosis 
[83]. Somatotrope cells are located in the wings of the pituitary 
gland, their vascular supply comes from portal vessels and they 
are vulnerable to the disruption of blood supply after head 
injury. However, ACTH and TSH secreting cells are located in 
the medial portion of the pituitary and receive blood supply from 
portal vessels and the anterior pituitary artery. This may explain 
why GHD is the most common defi ciency seen after trauma 
[84].

Hormone defi ciencies may be identifi ed in the fi rst days to 
weeks post trauma (acute phase) or may develop over time (late 
effect). Because there is overlap between the symptoms and signs 
of hypopituitarism and those of neuropsychological sequelae, it 
is possible that late-evolving or partial defi ciencies can remain 
undiagnosed for long periods. It is not surprising, therefore, that 
in different studies the time to diagnosis ranges from 1 to 40 years 
[83,85–88].

Acute phase
In the acute phase, alterations in endocrine function may refl ect 
an adaptive response to acute illness. The clinically signifi cant 
alterations involve mainly the regulation of fl uid and electrolyte 
balance (DI, SIADH, cerebral salt wasting) and the hypothalamo-
pituitary-adrenal axis. Most of the pituitary hormone changes 
observed in the acute phase are transient and their development 
cannot predict the development of permanent hypopituitarism 
[88]. It has been suggested recently that trauma severity may be 
the only predictor of permanent hypopituitarism [89], although 
not all studies have arrived at this conclusion.

Table 5.5 Mechanisms of pituitary damage in traumatic brain injury.

I. Ischemia and infarction
Vascular rupture
Vascular compression secondary to edema/increased intracranial pressure
Hypovolemia/hypotension
Hypoxia
Vasospasm

II. Direct trauma to:
Anterior pituitary
Hypothalamic nuclei
Stalk transection
Basal skull trauma
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It would appear that the majority of patients show a degree of 
pituitary hormone dysfunction in the fi rst days after brain trauma 
(53–76%) but there is wide variation in the reported hormone 
responses, which refl ects differences in patient selection and time 
of testing [90]. All anterior pituitary hormones can be affected 
[82].

In a study of 50 adult patients evaluated at a median of 12 days 
after injury, almost all (80%) had evidence of hypogonadism and 
there was positive correlation between serum testosterone con-
centration and Glasgow Coma Scale (GCS) scores upon admis-
sion [87]. This is a high percentage compared to studies that have 
shown evidence of hypogonadotropic hypogonadism in only 
24–67% of patients in the acute setting [89,90]. It is not clear if 
this acute decline in the function of gonadotropes is the result of 
direct injury and hypoxia or if it represents an adaptive mecha-
nism at the time of illness to downregulate the synthesis of 
anabolic steroids and conserve metabolic substrates for vital 
organs.

In the fi rst days after injury, almost 50% of patients have 
hyperprolactinemia, 18% show subnormal GH response and 16% 
have abnormal cortisol response to provocation, while TSH defi -
ciency is evident in 2% [91]. The diagnosis of ACTH and subse-
quent glucocorticoid defi ciency in the acute phase is diffi cult. At 
the time of critical illness there is activation of the hypothalamo-
pituitary-adrenal axis, lowering of corticosteroid binding globu-
lin, increased free cortisol and increased tissue sensitivity to 
glucocorticoids [92]. Therefore, the available normal values do 
not represent an appropriate response to acute stress and dynamic 
testing is usually contraindicated in the acute setting. Acute glu-
cocorticoid insuffi ciency may be life-threatening but it seems that 
there is no reliable factor to predict the development of ACTH 
defi ciency in patients with traumatic brain injury. There is no 
difference in GCS, CT scan appearance or presence of other pitu-
itary hormone defi ciencies between ACTH defi cient and ACTH 
suffi cient patients but ACTH defi cient patients tend to have lower 
basal serum cortisol concentration [82]. A high index of suspi-
cion is required for early diagnosis and treatment.

A well-recognized and potentially hazardous complication of 
the acute phase is DI. Its incidence varies between 2.9% and 26% 
depending on the series and criteria used for diagnosis [93,94]. 

The variation in the reported incidence may also be because its 
diagnosis may be missed in cases of partial DI or if there is con-
comitant ACTH defi ciency. In a recent prospective study of 50 
patients, Agha et al. [94] diagnosed DI and partial DI in 26% of 
patients in the acute phase, an incidence that is higher than in 
previously reported series. The incidence of acute DI was associ-
ated with more severe head injury and there were no new cases 
after the acute phase. The majority of patients recovered after 6 
months (69%): only 6% had permanent DI 12 months after the 
injury [94].

Permanent endocrine sequelae
Pituitary hormone defi ciencies present in the acute phase are 
usually transient but may persist, appear or evolve over time 
(Table 5.6). In adults, the incidence of permanent hypopituita-
rism ranges between 23% and 69%, depending on the study. The 
growth hormone axis is most frequently affected (10–33%), fol-
lowed by the gonadal (8–23%), adrenal (5–23%) and thyroid 
(2–22%) axes. The prevalence of permanent DI varies between 0 
and 6% [85,94–96].

There are sporadic reports of hypopituitarism following trau-
matic brain injury in children but prospective studies are in prog-
ress (Table 5.6). The incidence of hypopituitarism is reported to 
range from 10% to 60% and although this is lower in children 
than adults, it is not uncommon [97–99]. In general, the long-
term outcome of brain injury seems to be more favorable in 
children but recent studies have shown that the problem was 
probably underestimated. More than half of children (67%) who 
sustain head injury before the age of 2 years have mild disability 
at a 2-year follow-up and less than half (45%) function at a level 
appropriate for age [100]. Furthermore, in a prospective study of 
330 children with moderate or severe head injury, 40% had mea-
surable impairment in health related quality of life [101]. The 
extent to which endocrine dysfunction contributes to these out-
comes has yet to be defi ned.

GHD appears to be the main endocrine manifestation, fol-
lowed by gonadotropin defi ciency. GHD can present as growth 
failure, while delayed or arrested puberty and secondary amenor-
rhea may present in adolescents and in patients in the transition 
phase. Hypopituitarism may contribute to the lack of energy, 

Table 5.6 Incidence of late hypopituitarism following traumatic brain injury (TBI).

Study n Age Interval TBI/diagnosis AP dysfunction (%) GH (%) ACTH (%) Gonadal (%) Thyroid (%) DI (%)

Kelly et al. [84]  22 Adult 3 months–23 years 36 18  4.5 22  4.5

Lieberman et al. [85]  70 18–58 1 month–23 years 68 15  7 – 22 –
Agha et al. [87] 102 15–65 6–36 months 28.4 10.7 12.7 11.8  1

Leal-Cerro et al. [95] 170 29.2 ± 1.1 12 months–5 years 25  5.8  6.4 17  5.8

Aimaretti et al. [96]  70 39.3 ± 2.4 3 and 12 months 22.7 20  7.1 11.4  5.7 2.8
Tanriverdi et al. [88]  52 Adult 12 months 51 33 19  8  6

Klose et al. [89]  46 19–63 0–12 days & 3, 6 and 12 
months

10.5 (4% isolated) 10.5  6.5  2  2 2
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fatigability and reduced bone mineral density that can be seen 
after severe head trauma [102]. In a number of case reports, 
central precocious puberty has been described in association with 
head injury presenting 0.4–1.6 years after the event [103].

In 23 patients aged 16–25 years followed up at 3 years after the 
event, hypopituitarism was present in 35% and the most common 
fi nding was an isolated pituitary hormone defi ciency in 21.7%, 
followed by panhypopituitarism in 8.6%, and multiple hormone 
defi ciencies in 4.3%. Retesting these patients at 1 year showed 
that hypopituitarism remained in 30% and GH and gonadotro-
pin defi ciencies were the main abnormalities [97]. Of 48 pediatric 
patients studied after moderate to severe head trauma and evalu-
ated prospectively (n = 26) or retrospectively (n = 22), there was 
evidence of hypothalamo-pituitary dysfunction at 6 months to 7 
years in fi ve (10.4%). Two patients had isolated GHD, one ACTH 
defi ciency, one gonadotropin defi ciency and one combined GH/
ACTH/TSH and gonadotropin defi ciency. The only case of 
reported DI was transient [98].

In contrast to the above mentioned studies, Niederland et al. 
[99] reported that 61% of children with history of traumatic 
brain injury had pituitary dysfunction almost 3 years after head 
trauma and 42% (11 of 26) had GHD. Although complete auxo-
logical data were missing, it seemed that this subgroup did not 
show any slowing of the growth rate prior to diagnosis compared 
with children who had suffi cient GH response. Basal cortisol 
concentration was suboptimal in 34% (9/26), 12% had an inap-
propriate TSH response to TRH stimulation and one patient had 
an increased PRL concentration [99].

Patients with hypopituitarism after head injury may have no 
clinical signs and symptoms suggestive of this disorder and 
prompt diagnosis requires a high degree of suspicion [104]. A 
consensus guideline on screening suggests that all patients who 
had traumatic brain injury, regardless of its severity, should 
undergo baseline endocrine evaluation 3 and 12 months after the 
event or discharge from ITU [105]. For children and adolescents, 
an algorithm for endocrine assessment and follow-up has also 
been suggested [77].

Infi ltrative and infl ammatory disorders

Hypophysitis
Hypophysitis is an infl ammation of the pituitary gland that can 
be either primary or secondary to infection, systemic disease or 
irritation from adjacent lesions (Table 5.7). This infl ammatory 
process mimics tumors of the pituitary area clinically and radio-
logically [106]. There are three histological types of primary 
hypophysitis: lymphocytic, granulomatous and xanthomatous.

Lymphocytic hypophysitis is the most common, involving the 
anterior pituitary and sometimes infi ltrating the infundibulum 
and posterior lobe. Lymphocytic hypophysitis occurs mainly in 
young women and is associated with pregnancy or the presence 
of autoimmune diseases, including Hashimoto thyroiditis, Graves 
disease, type 1 diabetes and systemic lupus erythematosus (SLE) 

[107]. In all histological types of hypophysitis, the underlying 
mechanism involves T-cell toxicity mediated by CD8+ T cells 
[108].

Primary hypophysitis can present with symptoms and signs of 
increased intracranial pressure, pressure on adjacent structures 
(i.e. headaches, visual disturbances, cranial nerve palsies) and 
pituitary hormone defi ciencies. Data from adult studies show that 
the majority of patients (94%) have evidence of at least one pitu-
itary hormone defi ciency, the most common being gonadotropin 
defi ciency (82%), followed by TSH (77%), ACTH (71%) and GH 
(62%) defi ciencies. Hyperprolactinemia has been documented in 
21% and posterior pituitary dysfunction and DI in 45% of cases. 
It would appear that the most severe endocrine defi ciencies are 
observed in the granulomatous type. In these cases MRI scanning 
reveals enlargement of the pituitary gland with thickening of the 
stalk, and about 60% show suprasellar extension [109].

There are case reports of hypophysitis in children and adoles-
cents and in most cases diagnosis has been made only after biopsy 
and histologic examination. In many cases, hypophysitis pre-
sented with DI and hypopituitarism and preceded the diagnosis 
of an intracranial tumor, such as germinoma [110–112]. In other 
reports, it presented with DI and hypogonadotropic hypogonad-
ism [113] or in association with common variable immunodefi -
ciency [114]. Once the diagnosis is established, management is 
generally conservative, unless there are signs of increased intra-
cranial pressure or optic nerve compression [107].

Langerhans cell histiocytosis
Langerhans cell histiocytosis (LCH) is characterized by clonal 
proliferation and accumulation of abnormal dendritic cells which 
can affect either a single site or many systems causing multiorgan 
dysfunction [115]. In children, the median age of diagnosis ranges 
between 1.8 and 3.4 years [116,117].

LCH infi ltrates the hypothalamo-pituitary area in 15–35% of 
patients with subsequent development of at least one pituitary 

Table 5.7 Main causes of hypophysitis.

I. Primary hypophysitis
Lymphocytic
Granulomatous
Xanthomatous

II. Secondary hypophysitis
Local lesions
Germinomas
Craniopharyngiomas
Pituitary adenomas

Systemic disease
Sarcoidosis
Wegener granulomatosis
Langerhans cell histiocytosis
Tuberculosis
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hormone defi ciency (Table 5.8) [118–120]. In a study of 589 
pediatric patients with LCH, 145 (25%) had pituitary dysfunc-
tion. In 60, pituitary involvement was present at the time of 
diagnosis and in 20 of them it was the fi rst manifestation of the 
disease. Patients at high risk of pituitary involvement seem to be 
those with multisystem disease involving skull, facial bones, 
mastoid, sinuses and mucous membranes (i.e. gums, ear, nose 
and throat region). Compared with patients without pituitary 
involvement, patients with pituitary involvement have a higher 
rate of relapse (10% at 5 years versus 4.8% at 5 years), and a 
higher incidence of neurodegenerative LCH [121].

DI is the most frequently reported permanent consequence of 
LCH [122] and the most common endocrinopathy; almost all 
patients with pituitary involvement have DI that presents early in 
the course of the disease, within the fi rst 3–5 years, and occasion-
ally may precede the diagnosis [123]. Children with LCH and DI 
may also have anterior pituitary hormone defi ciencies, with most 
defi cits developing in the 6 years after the diagnosis of DI [124].

The second most common endocrinopathy is GHD, which 
occurs in 14% of patients with LCH and in more than 40% of 
patients who have pituitary involvement [119,120]. In the major-
ity, GHD is associated with DI, with a median interval of 2.9–3.5 
years between the diagnosis of DI and development of GHD 
[124,125]. Isolated GHD or the association of GHD with other 
anterior pituitary hormone defi ciencies occurs less commonly.

Pituitary MRI fi ndings in patients with LCH include thicken-
ing of the pituitary stalk, suggestive of the infi ltrative process, 
enhancing changes in the pituitary gland and hypothalamus and 
absence of the bright signal of the posterior pituitary in T1-
weighted images, caused by the loss of the phospholipid rich 
ADH secretory granules [34]. The latter is an invariable feature 
of patients who develop DI [126,127].

Although 75% show a thickened pituitary stalk at the time of 
diagnosis of DI, only 24% have persistent stalk thickening after 5 
years. These changes are variable and do not correlate with treat-
ment or with clinical recovery because DI persists in all cases 
[128].

The role of MRI in predicting the development of anterior 
hormone defi ciencies is uncertain. It has been reported that 

patients who become growth hormone defi cient are more likely 
to have a smaller anterior pituitary, while the size of the stalk and 
posterior pituitary are not signifi cantly different [125]. This is 
consistent with the observation that the progressive reduction in 
anterior pituitary size in patients with LCH may be the conse-
quence of vascular damage [129]. In other reports, however, the 
occurrence of anterior pituitary hormone defi ciencies is linked to 
a thickening of the stalk at diagnosis [128] or there is no correla-
tion between the size of pituitary gland and the development of 
endocrinopathies [120].

Long-term follow-up of patients with LCH has shown that 
established hormone defi ciencies cannot be reversed by treatment 
[127] but isolated case reports have suggested that the purine 
analog 2-chlorodeoxyadenosine (2-CDA) may reverse established 
DI [130]. Subsequent studies of this form of therapy, used in 
refractory cases of LCH involving the CNS, showed that 2-CDA 
may result in partial or complete radiolological improvement of 
the mass lesion but the endocrine consequences of the disease, 
including DI and panhypopituitarism, do not reverse [131]. 
Patients treated with the JLSG-96 protocol who have been fol-
lowed up for 5 years developed DI with an incidence of 3.1–8.9%, 
depending on the extension of the disease (single system multi-
site, versus multisystem) [132].

Pituitary dysfunction in LCH is thought to occur secondary to 
the infi ltration of the hypothalamo-pituitary area by the disease. 
However, there is evidence that infl ammatory factors are impli-
cated in pathogenesis. An intriguing fi nding is that circulating 
antibodies to vasopressin have been detected in 4 of 6 patients 
with DI resulting from LCH (66%) and 9 of 12 patients with idi-
opathic DI (75%) [133]. Although this is suggestive of an autoim-
mune mechanism, their role in the development of DI in cases of 
LCH is not clear and their presence cannot be used reliably in the 
differential diagnosis of central DI.

Radiotherapy used for the treatment of LCH is within the dose 
range of 10–15  Gy, which is known to be unlikely to cause growth 
hormone insuffi ciency (GHI). However, in a recent study, radio-
therapy has been associated with an increased risk of GHD, 
despite the fact that the dose was less than 15  Gy [125], a fi nding 
that may refl ect the severity and extent of the disease rather than 
the direct effect of radiotherapy. The extent of the disease may in 
turn be determined by the increased expression of pro-infl am-
matory agents such as matrix metalloproteases (MMP12), as 
there are a number of studies showing that dysregulation of 
cytokines and chemokines is implicated in the pathogenesis of 
LCH and may have a role in the development of extensive multi-
system LCH [134,135]. The role of infl ammatory factors in the 
clinical manifestations of LCH is also underlined by the single 
case report of precocious puberty in association with LCH, in a 
girl who did not have radiotherapy as part of LCH treatment. 
Although it is diffi cult to establish that this association did not 
occur by chance, there is the hypothesis that the increased amount 
of cytokines produced by the LCH lesion may cause neuro-
secretory dysfunction and damage the gonadotropin releasing 
hormone pulse generator [136].

Table 5.8 Incidence of endocrine dysfunction in 145 patients with pituitary 
involvement. (After Donadieu et al. [121].)

Endocrinopathy Number (%) Median age at 
diagnosis (range)

Diabetes insipidus 141 (97%)  3.9 (1–33)
Growth hormone defi ciency  61 (42%)  7.7 (2.5–19)
Central hypothyroidism  23 (16%)  9.7 (2.5–19)
Gonadotropin defi ciency  17 (12%) 16 (13–35)
Corticotropin defi ciency  10 (7%) 11.7 (2.5–17.8)
Panhypopituitarism   9 (6%)
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Sarcoid
Sarcoid is a multisystem granulomatous disease of unknown aeti-
ology that clinically affects the central nervous system in 5–10% 
of cases [137]. The effects on the hypothalamo-pituitary axis are 
the result of infi ltration by granulomatous tissue; on MRI the 
lesion may infi ltrate the hypothalamus and pituitary. It enhances 
with gadolinium and there is thickening of the pituitary stalk. The 
most frequently reported endocrine abnormality is DI in 25–50% 
of patients with neurosarcoidosis [138,139]. This is followed by 
hyperprolactinemia, although anterior pituitary dysfunction with 
hypogonadism has also been reported [140]. Sarcoidosis of the 
nervous system has a poor prognosis but long-term remissions 
have been reported with high-dose intravenous pulsed methyl-
prednisolone therapy. Hormonal defects of less than 1 year dura-
tion may respond to steroid treatment but longer standing defi cits 
usually persist [141].

CNS infection

Hypothalamo-pituitary dysfunction has been reported after men-
ingitis or encephalitis, with most cases being reported as isolated 
case reports. Despite the bias in the selection of cases, one can 
assume that the incidence of endocrine defi ciencies depends on 
the virulence of the infectious organism, the severity and localiza-
tion of the disease and the immune status of the host. In a recent 
study of 19 adult patients who have been investigated 10–56 
months following CNS infection, 21% had ACTH defi ciency and 
11% had gonadotropin defi ciency, while there was no GHD or 
DI reported [142]. Hypopituitarism has been reported following 
infection by a variety of agents (Table 5.9) [143–150].

Tuberculosis
Tuberculous meningitis has long been recognized as a cause of 
hypopituitarism but the incidence is diffi cult to establish because 
of selection bias and small-scale studies. In 49 patients who had 
tuberculous meningitis in childhood, 20% had abnormal hypoth-
alamo-pituitary function observed over a mean interval of 
18.5  ±  8.5 years from the initial insult. Among patients with 
hypopituitarism, GH was the most commonly affected hormone, 
either in isolation (30%) or in combination with gonadotropin 
defi ciency (40%). Isolated hypogonadotropic hypogonadism was 
observed in 20% and ACTH defi ciency and hyperprolactinemia 
each in 10%. Half of patients with documented hypopituitarism 
had normal MRI, while other fi ndings included pituitary atrophy 
(2/10), increased enhancement in the suprasellar area (1/10) or 
ventricular dilatation (1/10) [151].

Another consequence of systemic tuberculosis (TB) infection 
is the development of pituitary tuberculomas. Despite the global 
incidence of TB, intracranial tuberculomas account for only 
0.15–4% of space occupying lesions, occurring mainly in devel-
oping countries and in patients belonging to high-risk groups. 
Pituitary involvement in these cases may be secondary to hema-
togenous spread, tuberculous meningitis or direct extension from 

sinus tuberculosis [152]. There are isolated reports of hypotha-
lamic tuberculomas, where it is thought that damage to the 
hypothalamus may be caused by infarction or chronic scarring 
and calcifi cation [153].

The diagnosis of pituitary tuberculoma requires a high index 
of suspicion, because less than one-third of patients have evi-
dence of previous or concurrent TB infection [154,155]. On MRI 
tuberculoma appears as an enhancing mass with suprasellar 
extension and compression of the optic chiasm. Although in 
almost all cases there is thickening of the pituitary stalk, this sign 
is not specifi c and there are no robust radiological data to differ-
entiate tuberculomas from other granulomatous pituitary lesions 
such as sarcoid, syphilis, histiocytosis or Wegener granulomatosis 
and the diagnosis requires exclusion of these causes [156]. Fur-
thermore, the majority of lesions are negative for acid-fast bacilli 
and diagnosis has been based on the histological fi nding of a 
chronic granulomatous infl ammatory process and the subse-
quent response to antituberculous therapy [154,157].

At presentation, the symptoms and signs of pituitary tubercu-
lomas may be insidious and of variable duration ranging from 15 
days to 2 years. Persistent headache is present in all patients, fol-
lowed by visual fi eld defects (64%) and cranial nerve palsies 
(22%). In patients with pituitary tuberculomas the incidence of 
hypopituitarism has been reported at 22–60%, while diabetes 
insipidus may occur in 10%. However, it is possible that the 
higher incidence is a result of selection bias. The most frequent 
anterior pituitary hormone disturbances are ACTH and TSH 
defi ciency, gonadotropin defi ciency and hyperprolactinemia 
[155]. In rare cases, pituitary tuberculomas present acutely with 

Table 5.9 Hypopituitarism following CNS infection.

I. Bacterial meningitis/encephalitis
Group B streptococcus
Haemophilus infl uenzae
Streptococcus pneumonia

II. Mycobacterium tuberculosis

III. Spirochetes: Borrelia burgdorferi

IV. Protozoan/fungal infections
Trypanosoma cruzi
Cryptococcus
Cysticercosis
Aspergillosis

IV. Viral menigoencephalitis
Congenital CMV
Coxsackie virus
Herpes simplex virus
Enterovirus
Varicella

V. Meningitis/encephalitis of unknown cause

CMV, cytomegalovirus.
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clinical and laboratory evidence of acute meningitis, anterior 
pituitary dysfunction with low cortisol and thyroxin and DI. MRI 
in these cases has revealed a mass in the suprasellar region with 
solid and cystic components and thickening of the pituitary 
stalk, while on biopsy the lesion was positive for acid-fast bacilli 
[152].

Thalassemia

The majority of complications of thalassemia are the consequence 
of the toxic effects of iron which is deposited in organs of the 
reticulo-endothelial system, the heart and all target organs of the 
endocrine system, including the pituitary [158].

The anterior pituitary is very sensitive to iron overload result-
ing in defective GH secretion, reduced responsiveness of GH to 
growth hormone releasing hormone (GHRH) and hypogonado-
tropic hypogonadism. The gonadotroph cells seem to be particu-
larly vulnerable, which may be related to the way that iron is 
transported in cells. Extracellular iron is bound to transferrin (Tf) 
and enters cells by endocytosis through transferrin receptors 
(TfR). Initial histological studies in patients with hemochroma-
tosis have shown that although non-heme bound iron is 
deposited in all fi ve cell types of the anterior pituitary, its deposi-
tion is more pronounced in the gonadotropes [159]. Subsequent 
studies in rat anterior pituitaries demonstrated that transferrin 
receptors are expressed only in somatotropes and gonadotropes 
[160].

Gonadotropin secreting cells from human pituitary adenomas 
selectively stain immunopositive for the expression of TfR, an 
observation that suggests that these cells have a special require-
ment for iron compared to other cell types, and are therefore 
susceptible to damage in iron overload syndromes [161]. The 
above results were not reproduced in a study that examined the 
expression of TfR in specimens from 50 human pituitaries and 
42 samples from pituitary adenomas. Immunoreactivity for TfR 
was present in most cells from the specimens from normal ante-
rior pituitaries as well as in all types of adenomas, and was not 
restricted to gonadotropinomas. Furthermore, iron loaded 
gonadotropes did not stain immunopositive for TfR. This may 
refl ect either the downregulation of the expression of the receptor 
in iron loaded cells, or the fact that pituitary cells may have addi-
tional mechanisms to acquire iron [162].

Failure of pubertal development and growth impairment are 
the most prominent endocrine complications and may occur 
despite early initiation of chelation. It is estimated that 56% of 
thalassemic patients have at least one endocrinopathy; almost half 
have hypogonadism (40–59%) and 33–36% manifest growth 
failure [163–165].

Children with thalassemia usually maintain their growth rate 
in childhood with growth failure manifesting at puberty, leading 
to disproportionate short stature and truncal shortening [166]. 
This was demonstrated in a study of 238 well-treated thalassemic 
children whose growth defi cit was minimal at the age of 2 years, 

became accentuated with time and showed no notable pubertal 
growth spurt in adolescence [167]. The incidence of short stature 
is almost 30%, with no difference between males and females 
[168].

Many factors contribute to the growth defi cit observed in thal-
assemia [169]. It may be the result of chronic anemia and tissue 
hypoxia, although this effect is expected to be diminished in an 
era of hypertransfusion regimens and bone marrow transplanta-
tion. Delayed puberty and hypothyroidism can also contribute to 
suboptimal growth and these endocrine defi ciencies should be 
detected and treated.

Iron overload and toxicity from free radical damage adversely 
affects growth, as has long been observed in poorly chelated 
patients but overchelation as well as poor chelation can lead to 
growth retardation, because of the toxic effects of desferriox-
amine (DFO) on spinal cartilage. This is consistent with the 
observation that patients who start high dose chelation early in 
life show metaphyseal changes and platyspondyly. This effect may 
be a result of inhibition of DNA synthesis and fi broblast prolifera-
tion as well as chelation of trace elements [170]. Three to 35% of 
patients have been reported to present with bony lesions typical 
of DFO overtreatment, depending on the population studied 
[171,172].

In order to maximize growth in thalassemia, careful dosage of 
DFO is required, avoiding either inadequate or excessive dosing 
regimens. It has been suggested that chelation should start after 
3 years of age, with a maximum dose of DFO of 35  mg/kg/day in 
children under 5 years and up to 40  mg/kg/day until growth is 
complete, with careful monitoring of height velocity and sitting 
and standing height twice yearly in order to adjust the dosage as 
necessary [173].

The investigation of the GH axis and its contribution to the 
growth defi cit observed in thalassemic patients has yielded vari-
able results. Studies have reported normal reserve of GH, GHD 
or a relative resistance to the action of GH. These variations may 
be because of the heterogeneity of the populations studied with 
respect to their pubertal status, type of GH provocation test and 
whether it was primed or not, the severity of disease, the geno-
type, transfusion regimens and chelating therapy (i.e. dose, dura-
tion, compliance).

Of 32 patients with thalassemia studied between the ages of 
3 and 26 years, 14 of whom were prepubertal, 13 (40%) had short 
stature and they were tested with at least one GH provocation 
test. Ten had normal GH on provocation and three had GHD 
but, on overnight profi le, those who had been considered GH 
suffi cient showed a reduced maximum peak and reduced mean 
GH concentration, indicating that the patients were probably GH 
insuffi cient, possibly as a result of neuroendocrine dysfunction 
rather than direct pituitary damage. In the same study, the con-
centration of IGF-1 was reduced in children with short stature 
and in those with normal stature but with a low growth velocity. 
However, all patients had an appropriate response to an IGF-1 
generation test, thereby excluding insensitivity to GH action 
[174].
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A subsequent study of 28 thalassemic children and adolescents 
showed that 45% of short children were GH defi cient, with a peak 
GH ≤20  mU/L in response to two GH provocation tests (insulin 
and clonidine), while 55% had suffi cient GH secretion. As there 
was no difference in growth between the two groups, the impair-
ment of GH secretion could not be considered as the main cause 
of height defi cit in these patients. Furthermore, eight patients 
with GHD also had an IGF-1 generation test and fi ve of them 
(63%) demonstrated an IGF-1 increase less than 50%, a fi nding 
that was interpreted as a degree of GH insensitivity and is in 
contrast with the previously mentioned results [175].

The follow-up of 39 patients for a mean duration of 16 years 
demonstrated that, although growth retardation occurs in almost 
one-third of patients with 36% having a fi nal height ≤2  SD, GHD 
is rare (diagnosed in 1 of 15 tested). In addition, there was no 
association between the short fi nal height and the age at diagno-
sis, the presence of hypogonadism, hypothyroidism or non-
endocrine complications. However, mean serum ferritin over the 
study period was signifi cantly higher in patients with short stature 
than those with fi nal height ≥2  SD. This difference was signifi cant 
only for the prepubertal years; a mean ferritin concentration of 
more than 3000  ng/mL before puberty was found to be a predic-
tor for fi nal short stature [176].

Retesting of 16 adult thalassemic patients who had been diag-
nosed as GHD in childhood and treated with rhGH showed that 
most had suffi cient GH secretion, while 19% had a GH peak less 
than 10  ng/mL [177]. However, the evaluation of GH secretion in 
94 adult patients with thalassemia, who had not previously been 
tested, showed that the incidence of GHD is not rare and probably 
increases over time. Severe GHD was diagnosed in 22.3% of 
patients, while a further 19% had partial GHD. Low IGF-1 con-
centrations (less than −1.8  SD) were observed in 95% of patients 
with severe GHD, 94% of those with partial GHD and 80% of 
patients with normal GH reserve. The fi nding of low IGF-1 with 
normal GH was probably due to reduced IGF-1 synthesis in the 
liver secondary to hepatic hemosiderosis. The authors did not 
observe any correlation between ferritin concentration and the 
status of GH secretion [178]. However, a single ferritin concentra-
tion around the time of the study does not refl ect the exposure 
to iron overload through childhood, and in this case it would have 
been interesting to have data correlating the endocrine abnor-
malities to the degree of iron deposition in the liver and the 
pituitary.

Hypogonadotropic hypogonadism resulting from iron toxicity 
on gonadotrope cells is the most common endocrine complica-
tion, although primary gonadal failure may also occur. It mani-
fests as pubertal delay, growth failure, primary or secondary 
amenorrhea and infertility. The damaging role of iron overload 
on gonadotrope cell function has been demonstrated by an early 
study showing that initiation of chelation therapy before the age 
of 10 years resulted in normal sexual maturation in the majority 
of patients (90%), compared to 38% of those who started chela-
tion after the age of 10 years [179]. However, the mean ferritin 
concentration in this study was rather low (1562  ±  445  ng/mL), 

which may explain why these very encouraging results have not 
been reproduced in subsequent studies. In a study of 1861 
patients, 51% of boys and 47% of girls over 15 years of age had 
pubertal failure [165]. The results of the study by Shalitin et al. 
[176] were comparable, as the authors showed that despite early 
treatment with DFO (mean age 4.9 years), 59% of patients had 
hypogonadism. Mean serum ferritin was signifi cantly higher in 
patients with hypogonadism and a mean concentration of 
2500  ng/mL during the prepubertal years has been defi ned as the 
cutoff for the development of hypogonadism [176].

Consistent with these fi ndings are results from MRI that have 
been used to monitor pituitary iron deposition using the signal 
intensity ratio (SIR) and T2 relaxation rate [180]. Thalassemic 
patients with hypogonadotropic hypogonadism have more pro-
nounced pituitary iron deposition and reduced pituitary height 
than thalassemic patients without pituitary dysfunction [181]. 
This may be the result of cell destruction and irreversible damage 
from the toxic effect of iron on gonadotropes. The extent of iron 
deposition in the pituitary, however, cannot be predicted by the 
degree of hemosiderosis in the liver and this observation probably 
refl ects the fact that different organs have different iron kinetics 
[182].

Psychosocial deprivation

An extreme form of failure to thrive is observed in children who 
live under stressful social circumstances or have been subjected 
to abuse and neglect. They present with short stature and a char-
acteristic behavioral pattern that includes hyperphagia, bizarre 
eating habits that mimic organic compulsive eating disorders, 
vomiting and polydipsia [183]. On overnight profi le, GH secre-
tion in these children shows a spectrum of abnormalities that 
involve the basal values, pulse frequency and pulse amplitude. A 
characteristic of this condition, however, is that GH insuffi ciency 
is reversible after 3  weeks in hospital, after removal from the 
stressful environment [184].
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6 Evaluation of Growth Disorders

Jerry K. Wales
Academic Unit of Child Health, Sheffi eld Children’s Hospital, Sheffi eld, UK

Growth assessment requires an understanding of the physiology 
of growth. One of the most important aspects is accurate mea-
surement and correct use of comparative standards. A structured 
approach to the clinical assessment of a child presenting with a 
growth disorder allows for a diagnostic framework from which 
specifi c clues can be spotted and further addressed. Short and tall 
stature will be dealt with separately along the lines of the current 
classifi cation proposed by European Society for Pediatric Endo-
crinology (ESPE) [1] with attention to presentations in early and 
later childhood and, if appropriate, in young adult life.

Physiology of growth

Childhood growth is the product of a complex interaction of 
nutrient supply (over and above that required for basic metabo-
lism) and hormones acting on the growth plates, with surplus 
energy being converted to muscle or deposited as fat. The process 
is easily disrupted and can serve as a marker for pathologies in 
any system and in the social environment.

There are four recognizable human growth phases, fetal, infan-
tile, childhood and pubertal, each with different predominating 
control mechanisms [2,3].

Fetal growth peaks at 10  cm/month at the end of the second 
trimester with maximum weight gain in the third trimester [4]. 
Nutrient supply via the placenta is the main growth rate-limiting 
step but the placenta is also an active endocrine organ, producing 
growth factors such as growth hormone variant, human placental 
lactogen and organ-specifi c hormones such as corticotropin-
releasing hormone (CRH), hepatic and epidermal growth factors 
(the latter acting on the adrenal).

The placenta in early pregnancy allows a small amount of thy-
roxine to pass to the fetus which has important effects on brain 
development; thereafter it is relatively impermeable to thyroxine 

and deactivates fetal thyroid hormone. It acts as a barrier to two-
way fetal and maternal steroid production, as well as producing 
placental steroids. The fetal pancreas releases insulin in response 
to nutrient supply and this has direct growth-promoting effects. 
Additionally, the fetus manufactures insulin-like growth factors 
(IGF), of which IGF-2 predominates and modulates the growth 
factor actions with specifi c binding proteins [5].

Placental failure or damage results in a growth-restricted 
infant, which may be symmetrical if occurring early in pregnancy 
(weight, length and head circumference all affected) or asym-
metrical (mostly weight affected) from later problems. Congeni-
tal viral infections or genetic abnormalities tend to produce 
symmetrical growth restriction. Premature birth may result in 
suboptimal growth at a critical phase and, although later catch-up 
growth is usual, there may be late metabolic consequences [6].

Infantile growth is an extension of the fetal growth phase before 
growth becomes hormone dependent. Early growth in height and 
weight requires adequate nutrition but also normal thyroid func-
tion and bone metabolism. The hypothalamo-pituitary axis 
(HPA) becomes increasingly active and infants with growth 
hormone defi ciency are shorter than may be expected even during 
the fi rst year [7].

Childhood growth requires growth hormone (GH) action on 
epiphyseal cartilage cells to produce IGF-1, the major postnatal 
growth factor that stimulates cell division and growth. GH is 
secreted in an intermittent, pulsatile pattern largely due to the 
reciprocal interactions of GH releasing hormone (GHRH) and 
somatostatin (SS) or somatotrophin release inhibiting factor 
(SRIF) [8]. Withdrawal of SS appears to be the most important 
factor in determining the time of a GH pulse. Ghrelin, a 28 amino 
acid peptide secreted from the upper gastrointestinal tract, acts 
with GHRH to promote GH release and is also orexigenic thus 
linking food intake and growth promotion [9].

Growth hormone is a single-chain amino acid polypeptide 
(191AA) produced by the anterior pituitary (Fig. 6.1). Alternative 
splicing of the GH gene on the long arm of chromosome 17 pro-
duces other active shorter circulating variants. GH circulates in 
association with soluble extracellular receptor GH binding protein 
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(GHBP) which causes dimerization of the GH receptor at the cell 
membrane. Activated receptors clump together in pits on the cell 
surface and are then internalized. There is then activation of 
intracellular signaling leading to production of IGF-1.

The GH receptor does not have intrinsic tyrosine kinase 
activity but activates a signaling peptide, JAK2, leading to 
autophosphorylation and the initiation of a phosphorylation 
cascade. A number of downstream pathways [mitogen acti-
vated protein kinase (MAPK), signal transducers and activa-
tors of transcription (STAT) and phosphatidylinositol 3-kinase 
(PI3-K)] result in GH signal transduction and the activation 
of the IGF-1 gene. IGF-1 is a single-chain polypeptide 
hormone with structural homology to insulin that is present 
in the circulation at concentrations approximately 1000-fold 
that of insulin. IGF-1 production from the liver results in the 
measurable circulating IGF-1. Local production of IGF-1 at 
the growth plate acts on the IGF-1 receptor (which can also 
bind insulin) and causes cell division and maturation leading 
to bone lengthening [10].

The actions of IGF-1 are modulated by several binding pro-
teins (IGFBPs), which prevent the high concentrations of IGF-1 
causing hypoglycemia. IGFBPs act as co-transporters of IGF-1 
out of the circulation and prevent rapid breakdown of the peptide. 
IGFBP3 is the most important, a GH-dependent binding protein 
that forms a ternary complex with IGF-1 and another protein, 
acid labile subunit (ALS), in the circulation. IGF binding proteins 
are modulated by immune peptides such as cytokines, reducing 
the availability of IGF-1 in states of infl ammation or starvation 
[11].

Energy remaining for growth is what is left after the subtrac-
tion of the energy required to maintain basal metabolic rate, 
daily activity and diet-induced thermogenesis from the total 
energy intake. Because this is a small proportion (about 10%) 
of the total, quite severe energy restriction is required postna-
tally to disrupt growth. For bone lengthening to occur the 
growth plate must be normal and thyroxine, vitamin D and 
calcium are needed for normal epiphyseal cell division and dif-
ferentiation. The growth promoting actions of GH thus require 

adequate nutrition, normal endocrine function and a normal 
skeleton.

Growth hormone, IGF-1 and neurotransmitters control GH 
release, which can thereby be modulated by input from higher 
centers [8]: for instance, severe psychosocial deprivation can 
produce marked growth restriction and reversible complete 
growth hormone defi ciency (GHD) [12].

At puberty the pulsatility of GH secretion increases two- to 
threefold following which the secretion of GH falls toward pre-
pubertal values and then declines further from middle age (“the 
somatopause”). The production of testosterone and estrogen 
from the gonads boosts growth of the spine in particular – hence 
the long-legged body habitus of a hypogonadotropic individual 
with normal GH production (such as untreated Klinefelter syn-
drome). Estrogen in both sexes (produced in the male by periph-
eral aromatization of testosterone) matures the epiphyses towards 
eventual bony fusion after which growth ceases.

Adult size is determined by the size of both parents but the 
mechanisms underlying the programing of adult stature are 
obscure. At 2 years of age a child should occupy a height centile 
determined equally by the sizes of both parents but before then 
a considerable amount of “channel-crossing” on the centile charts 
may occur. Catch-down growth is an adjustment from intrauter-
ine factors that produce increased fetal growth, usually hyperin-
sulinemia. About two-thirds of intrauterine growth restricted 
(IUGR) babies show catch-up growth and cross centile channels 
after removal of any adverse intrauterine factors producing nutri-
tional restraint. Most of this catch-up starts soon after birth and 
is completed by 18 months to 2 years [13].

With improved nutrition, especially protein and total calorie 
intake, there is a generational secular trend towards increasing 
height, weight and earlier sexual maturation. This is most obvious 
in societies where there has been a major change in socioeco-
nomic status (e.g. Japan after the World War II or East Germany 
after reunifi cation). In countries with a high standard of living, 
there has been a slowing of this trend and it is possible that there 
is a “maximum optimal fi nal population height” for humans 
[14].
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Anthropometry

The accurate assessment of a growth disorder must start with 
appropriate measurements taken by a trained observer using 
well-calibrated and maintained equipment [15]. All too often the 
task is delegated to someone who produces misleading informa-
tion from measurement and unrecognized equipment error. 
Different measurements assess different body compartments 
(Fig. 6.2).

Length
Convention (and hence the comparative standards) dictates that 
under the age of 2 years supine length is measured. It may also 
be necessary in older children with neuromuscular problems. 
Two people are needed, one to hold the head against an immov-
able vertical plate board with the face horizontal and a second to 
extend the hips and knees to bring the soles of the feet down along 
a movable footboard: length is recorded to the nearest completed 
millimeter.

Height should be measured with the patient in bare feet with 
the heels in the same upright plane as the back of the head, often 
against a vertical wall. The subject should be relaxed and not 
standing tensely; the face should be maintained with the outer 
canthus and upper ear horizontal. Gentle upward traction on the 
mastoid processes by the measurer straightens the spine and the 
reading is made to the nearest completed millimeter at the end 
of a breath.

When repeated observations of height are taken to measure 
growth velocity, they should be performed at approximately the 
same time of day to avoid errors resulting from spinal compres-
sion and preferably by the same observer, especially if taken at 
intervals of less than 1 year. Morning height is 8  mm more than 
the afternoon value, representing about 15% of the yearly growth 
of a prepubertal child. Inter-observer errors are considerably 
greater than intra-observer errors. Short stature is defi ned as a 
height more than −2  SD (2.3%) below the mean.

Weight
Infants must be weighed naked and children in minimal clothing. 
Wet diapers can add up to as much as 10% of the baby’s apparent 
weight and sports shoes, T-shirt and denims are equivalent to 
about 9 months of mid-childhood growth.

Body proportions and head size
Measurement of the length of the back can establish relative body 
proportions. This is very important in diagnostic assessment. In 
infancy the same technique and equipment used to measure 
length are used but the legs are lifted vertically and the footboard 
brought into contact with the buttocks. After 2 years, sitting 
height in an ambulant child is measured by placing a seat of 
known height with a horizontal top under the height measuring 
device or using a sitting height stadiometer. Leg length is then 
estimated by subtracting sitting height (equivalent to back + head 
length) from standing height. Upper/lower segment charts then 
allow comparison of body segments.

Arm span, estimated by measuring the fi ngertip-to-fi ngertip 
distance with the arms held horizontally, is an approximate sur-
rogate for height (span = height ± 3.5  cm) in the patient unable 
to stand or with severe spinal deformity. It may bear an abnormal 
relationship to height in some skeletal dysplasias or Marfan 
syndrome.

Head circumference may also be disproportionately large or 
small in some growth disorders and can provide further diagnos-
tic clues. It should be measured using a non-stretchable paper or 
metal tape, usually as the mean of three estimations to establish 
the maximum occipito-frontal circumference (OFC).

Body composition and adiposity
Body mass index [BMI; weight (kg)/height (m)2] allows a crude 
estimate of adiposity in comparison to age-related standards. In 
practice it is not diffi cult to differentiate the muscular from the fat 
child. Skinfold measurements allow for estimation of fat distribu-
tion on the limbs, trunk and abdomen which can be occasionally 
useful in diagnosis. They are of most value when used serially to 
establish response to treatment or to note the characteristic 
changes of increasing truncal adiposity compared to the limbs in 
early puberty in boys. The same design of calipers is needed that 
were used to construct the comparative standards being used. 
Triceps and subscapular skinfolds are most commonly used but 
the addition of biceps and suprailiac skinfolds allows the values to 
be used in formulae that estimate total body fat mass.

Bioelectrical impedance devices are increasingly incorporated 
into weighing scales and measure the conductance of a tiny 
charge through body water. This allows estimation of lean body 
mass by software using published regression equations for differ-
ent clinical situations. The estimate is very dependent on factors 
such as ambient temperature, time since a meal or bladder voiding 
and should be interpreted with caution.

Crude estimates of undernutrition can be made using mid-
upper-arm circumference (MUAC; measured at a point half way 
between elbow and shoulder) using a fl exible non-stretch tape 
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Figure 6.2 Body compartments as assessed by auxology.
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measure, and waist and hip circumferences as a measure of over-
nutrition. Waist circumference is usually measured between the 
lower ribs and the ischial ridge at the level of the umbilicus at the 
end of a normal expiration. Other defi nitions have been described 
such as the point at which lateral bending produces a skin crease. 
Hip circumference is usually measured at the level of both greater 
trochanters. The waist : hip or waist : height ratio may then be 
calculated as an estimate of body shape. It is again important that 
the measurer establishes which of several measurement tech-
niques and body landmarks is applicable to the comparative stan-
dards being used.

Other measurements
It is sometimes helpful to assess other body sizes and their rela-
tionships directly. Standard centile charts exist for almost every 
possible anthropometric variable and have been published as a 
compendium for use in dysmorphology.

In short-limbed conditions and if hemihypertrophy is sus-
pected, direct measurement of limb segments using a specially 
designed anthropometer or a metal builder’s tape measure may 
be useful.

Bone age or skeletal maturity
Most methods assess the degree of development of the large 
number of bones available on a radiograph of the left hand and 
wrist [15]. The individual ossifi cation centers may be “aged” in 
comparison to a standard atlas (e.g. Gruelich and Pyle method) 
or by assigning a score to 20 of the individual bones [e.g. the 
Tanner–Whitehouse 2 or 3 (TW2 or TW3) methods]. Computer-
ized assessment of digital radiographs may become routine but 
has not yet been perfected. Accurate estimation of bone age may 
be diffi cult or impossible in some skeletal dysplasias or after high-
dose steroid treatment.

Equations that use height (± recent height velocity) combined 
with a “bone maturity score” allow a predicted adult height to be 
estimated with a range of error of ±2  SD. Because the methodol-
ogy was described for normal children, the validity of such pre-
diction for children with pathology is doubtful, especially if bone 
age is advanced. If bone age is estimated at the same time as a 
measurement, height can be plotted for the bone age of a child 
as well as for the chronological age to give a visual representation 
of height remaining (Fig. 6.3). Bone age advances at a more rapid 
pace than chronological age (up to 2.5 years per year) during 
puberty, which can lead to an over-optimistic prediction of fi nal 
height and indicates the need for control groups to be used in all 
situations where response to a growth promoting treatment is 
being assessed.

Defi nition of normal

Growth charts
Cross-sectional standards for height, weight, BMI and head cir-
cumference are available for many populations and should be 

updated regularly to take secular changes into account. There are 
also many disease-specifi c charts available once a diagnosis has 
been reached (Table 6.1).

A common layout is to use the 0.4th, 2nd, 9th, 25th and 50th 
centile approximating to two-thirds of one standard deviation 
per major interval with corresponding values above the mean to 
give nine centile lines. This design means that only 1/250 children 
would fall below the 0.4th or above the 99.6th centile in a normal 
population, which may form the basis for a referral protocol from 
height screening programs [16].

By 2 years of age, the correlation between the current height of 
the child and mid-parental height is about 0.75; at fi nal height it 
is about 0.8 in a normal child. Whatever chart is used, it is possi-
ble rapidly to estimate the expected genetic potential of the 
subject by plotting the centile value of each parent on the right-
hand y-axis and drawing the mid-parental centile. Many equa-
tions have been used to estimate genetic height potential. On the 
current UK charts (Fig. 6.3) the calculation is shown as:

Target height for a boy: (father’s height + mother’s height)/2 = A

A + 7 = mid-parental height, range ± 10 cm

Target height for a girl: (mother’s height + father’s height)/2 = A

A − 7 = mid-parental height, range ± 8.5 cm

An alternative method is to plot on or calculate the centile posi-
tion of the parents from the adult y-axis. Here the mid-parental 
centile position can be calculated on the y-axis of any chart and 
a centile range of the equivalent adult span of ±10  cm (male) or 
8.5  cm (female) used as the target range. If the economic situation 
of the child is much better than that of the parents in their youth, 
one can add 4.5  cm to the estimated genetic height potential to 
allow for secular trends in height.

Height velocity
Change of height with time is more important than absolute 
height at a point and can be made visually by assessing deviation 
upwards or downwards through the centile lines or by calculating 
a height velocity. Height velocity standards constructed from lon-
gitudinal observations made at 12-monthly intervals on relatively 
small populations are available. Caution should be used if clinical 
inferences are to be drawn from measurements taken over shorter 
intervals. Height velocity is calculated by the formula:

Ht 2 − Ht 1 / interval in years

Height centile lines diverge with age because tall children must 
grow slightly faster than short ones but growth is episodic not 
linear, so, unlike height, height velocity varies around a centile 
rather than following a channel. A tall child with a height on the 
91st centile will have velocities on either side of the 75th height 
velocity centile and a shorter child on the 9th centile will oscillate 
around the 25th velocity centile. Hence “normal” height velocity 
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Figure 6.3 Growth chart. Line A, Failure of the fetal/infantile component of 
growth: SGA, placental and maternal ill-health, intrauterine infection, genetic 
syndromes, primordial nanism, some dysplasias [measure occipito-frontal 
circumference (OFC) and body segments]. Line B, Failure of the childhood 
component of growth: GHD, hypothyroidism, psychosocial deprivation, severe 
malnutrition, some dysplasias (measure OFC and segments). Line C, Failure of 
the pubertal component of growth: constitutional delayed puberty, 

hypogonadism, hypochondroplasia. At point 1 the girl is at the bottom end of 
her genetic range for parents B, but abnormally short for parents A. Subsequent 
growth rate is poor and worse for height than weight indicating a high chance 
of an endocrine abnormality causing the short stature. At point 3 the girl is at 
the top end of her genetic range for parents A, but abnormally tall for parents B. 
By point 4 her growth rate is abnormal indicating an acquired cause of tall 
stature (e.g. thyrotoxicosis, early sex hormone exposure, gigantism).

may be thought of as oscillating 25–75% except for children with 
delayed puberty, when the exaggerated prepubertal nadir of 
growth produces values less than 4  cm/year and below the 25th 
centile. The theoretical chance of annual growth velocities in a 
normal child being below the 25th centile over 2 years would be 
0.25 × 0.25 or 6.25%.

On average, growth is slower in winter than summer and, if 
monitored longitudinally in a normal child, can show relatively 
fi xed periods of mild acceleration (e.g. the “preschool growth 
spurt”) or deceleration (e.g. the prepubertal nadir”) [17].

Standard deviation scores
Any normally distributed measurement for which population 
standards exist may be expressed as a standard deviation score 
(SD or Z score), which allows for comparison of children within 
the reference population of different ages and sex:

SD (Z score) = x − x̄/SD,

where x is the measured value; x̄ the mean and SD the standard 
deviation for a given population. In a characteristic normally 
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distributed population, the SD has a mean of 0 and a SD of 1, −1 
to +1 including 68.26% and −2 to +2 95.44% of the population, 
respectively. Only 0.13% of a population has a SD of more or less 
than 3.

How to use a growth chart
First plot simple height and weight and compare the individual 
with the population. Always use a simple dot rather than crosses 
or circles that can obscure data and do not joining successive 
points with a line. What is the relationship of the subject’s weight 
to height? Are they relatively heavier than short; tall and thin; tall 
and heavy, etc. – all of which patterns may increase the likelihood 
of pathology. Plot height for bone age (if available) and stage 
of puberty (given on many centile charts; Fig. 6.3). Compare 
the subject’s centile position to that of their parent(s) and 
sibling(s).

It is usually possible to assess visually if the subject is likely to 
achieve his/her predicted adult height, given the degree of bone 
or sexual maturation. A bone age-based height prediction can be 
used if the skeleton is normal.

Plot sitting height and leg length to assess disproportion and 
compare the head circumference to height (and parental head 
size) to assess possible macrocephaly or microcephaly as part of 
documentation of dysmorphology.

At subsequent visits or, where prior information exists, height 
velocity can be estimated visually on the cross-sectional chart or 
plotted on a longitudinal chart. Because of the sex hormone-
augmented growth of the back and increased secretion of growth 
hormone, the pubertal height spurt is dependent on the timing 
of gonadal steroid production. This is variable, with some indi-
viduals maturing early or later than their contemporaries, often 
with a family pattern that is obtainable from the history. It is 
important to take into account this “tempo” of maturation when 
assessing growth around puberty. Figure 6.3 shows some exam-
ples of the use of the growth chart in practice.

Structured clinical assessment

History
The general points to be noted in the assessment of any child with 
a growth disorder are shown in Table 6.2.

Examination
A systematic approach to the general examination of a child with 
a growth disorder starts at the periphery, moves to the arms 
and to the head and neck before the body, skin and parents 
(Table 6.3).

Short stature

The ESPE classifi cation system of growth disorders has been used 
to base the structure of the following section, which will also be 
structured to differentiate early presenting from late presenting 
growth disorders, where possible [1]. Short stature may be cate-
gorized as:
(a) Primary growth failure
Clinically defi ned syndromes with chromosomal abnormalities
Clinically defi ned syndromes without known chromosomal 

abnormalities
Intrauterine growth retardation with failure to demonstrate 

catch-up
Skeletal dysplasias
Disorders of calcium and phosphate, metabolic disorders and 

primary disorders of bone.
(b) Secondary growth failure
Disorders in specifi c systems
Endocrine disorders, including:

Growth hormone defi ciency (congenital/acquired)
Growth hormone insensitivity

Iatrogenic short stature
Psychosocial short stature.
(c) Constitutional short stature
Idiopathic familial short stature
Constitutional short stature with pubertal delay
Non-familial short stature with or without pubertal delay.

Epidemiology
Organic pathology causing short stature is rare. In a study of 
114  000 children measured once or serially (80  000) for 2 years 
the frequencies of growth abnormalities outside those already 
known in the growth clinic were examined [18]. Of 1200 identi-
fi ed initially as <−2  SD below the mean, most were in the normal 
centile range and growing at a normal rate on remeasurement. 
Of the 555 children with heights <3rd centile and growing poorly, 
familial short stature and constitutional delay in growth accounted 
for 75% and 10% had a systemic illness. Only 5% had an endo-
crine disorder. Thirty-three had GH defi ciency, although half of 
these were already diagnosed. Six girls had undiagnosed Turner 

Table 6.1 Some syndromes with specifi c growth charts.

Turner Height, height velocity, weight
Trisomy 21 Height, weight, OFC
Noonan Height
Prader–Willi Height, weight, OFC, hand and foot length
Russell–Silver Height
Cornelia de Lange Height, weight, OFC
Laron Height
Achondroplasia Height, OFC, segments
Hypochondroplasia Height and segments
Pseudoachondroplasia Height
Spondyloepiphyseal dysplasia Height
Diastropic dysplasia Height
Cartilage-hair hypoplasia Height
Marfan syndrome Height

OFC, occipito-frontal circumference.
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syndrome. The incidence of GHD (defi ned as a peak response to 
stimulation of <10  ng/dL in this study) was 1 in 3500.

In another study, 180 of 14  000 children at school entry were 
found to have heights below the 3rd centile, the majority with 
familial short stature; 32/180 had organic disease, already recog-
nized in 25. Only 1 in 3500 of the total population had an unrec-
ognized remediable cause of short stature [19].

Primary growth failure
Primary growth failure is divided into those with or without clini-
cal syndromes with chromosomal abnormalities. To some extent, 
this is artifi cial because many conditions that had no previously 
known chromosomal abnormality have been found increasingly 
to have abnormalities such as subtle deletions. Numeric abnor-
malities, especially Turner syndrome, are important, usually 
resulting in well-defi ned abnormalities accompanied by short 
stature.

Clinically defi ned syndromes with numeric 
chromosomal abnormalities
Conditions in this category include Turner syndrome (45XO and 
variants), Down syndrome (trisomy 21), Edward syndrome 
(trisomy 18), Patau syndrome (trisomy 13) and triploidy. Only 
Turner syndrome presents primarily as a growth disorder because 

the other conditions usually have such severe associated abnor-
malities, including neurodevelopmental delay, that they present 
early in life.

Turner syndrome and SHOX insuffi ciency
Turner syndrome can present antenatally, in the neonate, in 
infancy, at puberty or in adulthood.

First described by Ullrich in 1930 and Turner 8 years later 
[20,21], this is the most common female sex chromosome abnor-
mality. Most affected fetuses abort spontaneously early in preg-
nancy but enough survive to give a prevalence rate of approximately 
1 in 2500 live female births. Presumably fetuses with the least 
severe chromosomal abnormality and highest tissue mosaicism 
are the ones that survive to term.

In approximately 50% of cases, the entire X chromosome is 
missing in peripheral blood lymphocytes but there are several 
other possible karyotypic abnormalities that produce the syn-
drome and frequently tissue mosaicism. Partial absence of the 
second X chromosome, inversions and ring chromosomes may 
all be present in this syndrome, with a frequency given in Table 
6.4 [22]. The presence of Y chromosomal material may be associ-
ated with the later development of gonadoblastoma and must be 
excluded early. In some individuals, the mosaicism may be such 
that the blood karyotype is entirely 46XX but the features of 

Table 6.2 Points to note in the history of a child presenting with a growth disorder.

Presenting complaint Parents and child (this may be different and different again from professional concern)

How long have they been worried?

Specifi c symptoms In any system that may indicate chronic illness

Details of the pregnancy, gestational age, mode of 
delivery, neonatal ill health, birth measurements

Maternal ill health, prescription medication or drug/alcohol use

Neonatal problems e.g. hypoglycemia (congenital hypopituitarism), jaundice (congenital hypothyroidism or hypopituitarism), 
fl oppiness and feeding diffi culty (Prader–Willi syndrome), puffy hands and feet, coarctation (Turner 
syndrome)

Current growth rate, past medical records, home 
measurements

Is the child growing out of their clothes and shoes before they wear out?
Any recent change in weight pattern?

Family history Parental and sibling heights, (preferably measured), maternal menarche, delayed or early shaving/growth in 
father, marked short/tall stature, consanguinity

In particular any endocrine disorders, endocrine malignancy and autoimmunity, early heart disease or eye 
problems

Social details Home
Sport, career aspirations
Teasing/bullying at school

Developmental or educational concentration, behavior

Medication Any regular treatment (including topical and inhaled steroid preparations, substance abuse, methylphenidate)

Past medical events Even “trivial” procedures; e.g. herniae, undescended testes

Diet

Any symptoms suggestive of early sexual development Moody, sweaty, body odor, spots, PV discharge, hair, breast, penis growth
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Table 6.3 Points to note in the examination of a child presenting with a 
growth disorder.

General observation Activity, demeanor and interaction

Hands Dermatoglyphics
Joint mobility
Long or short fi ngers/abnormal thumb
Abnormal/extra digits
Clubbing. Nail size/shape
Pigmentation, abnormal color

Wrist Rickets

Arms Span
Abnormal bones; fusion with limited 

rotation; angulation

Neck Webbing; extra skin; low hairline
Goitre tremor, exophthalmos or other signs 

of thyrotoxicosis

Hair Pattern, whorls, hair loss, texture

Head and eyes
Any midline defects are of 

particular importance

Skull shape
e.g. Hypertelorism or hypotelorism, 

epicanthic folds; ptosis; blepharophimosis, 
microphthalmia and exophthalmos

Abnormal retinae and discs, visual fi eld 
defi cit, appearance and the position of 
the lens

Mouth and palate Tooth eruption, abnormality of enamel and 
teeth

Tongue and lips (neuromas in MEN2b)

Ears Position and shape

Central nervous system Developmental level

Chest Shape, lung abnormality

Breast tissue Puberty, structural abnormalities

Spine abnormality Scoliosis, kyphosis, lordosis

Cardiovascular system Blood pressure, heart abnormality

Abdomen Organomegaly, masses, herniae

Genitalia Stage puberty
Structural abnormalities – hypogonadism, 

cryptorchidism

Body shape Muscle and fat distribution
Asymmetry

Skin Birthmarks, naevi, pigmentation, fragility, 
pigmented scars

Hirsutism

Parents Size, proportions, dysmorphic features, 
development

MEN2b, multiple endocrine neoplasia type 2b.

Table 6.4 Recognized chromosomal abnormalities in Turner syndrome.

45X 40%

45X/46 Xi(Xq) 10% (mosaic isochromosome long arm)

46Xi (Xq) 6% (isochromosome long arm)

45X, 46Xr (X) 5% (ring)

45X, 46XX 12% (mosaic)

45X, 46XY 4% (gonadoblastoma risk 20–30%)

45X, 46Xi (Yp) 2.5% (gonadoblastoma risk 20–30%)

Other including:
45X/47XXX,
45X/46XX/47XXX
Tissue, not blood

18%

Turner syndrome are present. In such cases, it may be useful to 
examine fi broblast cell lines.

The short stature in Turner syndrome occurs because only one 
copy of a homeobox gene (SHOX) is present. This is a gene on 
the pseudoautosomal region of both the X and Y chromosome 
so the gene is not inactivated and two copies are required for 
normal stature [23]. If no copies are present, the severe short 
stature syndrome of dyschondrosteosis or Leri–Weill syndrome 
emerges and there is marked mesomelic short stature and severe 
forearm abnormalities (Madelung deformity), with high arched 
palate and sometimes scoliosis. The short metacarpal and abnor-
mal radio-ulnar angle at the wrist are milder abnormalities found 
in Turner syndrome. There may also be a high arched palate. The 
importance of the SHOX abnormality is that approximately 2.5% 
of children with idiopathic short stature have some features of 
SHOX insuffi ciency, including short forearms, a wide carrying 
angle, a muscular build and abnormalities of the gene which may 
be confi rmed on genetic testing.

Short stature is almost invariable in Turner syndrome and 
tends to progress so that approximately 50% of girls are outside 
the normal range at 5 years of age, 75% at 9 years but almost all 
by the time puberty should have started. There is a 20-cm height 
defi cit from that expected from the genetic potential so that, if 
both parents are tall, the girl’s height may fall well into the normal 
centile range, especially in early childhood but will be outside her 
predicted genetic height. A disease-specifi c growth chart is avail-
able and should be used to monitor growth once the diagnosis is 
established [24,25].

A list of the physical characteristics is given in Table 6.5(a) with 
the risks they pose in early and later life. Table 6.5(b) gives a sug-
gested surveillance program for the adult woman [26,27].

In the neonate, a baby born with lymphedema of the back of 
the feet, hands and the neck should be suspected as having Turner 
syndrome. Likewise any female baby with coarctation has Turner 
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Table 6.5 (a) Phenotypic features and risks of Turner syndrome in the adult and child.

System In child In adult Other

Short (90%+) GH treatment Unknown long-term risks Defi cit 20  cm compared to MPH – if 
very tall parents then in normal 
range

Weight Tend to put on easily Type 2 diabetes
General health risks

Type 1 diabetes Rare Increased risk 35% overall type 1 and 2 lifelong risk

Thyroid ±20% hypo ±40% hypo Pick up early TSH and antithyroid 
antibodies

Eyesight Eyes – (myopia) Myopia, macular degeneration

Hearing Glue ear (60%+) Nerve problems in older (50%) Audiology

Blood pressure Common Common
Stroke
(Lipids + BP + CVS abnormalities)

Treat early
Worse if weight problem

Kidney problems (30%) USS (horseshoe) Fairly common May relate to BP

Osteoporosis Delayed puberty, inadequate 
oestrogens

Diet adequate in calcium

Fertility, ovarian dysgenesis 90% USS ovaries Egg donation (?oocytes in future)

Periods USS uterus Dysfunctional uterine bleeding Patch or “pill”

Heart (±30%) ECG, echo at diagnosis (? Coarctation; 
aortic stenosis)

Dilated aorta (total 5–10% – dissects 
60%)

MRI aorta 5 yearly

Other “silent” problems
Lipids
Bicuspid valves

Back Scoliosis (15%)

Feet Hypoplastic nails (60%) –shoe fi tting Chiropody 75% have foot problems

Skin Naevi (60%+) Melanoma risk Keloid risk increased

Lymphedema Feet (40%), back, neck Feet Shoe fi tting diffi cult

Orthodontic High palate (50%) and orthodontic Orthodontic

Liver Abnormal tests Tests abnormal Signifi cance unknown

Psychology “Different,”
Fertility
Height
Cosmetic
Visuospatial problems

“Different,”
Fertility
Height
Cosmetic
Visuospatial problems

Support groups
Leg lengthening
Plastic surgery

Education Visuospatial problems
Handwriting

May need more time at exams Rarely major defi cit

Rarities Gonadoblastoma related to Y 
chromosome

Cancers and ulcers? IBD ? Slight increase colon cancer
Possibly risk

BP, blood pressure; CVS, cardiovascular system; ECG, electrocardiogram; GH, growth hormone; IBD, irritable bowel disorder/disease; MPH, midparental height; 
MRI, magnetic resonance imaging; TSH, thyroid stimulating hormone; USS, ultrasound.
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syndrome until proved otherwise because about 30% of Turner 
girls are affected. Some girls with the condition have a broad 
chest, abnormal carrying angle, low set hairline and ptosis from 
birth and may be diagnosed with these features. The ears are often 
rather low set and malformed but usually not as markedly as in 
Noonan syndrome.

Glue ear is extremely common and short girls with the condi-
tion attending ENT clinics should be screened for Turner syn-
drome. Eighth nerve hearing loss may also be present, especially 
in later life. Myopia may be severe and produce a squint. However, 
in approximately 40% of girls, the physical features are insuffi cient 
to make an early diagnosis and they present only with short stature. 
Thus, Turner syndrome should be suspected in all short girls.

Stature will be on a centile lower than the height predicted 
from the parents. The girls are usually proportionate, although 
the upper limbs may be slightly short if span is measured. Rela-
tively invariable mild features are multiple pigmented naevi and 
hypoplastic nails, especially on the foot, ptosis, a low posterior 
hairline and high arched palate. It is particularly important to 
identify the presence of mild coarctation of the aorta by assess-
ment of the cardiovascular system, measuring blood pressure and 
palpating the peripheral pulses. Mild lymphedema may still 
persist into later life, particularly between the shoulder blades and 
on the back of the feet.

The other cardinal feature of Turner syndrome is pubertal 
failure secondary to ovarian failure. The “rule of diminishing 10s” 
says that about 10% of Turner syndrome girls develop spontane-
ous puberty (most commonly the mosaic forms); of these 10% 
will fi nish puberty and menstruate and 10% of those will ovulate 
and be able to conceive, although successful full-term pregnancy 
is uncommon. Girls with no signs of breast development after the 
age of 12 should have their gonadotropins measured and chro-
mosomes checked if the follicle stimulating hormone (FSH) is 
raised. Pelvic ultrasound will show a small uterus and absent or 
streak ovaries with few or no follicular development.

Hypothyroidism occurs in 40% of Turner girls due to autoim-
mune thyroiditis, becoming more common with age, so the neck 
should be examined for a goiter and thyroid stimulating hormone 
(TSH) measured annually. Celiac disease and diabetes (types 1 
and 2) also are more common than in normal girls but rarely 
present symptomatically at diagnosis.

Abnormalities of the renal tract should be assessed by ultra-
sound at diagnosis and 5-yearly thereafter. Most common are an 
asymptomatic horseshoe kidney or a duplex system but urinary 
infections may lead to scarring and hypertension, although renal 
artery stenosis also contributes. In older Turner girls, hyperten-
sion is common and there may be progressive dilatation of the 
aortic root. All girls with Turner syndrome should have an annual 
assessment of blood pressure and a 5-yearly magnetic resonance 
imaging (MRI) of the heart and aorta.

Most girls with the condition function well in normal schools, 
although there are commonly subtle abnormalities of visuospatial 
coordination, slow handwriting and sometimes isolated learning 
diffi culties in mathematics.

Multiple gonadal dysgenesis 45X/46XY or 45X/47XYY pro-
duces highly variable genital abnormalities (including normality) 
but failure of pubertal growth occurs in those individuals not 
diagnosed because of a disorder of sexual development.

Down syndrome and other numerical 
chromosomal abnormalities
These conditions present antenatally or in the immediate neona-
tal period. Down syndrome (trisomy 21) is the most common 
chromosomal abnormality, although increasingly picked up on 
antenatal screening. Like Turner syndrome it produces a height 
defi cit of approximately 20  cm but there is no relation to parental 
size. The pubertal growth spurt is blunted. Ten to 20% of cases 
have biochemical evidence of mild growth hormone insuffi ciency 
probably caused by hypothalamic dysregulation and/or obesity. 
Coexistent thyroid disease and celiac disease make the height 
defi cit more marked and are common enough for routine 
screening. Individuals are typically more heavy than short in 
comparison to the normal centile range and syndrome-specifi c 
growth charts should be used to monitor growth after diagnosis 
[27]. Almost all individuals with Down syndrome present because 
of their dysmorphic features and learning diffi culties in early 
life.

Edward syndrome (trisomy 18) and Patau syndrome (trisomy 
13), both related to increasing maternal age, also result in extreme 
short stature in the relatively few individuals who survive the 
neonatal period. Survival beyond the neonatal period refl ects 
tissue mosaicism.

Other mosaic trisomies are well described and these individu-
als are usually diagnosed because of their severe physical malfor-
mations or learning disability long before they present at a growth 
clinic. Triploidy (66 XXY or XYY) may occasionally be compati-
ble with survival in chimeric/mosaic individuals in whom bulbous 
nose and wide simian creases on the feet are usually associated 
with short stature.

Table 6.5 (b) Surveillance of Turner syndrome required in adult woman.

Frequency

Weight Yearly
Blood pressure Yearly
Glucose Yearly
TSH Yearly
U&E, creatinine Yearly
DEXA At transfer +5 yearly
Heart USS (MRI) At transfer +5 yearly
Eye test Regular optician review
Audiology 5 yearly
Fertility As needed

Psychology – peer support As needed but ask each visit

DEXA, bone densitometry; TSH, thyroid stimulating hormone; MRI, magnetic 
resonance imaging; U&E, urea and electrolytes.
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Clinically defi ned syndromes with no known 
chromosomal abnormality
Noonan syndrome
Noonan syndrome may present antenatally with its marked 
nuchal edema, in the neonatal period with a heart abnormality 
or with pronounced physical features but often presents later in 
childhood or puberty. This syndrome is slightly more common 
than Turner syndrome and can occur in both sexes. It has some 
superfi cial similarities to Turner syndrome but no major struc-
tural abnormality of the chromosomes. The most common phys-
ical features are seen in the head and neck, with a short neck, 
webbing, wide spaced eyes, ptosis, abnormal ears and occasional 
deafness. In boys there may be cryptorchidism and testicular 
abnormalities. Impaired fertility is a feature in both sexes.

Short stature is almost invariable and disease-specifi c charts are 
available once the diagnosis has been established [28]. The height 
defi cit is approximately 15  cm with a delay in pubertal growth 
which can be more severe in boys with hypogonadism. Because 
one parent may be affected, it is important to examine the parents 
before concluding from the mid-parental height that the child has 
constitutional short stature.

Pectus carinatum may be present. The heart defect, if present, is 
more commonly on the right side of the heart, in contrast to Turner 
syndrome. Hypertropic cardiomyopathy may occur. Before any 
surgery, clotting factors should be measured because about 40% of 
patients have a bleeding diathesis. The low set abnormal ears are 
more marked than in Turner syndrome, as is the ptosis. School dif-
fi culties are also more common than in Turner syndrome.

Noonan syndrome is caused by a mutation in several genes on 
different chromosomes and at least fi ve subtypes are described, 
including NS2, an autosomal recessive form; NS3 with a mutation 
in KRAS gene; NS4 with a mutation on chromosome 2 of SOS1 
gene (and more frequent heart abnormalities) and NFNS with 
neurofi bromatosis-like features. The most commone abnormal-
ity, inherited in an autosomal dominant fashion, which occurs in 
about 50% cases, is in the PTPN11 gene on the long arm of 
chromosome 12, which codes for tyrosine phosphatase, a non-
receptor protein [29].

Imprinting disorders
Imprinting is an inactivation of some of the normal maternal or 
paternal gene copies (about 80 in the human) by methylation 
during the formation of gametes. Because of duplication of one 
parental chromosome (parental isodisomy) or duplication of the 
gene or structural damage to the other copy, only copies of the 
same parental gene may be expressed, resulting in abnormalities 
[30].

Russell–Silver syndrome
Russell–Silver syndrome presents antenatally with poor fetal 
growth or in the neonatal period, when feeding diffi culties are a 
prominent (some would say obligatory) feature. Diagnosis is 
often delayed until the failure of catch-up growth is noticed. The 
syndrome includes facial abnormalities with a large forehead and 

a small triangular lower face. There is hemihypertrophy and a 
bending of the fi fth fi nger (clinodactyly). The short stature per-
sists after the fi rst 2 years of life and the bone age is delayed. Final 
height prognosis is poor (−3 to −4  SD) because these individuals 
experience adrenarche and puberty at an age- but not height-
appropriate time, resulting in a worse fi nal height than would 
otherwise be anticipated. Several genetic abnormalities have been 
described, on different chromosomes but two copies of the mater-
nal chromosome 7 have been described in approximately 10% of 
cases, implicating imprinting as one mechanism [31,32].

Prader–Willi syndrome
Prader–Willi syndrome (PWS) may present in the neonatal 
period because of the extreme hypotonia and feeding diffi culties 
sometimes requiring nasogastric tube or gastrostomy feeding. 
Milder cases can present later in childhood or occasionally with 
failure of puberty.

PWS affects approximately 1 in 15  000 live births. Short stature 
is almost invariable (adult height 147  cm female; 155  cm male) 
but most children are diagnosed in the neonatal period because 
of extreme fl oppiness. Hypogonadism may also be a presenting 
feature in the neonatal period with a small penis and small or 
impalpable testes. Infertility is almost invariable in females 
(Prader, personal communication).

Milder cases can present with short stature in mid-childhood 
and there may be a history of poor feeding and hypotonia in the 
neonatal period to be gathered in retrospect. The children are 
short, have small hands and feet and almond-shaped eyes with 
myopia or esotropia. Increasingly obsessive behavior regarding 
feeding develops with age and the typical older child with PWS 
is short with severe and progressive obesity and pubertal delay. 
Behavioral problems include skin self-mutilation. Scoliosis is 
common in late childhood or in puberty. Adult females have oli-
gomenorrhea and males usually need testosterone supplementa-
tion. Type 2 diabetes and cardiovascular disease occur early 
secondary to obesity. The mean developmental quotient (DQ) is 
65 but developmental delay is very variable. Syndrome-specifi c 
growth charts are available [33].

The most common abnormality resulting in PWS is an imprint-
ing of several genes on the long arm of chromosome 15. Loss of 
the paternal copy or duplication of the maternal copy results in 
the syndrome: the opposite imprinting of the same gene with 
duplication of the paternal copy causes the Angelman syndrome. 
Individuals with this disorder have abnormalities in the secretion 
of ghrelin from the stomach which usually precedes ingestion of 
food. This peptide usually releases GH in a delayed manner and 
stimulates appetite in the short term. In PWS the high basal 
concentrations are associated with increased appetite but low/
low-normal GH concentrations [34].

Other syndromes
There are almost 2000 other syndromes associated with short 
stature. Some of the more common conditions presenting to a 
growth clinic are listed in Table 6.6 along with their major fea-
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Table 6.6 Some important syndromes associated with short stature.

Syndrome Features Genes

CHARGE An association of iris coloboma, heart defects, choanal atresia, 
retarded growth and development, genital and ear abnormalities

GHD not uncommon fi nding along with hypogonadotropic 
hypogonadism

Chromodomain helicase DNA-binding protein-7 (CHD7) 
8q12.1 also by mutation in the semaphorin-3E gene 
7q21.1

SHORT Short stature, hyperextensibility and hernia, ocular depression, 
Rieger anomaly and teething delay

Isolated Rieger syndrome can be caused by mutation in the 
PITX2 gene chromosome 4q25

Fanconi Proximal tubular defect producing failure to thrive, polydipsia and 
polyuria. Renal loss of electrolytes produces symptomatic 
acidosis, paralysis, fractures, etc.

There is a high (50%) incidence of growth hormone and thyroid 
abnormalities (35%) on testing

Mutation of one of several Fanconi “complementation” genes 
at 16q24.3

Bartter & Gitelman Renal tubular abnormalities with electrolyte loss producing short 
stature – more marked in Bartter syndrome – and hypokalemic 
alkalosis

Bartter several subtypes, the most common type 3 caused by 
mutation in the kidney chloride channel B gene, 1p36

Gitelman, thiazide sensitive Na-Cl co-transporter on 16q13

Bloom Autosomal recessive with a predisposition to easy DNA damage 
from sunlight producing skin lesions, internal malignancy and 
chromosomal breakage

Mutations in the gene encoding DNA helicase RecQ protein-
like-3 15q26.1

Aarskog
(Aarskog–Scott)

Shawl scrotum, cryptorchidism (variable) prominent fi nger pads and 
joints, wide spaced eyes

Some X-linked with mutation of FDG1 but likely 
heterogeneous

Kabuki make-up Developmental delay, long eyes with everted lateral one-third of 
lower lids, broad nose, large earlobes. Spinal, hip and hand 
abnormalities

Sporadic. Exact gene abnormality currently not known

3M syndrome Autosomal recessive, hatchet-shaped face from side, prominent 
heels and relatively preserved head circumference. The bones are 
slender and the vertebrae relatively tall

Mutation of CUL7 on chromosome 6p21.1 that controls 
ubiquitination a process of protein modifi cation and 
degradation

Mulibrey nanism Muscle liver brain and eye; large head with triangular face 
reminiscent of Russell–Silver syndrome. Liver enlarged due to 
constrictive pericarditis

Also probably due to a disorder of ubiquitination, a mutation 
of the TRIM37 gene, which encodes a peroxisomal protein. 
17q22-23

Cornelia de Lange syndrome
(Brachmann–de Lange)

Low hairline with fused eyebrows (synophrys) downturned mouth 
and anteverted nostrils. Developmental delay

Several forms with a similar phenotype but different genes on 
several chromosomes have been implicated. 50% due to 
mutation of 5p13.1 encoding a component of the cohesin 
complex

tures and genetic abnormality when known. A computerized 
search engine such as the London Dysmorphology Database [35] 
can be used to narrow down possible diagnoses. The key to accu-
rate syndrome diagnosis of often exceptionally rare disorders lies 
in a structured approach to assessment.

Every time an abnormality is found, it should be noted and 
quantifi ed if possible using data from Hall et al. [36]. At the end 
of the examination, the features can be arranged with the most 
abnormal “handles” fi rst and which of them are “mandatory” in 
the search can be listed. A list of possible diagnoses can then be 
obtained from the search engine and refi ned by eliminating some 
disorders (e.g. a diagnosis of Seckel syndrome is not tenable if 
microcephaly is not present) and looking at the supplied photo-
graphs and references. The Online Mendelian Inheritance in Man 

website (OMIM) [37] can be used to retrieve full up-to-date 
information.

Intrauterine growth retardation and small for 
gestational age
Made in relation to appropriate standards for gestational age, 
IUGR should be a prenatal diagnosis and small for gestational age 
(SGA) a postnatal one. Apart from SGA secondary to the Russell–
Silver syndrome, other syndromes with well-defi ned physical 
abnormalities also produce marked IUGR with later sometimes 
extreme short stature, including Seckel syndrome, microcephalic 
osteodysplastic primordial dwarfi sm types 1–3 (MOPD), neona-
tal progeria and other conditions which may be lumped together 
under the headings “primordial short stature” (Table 6.7).
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SGA affects 2.5% of all births and can be subdivided into those 
babies who are short and thin, those who are merely underweight 
and those who are short but of normal weight. When taken as a 
whole, approximately 80% of children catch up during the fi rst 
2 years of life and attain a height in their predicted genetic range 
but 15–20% of children remain small as adults [13]. Prenatal 
infection or exposure to alcohol, drugs of abuse and heavy 
smoking may sometimes be likely culprits but no cause is found 
in most cases. Attempts to force-feed such infants to promote 
catch-up should be resisted because of the latter effects of rapid 
weight gain on cardiovascular risk factors.

SGA individuals are often thin and there is increasing evidence 
that there may be related metabolic consequences of being born 
small both with and without catch-up growth [38].

Children born prematurely are often short in the fi rst 5 years 
of life, with more extreme shortness being produced by more 
extreme prematurity. These children also show late adverse meta-
bolic consequences (hyperlipidemia, hypertension, insulin resis-
tance) of catch-up growth if it occurs, and some children with 
the most extreme prematurity are short as adults.

Skeletal dysplasias
Skeletal dysplasias can present at any age and the diagnostic 
assessment of these depends partly on the age of onset. There are 
approximately 120 different skeletal dysplasias. Each is rare and 
any dysmorphology search would include the skeletal radiographs 
needed for a diagnosis. The “International nosology and classifi -

cation of constitutional disorders of bone” ([39] and online) 
defi nes 33 groups of dysplasia, based increasingly on genetic 
understanding of the basic defects. Few present to an endocrine 
clinic and there are increasing numbers of specialist bone dyspla-
sia clinics held jointly between physicians, geneticists and 
surgeons.

The approach to skeletal dysplasias is determined fi rst by the 
age of presentation: neonatal, childhood or later. Accurate mea-
surement of head circumference, length and limb length is needed 
with, if possible, measurement of the individual segments of the 
limbs using an anthropometer or tape measure. This allows 
the determination of the segment of the limb most affected by 
the dysplasia, the upper section of the limbs (rhizomelia), the 
middle (mesomelia) or the lower part (acromelia). Whether the 
skull and/or spine are involved is relevant because the modeling 
of the membranous bones of the skull and the ossifi cation of 
spinal growth centers are under separate genetic control. Skeletal 
radiographs allow full determination of the involvement of the 
epiphyses, metaphyses or shaft of the bones. In some skeletal 
dysplasias, there are additional specifi c abnormalities of the pelvis 
or of bone morphology for instance. The basic radiographs 
required for a limited skeletal survey are given in Table 6.8. What 
matters is not who takes the fi lms but who reads them and few 
radiologists have the necessary expertise.

In this manner, dysplasias may be classifi ed as of neonatal, 
childhood or late onset. Acromelic, mesomelic or rhizomelic can 
be used in conjunction with “cranio” if there is involvement of 
the head and “spondylo” for spinal involvement. A compound 
description such as “neonatal rhizomelic cranio metaphyseal dys-
plasia” might be obtained and the diagnosis confi rmed using a 
textbook or a dysmorphology database.

Hypochondroplasia
The most common skeletal dysplasia presenting primarily to a 
growth clinic is hypochondroplasia. In mild cases without a rec-
ognized family history, it often presents at or near puberty because 
the absence of a pubertal growth spurt is characteristic. Hypo-
chondroplasia results in short stature of variable severity with a 
mean fi nal height in the range 145–165  cm for males and 130–
150  cm for females. Disease-specifi c growth charts are available 
[40]. The condition is often dominantly inherited and is one 

Table 6.7 Primordial short-stature syndromes.

Seckel syndrome Average birth weight 1.5  kg and eventual height −7 
SD, average head circumference −8 SD forehead 
and chin slope backwards leaving mid-face 
prominent with protruding eyes and nose. 
Developmental delay

Microcephalic 
osteodysplastic 
primordial dwarfi sm 
(Majewski syndrome) 
has three subtypes, 
MOPD 1–3

All resemble Seckel syndrome but with different 
skeletal and dental abnormalities. Type 2 individuals 
have generally normal developmental progress. The 
head circumference becomes more abnormal with 
age. With time they develop truncal obesity and 
insulin resistance. They produce the most severe 
short stature described in humans with a height SDS 
of −10 SD and a fi nal height of around 100  cm

Neonatal progeria Recognizable at birth with small size, aged 
appearance, lipoatrophy, pseudohydrocephalus and 
developmental delay

Other Small numbers of cases of primordial dwarfi ng 
syndromes have been described in individuals or 
isolated kindreds. Some of these affected individuals 
die in the neonatal period, some are associated 
with immunodefi ciency and some with major 
skeletal abnormalities (such that they more correctly 
represent unknown forms of skeletal dysplasia)

Table 6.8 Investigation of disproportionate short stature.

Limited skeletal survey
(Lateral skull, chest, AP and lateral spine; pelvis and hips, one long bone, bone 

age)
Full blood count (for vacuolated white cells – non-specifi c fi nding in some 

storage disorders)
Urine and white cell enzyme concentrations for mucopolysaccharidosis/

mucolipidosis
Calcium, phosphate and alkaline phosphatase
PTH

PTH, parathyroid hormone.
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of the situations where the genetic potential must be interpreted 
with care. If a parent is affected, the mean parental height will 
appear to be low and one may therefore erroneously assume that 
the child has constitutional short stature, particularly if the child 
presents early and disproportion is not clinically so evident. One 
should always measure the parents to establish whether one of 
them has short legs. It is often easier to establish a diagnosis in a 
parent with more mature bones on X-ray if there is doubt about 
the diagnosis.

Hypochondroplasia is caused by a mutation in the FGF3 gene 
similar to achondroplasia but of the intracellular tyrosine kinase 
domain rather than the trans-membrane receptor.

Achondroplasia
Achondroplasia results in much more severe short stature and 
patients rarely present primarily to the growth clinic. Affected 
individuals have macrocephaly and rhizomelia. Specifi c growth 
charts are published for head circumference, height and limb 
length in this disorder [41]. The mean fi nal height is between 100 
and 140  cm.

Achondroplasia is caused by mutation in the trans-membrane 
portion of the same FGF3 receptor affected in hypochondropla-
sia. In most cases, it is the father’s allele that carries a mutation 
related to age. As in hypochondroplasia, the condition is inher-
ited in an autosomal dominant manner but new mutations are 
the most common cause.

In both hypochondroplasia and achondroplasia there is a lack 
of widening of the lumbo-sacral spine and a relatively longer 
fi bula than tibia, which may be used in the milder cases of hypo-
chondroplasia to help establish the diagnosis if genetic testing is 
not available.

Some other skeletal dysplasias can produce extremely severe 
short stature, especially those with spinal as well as limb involve-
ment. In the spondylo-epiphyseal dysplasias, for instance, the 
spine is severely shortened and often has a scoliosis that further 
diminishes height.

Disorders of calcium and phosphate, metabolic disorders 
and primary disorders of bone (see Chapter 20)
Hypophosphatemic rickets
Hypophosphatemic rickets is usually carried on the X chromo-
some and the disease is thus more severe in boys. Presentation is 
with early-onset vitamin D unresponsive rickets, short stature 
and marked bowing of the legs that reduces stature further. Muta-
tions in the gene for a fi broblast growth factor (FGF-23) leads to 
autosomal dominant hypophosphatemic rickets by causing rela-
tive overexpression of this phosphaturic compound. FGF-23 is 
itself metabolized by an endopeptidase and PHEX mutations 
(which code for this protein) cause the classic X-linked form.

Pseudohypoparathyroidism
Pseudohypoparathyroidism presents at any age through child-
hood to adult life, depending on the severity of the features. Type 
1a pseudohypoparathyroidism (Albright hereditary osteodystro-

phy) produces short stature and usually obesity. The fourth (and 
sometime third and fi fth) metacarpal is usually short and there 
may be subcutaneous calcifi cation. Hypocalcemia with raised 
PTH concentrations implies a resistance at the serpentine guanine 
nucleotide binding protein alpha subunit (GNAS) linked receptor 
but this is variable even within families, possibly due to imprint-
ing effects. Pseudopseudohypoparathyroidism is a description of 
the abnormal phenotype with normal calcium concentrations 
(see Chapter 20).

Conditions with a relatively short back
Osteogenesis imperfecta
Osteogenesis imperfecta has many subtypes (Table 6.9). The 
severe forms present as neonatal death and severe recurrent frac-
tures but milder forms may occasionally present to a growth clinic 
with short stature.

Metabolic conditions
Metabolic conditions affecting growth are all rare and most 
present because of their major skeletal abnormalities or develop-
mental delay. They include mucopolysaccharidoses (MPS), muco-
lipidoses and osteogenesis imperfecta. Some of the milder 
mucopolysaccharidoses (e.g. juvenile Hunter syndrome – type 2 
MPS) can present primarily with short stature in the growth 
clinic. These individuals have a limitation of movement of the 
fi ngers producing a claw-like hand deformity and they may have 
mild clouding of the cornea. Heart abnormalities develop in 
young adult life.

Morquio syndrome (type 4 MPS) and mucolipidosis type 3 
may also present fi rst to the growth clinic with features similar to 
juvenile Hunter syndrome.

Disorders in specifi c systems
The secretion of growth hormone can be modifi ed by input from 
higher centers. Its peripheral action can be decreased by infl am-
matory cytokines. Poor nutrition will also result in high concen-
trations of insulin-like growth factor binding proteins, in an 
evolutionarily adaptive manner that further inhibits growth. The 
good growth response to treatment with anti-TNF antibodies 

Table 6.9 Osteogenesis imperfecta subtypes.

Type I Dominantly inherited Blue sclerae COL1A1 or 1A2 
17q21-22

Type II Perinatal lethal form Type a COL1A1 or 1A2 
17q21-22

Type b CRTAP, 3p22
Type III Progressively deforming 

form with normal 
sclerae

COL1A1 or 1A2 
17q21-22

Type IV Dominantly inherited Normal sclerae COL1A1 or 1A2 
17q21-22

Types V & VI –                            Described in small numbers of  
kindreds

Types VII & VIII Autosomal recessive

{
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(e.g. etanercept) in some children with juvenile rheumatoid 
arthritis implies that high concentrations of infl ammatory cyto-
kines are directly involved in the poor growth seen in these dis-
orders [42]. For this reason, systemic illness in any system is a 
potent cause of growth suppression.

Children with major symptomatic disease will be under the 
care of other clinics before they will be referred to a growth clinic 
but it is important to rule out the possibility of undiagnosed sys-
temic disease in any child presenting with short stature. The 
“silent” causes of short stature include renal disease and late-
onset celiac disease. Gluten enteropathy in susceptible popula-
tions may present very late in childhood, although it is more usual 
to present in infancy with anemia and failure to thrive, and have 
poor growth as its only feature. There may be abdominal disten-
sion and wasting of the buttocks and hypocalcemia may be 
present but a high index of suspicion is required for the diagnosis. 
Chronic anemia, chronic infections (HIV and TB in particular) 
and chronic infl ammatory bowel disease all have a major effect 
on growth. Infl ammatory bowel disease produces a particular 
delay or failure of the pubertal growth spurt and the infl amma-
tion seen in this group of disorders and in juvenile rheumatoid 
arthritis (JRA) can be especially pronounced. For this reason joint 
management with a systems specialist and an endocrinologist is 
recommended.

Chronic asthma produces short stature and delayed puberty, 
usually with later catch-up but the treatment of asthma with 
inhaled steroids can produce growth suppression in some 
individuals.

All of the above will tend to produce thinness which may be 
even more pronounced than the short stature or poor growth 
rate. If there is no direct clue as to the diagnosis, screening inves-
tigations in this group of children are given in Table 6.10.

Endocrine disorders causing short stature
Growth hormone defi ciency
GHD can present in the neonatal period as one element of pan-
hypopituitarism but the average age of diagnosis and treatment 
is 6–8 years (Tables 6.11 and 6.12) [43]. GHD may be complete, 
for instance after surgical removal of the pituitary gland (e.g. with 
a craniopharyngioma) or with deletion of the GH gene, but is 
more often a relative lack that may be defi ned in terms of response 
to provocation tests. Tests may give different results when 
repeated or analyzed in different laboratories. The more minor 
degrees of defi ciency merge with the lower end of the normal 
range and idiopathic short stature; in other words, GHD is rarely 
an absolute diagnosis but part of a spectrum defi ned arbitrarily.

Growth hormone secretion from the pituitary gland is con-
trolled by the interactions of its releasing hormones, GHRH and 
ghrelin and its inhibitor SS. These are under the control of higher 
CNS centers. Hypothalamic damage or dysfunction may result in 
a lack of pulsatile growth hormone secretion, particularly notice-
able on overnight sampling. This, tertiary, GHD may be caused 
by genetic disorders of the GHRH gene and its receptor or sec-
ondary to other hypothalamic abnormalities including tumors.

Table 6.10 Investigation of the short, thin child.

Full blood count Anemia in infl ammatory bowel disease, celiac 
disease and renal failure, severe prolonged 
illness

ESR or other infl ammatory 
marker

Infl ammatory bowel disease, juvenile 
rheumatoid

MCV Microcytosis is an indication of nutritional 
defi ciency or blood loss and macrocytosis 
may indicate malabsorption

Acid–base status, urea and 
electrolytes, creatinine

Occult renal failure and Bartter syndrome 
(hypochloremic alkalosis)

Liver function, calcium, 
phosphate and alkaline 
phosphatase

Metabolic bone disease, hypocalcemia in celiac 
disease

Urine analysis, (simple 
biochemistry and 
microscopy)

Diabetes; renal “leak”; Occult urinary infection

Stool analysis Giardiasis (can produce growth retardation and 
may only be picked up if the stool is 
inspected microscopically for cysts). Fat 
globules in malabsorption

Reducing substances present in lactose (and 
rarely other sugar) intolerance

Red blood cells may indicate cow’s milk 
protein intolerance or celiac disease and 
thus the need for a jejunal biopsy

Antigliadin/endomysial 
antibody screen or tissue 
transglutaminase

Celiac disease

Chromosome analysis Unexpected ring chromosomes occasionally 
associated with failure to thrive; Turner 
syndrome

Early morning testosterone 
(or inhibin B)

Serves as a marker of impending puberty in the 
male with probable delay

ESR, erythrocyte sedimentation rate; MCV, mean cell volume.

Table 6.11 Endocrine disorders causing short stature.

Growth hormone defi ciency and resistance
Hypothyroidism
Hypogonadism with delayed puberty
Cushing syndrome

Primary GHD is caused by defective GH secretion from the 
pituitary gland. Idiopathic GHD is still the most common diag-
nosis but, with increasingly good scans, tests and genetic analysis, 
this group is shrinking.

The pituitary may not have formed normally in embryogene-
sis. It is dependent upon a sequence of genetic events (Table 6.13). 
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The GH gene may be abnormal and GHD may be inherited in 
several distinct genetic ways (Table 6.14). In all cases where the 
pituitary gland is abnormal, there may be lack of other pituitary 
hormones resulting in partial or complete panhypopituitarism. 
The pituitary may be damaged by infection (e.g. meningitis or 
congenital rubella), tumor or vascular abnormalities, trauma and 
anoxia (e.g. following breech delivery).

Ectopic posterior pituitary bright spot (Fig. 6.4) is a common 
fi nding on MRI. Most cases are idiopathic but it may be seen in 
conjunction with a hypoplastic pituitary or following trauma or 
infection.

Craniopharyngioma is a tumor formed by cystic accumulation 
of gelatinous fl uid within remnants of Rathke’s pouch. There is 
peripheral calcifi cation of the tumor. The tumors are usually 
intrasellar but expand superiorly and may occasionally be entirely 
hypothalamic. The majority present with symptoms related to 
tumor expansion and compression of the optic chiasm (bilateral 
homonymous hemianopia) and aqueduct (hydrocephalus with 
raised intracranial pressure). Almost always there are retrospec-
tive signs and symptoms of pituitary dysfunction (anterior or 
posterior) but occasionally small tumors may present with iso-
lated growth failure. After surgical or radiotherapy, pituitary 
failure is usual.

Table 6.12 Suggested screening investigations in the short child with relative 
overweight.

Wrist for bone age (short metacarpals in PHP and Turner syndrome)
U&E, osmolarity (plasma and urine)
TSH and FT4 with antithyroid antibodies
IGF-1 and IGFBP3
Chromosome analysis

If short and IGF-1 and IGFBP3 not in normal range then:
GH stimulation test (see protocol below)
+TRH/LHRH test (as part of stimulation test)
+Synacthen test (or as part of ITT)
Prolactin
ACTH at start of test

If Cushing syndrome is suspected then three sequential 24-h urinary free cortisol 
measurements and/or an overnight dexamethasone suppression test.
ACTH, adenocorticotropic hormone; FT4, free thyroxine; GH, growth hormone; 
ITT, insulin tolerance test; LHRH, Luteinizing hormone releasing hormone; PHP, 
pseudohypoparathyroidism; TRH, thyroid releasing hormone; TSH, thyroid 
stimulating hormone; U&E, urea and electrolytes.

Table 6.13 Genetic disorders affecting pituitary formation.

PAX 6 Aniridia; Peters anomaly (defect of anterior chamber of the 
eye); anophthalmia

HESX-1 Familial septo-optic dysplasia, rare AR, variable 
hypopituitarism

PIT-1/POU1F1 AR and AD forms. Combined GH, TSH and prolactin 
defi ciencies. Posterior pituitary normal

PROP-1 AR, variable congenital hypopituitarism (with possible late 
ACTH defi ciency), posterior pituitary normal. Gland may 
become hyperplastic

LHX-3 & 4 AR, variable anterior hypopituitarism plus head and neck 
abnormalities

SOX3 GH defi ciency, central brain abnormalities, developmental 
delay

SHH Homeobox gene abnormality causing some cases of 
holoprosencephaly/single central incisor

PITX2 Rieger abnormality (hypodontia, peg-like teeth, small mid-
face with short philtrum, prognathism. Iris hypoplasia. 
Occasional abdominal abnormalities)

ACTH, adenocorticotropic hormone; AD, autosomal dominant; AR, autosomal 
recessive; GH, growth hormone; TSH, thyroid stimulating hormone.

Table 6.14 Genetic defects of growth hormone (GH) formation.

GHD1a AR Deletion, no GH. Antibodies form against 
GH on treatment

GHD1b AR Partial GHD
GHD2 AD Partial GHD
GHD3 X-linked Partial GHD

AD, autosomal dominant; AR, autosomal recessive; GHD, growth hormone 
defi ciency.

Ectopic
posterior
pituitary
bright spot

Figure 6.4 Ectopic posterior pituitary and absent pituitary stalk. Patient with 
hypopituitarism but normal posterior pituitary function.

Table 6.15 Clinical features of growth hormone defi ciency.

Short stature for parents
Low height velocity
Normal body proportions
Larger head than height centile
Small mid-face
High voice
Dimpled, excess truncal fat
Thin, dry skin wrinkles with age
Neonatal hypoglycemia and prolonged jaundice (especially in the hypopituitary 

patient)
Delayed dentition and bone age
Delayed puberty
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Increasing numbers of survivors of childhood malignancy who 
have received cranial irradiation subsequently develop GHD and 
evolving hypopituitarism.

Clinical features
GHD from an early age produces severe short stature (adult 
height 130–140  cm) and occurs in around 1 in 4000 to 1 in 20  000 
of the population depending on the defi nition of severity. Idio-
pathic forms may present late with marked short stature but more 
commonly present with relatively mild short stature and a slow 
rate of growth (Table 6.15).

The biochemical diagnosis is made by assessing response of GH 
to various provokers of secretion, such as insulin, clonidine or 
glucagon. Measurement of spontaneous overnight secretion is 
used in some centers to assess hypothalamic neurosecretion. 
Neurosecretory dysfunction is a situation with normal provoked 
release of GH but inadequate spontaneous release. It may be seen 
after cranial irradiation but some apparently normal children 
with normal growth rates can also have periods of poor spontane-
ous overnight secretion. The existence of the phenomenon as a 
diagnosis is increasingly doubted [44]. Some of these children 
have demonstrable defects in the promoter region of the GH gene 
resulting in decreased expression of GH [45].

Bio-inactive GH (Kowarski syndrome 17q22-24) is a rare situ-
ation that presents with clinical features of GHD but normal GH 
concentrations and low IGF-1/IGFBP3 concentrations that 
respond to exogenous GH [46,47].

An abnormally low response of GH to provocation is defi ned 
as a peak of <20  mIU/L or approximately <7  μg/L. In idiopathic 
GHD, it is good practice to repeat the test before starting treat-
ment to try to reduce errors of diagnosis because of laboratory 
assay problems or lack of sex-hormone priming.

The GH axis should be tested if height is <−2.5  SD below the 
mean, <−1.5  SD below target height centile, if height is <−2  SD 
below the mean and height velocity over 1 year is <1  SD below 
the mean for 2 years (or less than 2  SD over 1 year) or if there 
are signs of other pituitary hormone defi ciency or intracranial 
pathology. Normal concentrations of IGF-1 or IGFBP3 largely 
exclude GH defi ciency, although normal concentrations of 
IGFBP3 in particular may be seen in post-irradiation GHD [48], 
whereas low concentrations may be a result of infl ammation or 
poor nutrition and do not prove GH defi ciency. Thus, one or two 
GH provocation tests should be performed in children with low 
IGF-1 and IGFBP3 concentrations or after treatment for 
malignancy.

MRI of the pituitary should be performed for all cases where 
GHD (±other pituitary hormones) is confi rmed. Structural 
abnormalities of the midline and optic nerves (Fig. 6.5), reduced 
anterior pituitary height, an attenuated or interrupted pituitary 
stalk and/or an ectopically positioned posterior pituitary are all 
associated with pituitary dysfunction. Craniopharyngiomas may 
be small and intrasellar, although the majority present with CNS 
effects secondary to secondary nerve compression or obstructive 
hydrocephalus. Germinomas may occur in the hypothalamic 

region and tumor marker concentrations (α-fetoprotein and 
β-hCG) are helpful in the diagnosis of these tumors. Cysts 
of Rathke’s cleft can occasionally expand and produce 
hypopituitarism.

Most children with congenital GHD have normal birthweight 
but some of them have mild growth restriction and grow poorly 
from birth, even in the infantile “GH-independent” phase of 
growth [7].

Testing for growth hormone defi ciency
Because normal GH secretion is pulsatile, with four to six pulses 
per 24  h, random single GH estimations are rarely helpful in 
diagnosing or excluding GHD. Hence, a variety of provocation 
tests have been used. It can be argued that pharmacological 
testing is non-physiological and may bear no resemblance to 
endogenous secretion and that provocative tests are reliable only 
in patients in whom the clinical signs and symptoms are clear and 
hence that they should be abandoned. Indeed, in countries where 
idiopathic short stature is a licensed indication for treatment, 
testing for GH secretion is obsolete. All GH provocation tests 
have limitations [49] and there is no “gold standard” test against 
which alternative protocols can be evaluated.

GH concentrations are highly assay dependent. The number of 
GH variants, isoforms and molecular states in human plasma is 
considerable. Ability to quantify each of these variants depends 
on assay design, antibody specifi city and the composition of 
the standard used [50]. Competitive immunoassays employing 
polyclonal antibodies are better at averaging or integrating the 
multiple epitopes involved but the precision of such assays is 
poor and their sensitivity inadequate. They have now been largely 
superseded by non-competitive two-site assays employing mono-
clonal antibodies specifi c for 22  kDa GH. Continued use of pitu-
itary GH standard (80/505), a heterogeneous material, rather 
than recombinant GH standard (88/624), inhibits progress 
towards agreement between laboratories. Immunoassays show 
poor comparability, with up to threefold differences and poor 
correlation, despite improvement in technology [51].

All provocation tests have poor specifi city (50–80%) with a 
high incidence of false positives. In an attempt to overcome this 

Posterior
pituitary
bright spotAnterior

pituitary,
normal
volume

Figure 6.5 Absent corpus callosum, anatomically normal anterior and posterior 
pituitary [patient with growth hormone defi ciency (GHD), hypothalamic 
hypothyroidism].
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problem, it has been common practice to carry out two tests 
separately or sequentially but the outcome of this is merely to 
compound the errors. Alternative approaches to assessing GH 
secretion have proved either too demanding (e.g. 12- or 24-h GH 
profi les) or to offer no advantage in terms of predictive value (e.g. 
urinary GH). However, guidelines on the use of human GH in 
children with growth failure recommend the performance of 
provocation tests to support the clinical diagnosis of GH defi -
ciency [52].

Sex steroid priming
In pre- and peripubertal children who have a subnormal response 
to provocative testing, sex steroid priming may increase the 
response to that seen in late puberty and should be considered. 
The rationale for this is the estrogen-induced rise in GH during 
puberty. There is no consensus on the appropriate age for priming 
but it should be considered in patients with a bone age greater 
than 10 years and possibly younger in obese children. Oral ethi-
nylestradiol should be given (20  μg in the evening) to girls and 
boys less than 11 years, daily for 3 days and the test carried out 
on day 4. Be aware that ethinylestradiol will almost certainly 
cause nausea. In boys older than 11 years, Sustanon (100  mg 
intramuscularly) is given as a single injection 5–7 days before the 
test.

GH provocation tests (Table 6.16 [53])
Insulin tolerance test
Background
Insulin-induced hypoglycemia suppresses the somatostatin tone 
and stimulates the α-adrenergic receptors. It induces not only 
GH but also ACTH release and a rise in serum cortisol concentra-

tions. The advantage of the insulin tolerance test (ITT) is that, in 
addition to stimulating GH secretion, it also tests the integrity of 
the entire HPA axis. This test has been associated with morbidity 
and mortality, mainly because of the use of inappropriate 
amounts of hyperosmolar fl uid to correct hypoglycemia. The 
decision to undertake an ITT should be considered carefully and 
carried out only in a specialized pediatric endocrine investigation 
unit.

Precautions
1 The test is contraindicated in children with diagnosed epilepsy 
or a history of unexplained blackouts and in children <2 years 
of age, for whom a glucagon provocation test may be more 
appropriate.
2 Hypothyroidism impairs the GH and cortisol response. Patients 
with adrenal and thyroid insuffi ciency should have corticosteroid 
replacement commenced before thyroxine, as thyroxine may pre-
cipitate an adrenal crisis. The insulin provocation test may need 
to be repeated after 3 months of thyroxine therapy in patients 
with confi rmed thyroid or dual insuffi ciency.
3 Special precautions are required in children suspected of 
having panhypopituitarism.
4 Intravenous 10% dextrose (never 50%) must be immediately 
available.
5 A glucose meter with acceptable performance in the hypogly-
cemic range must be available, and staff performing the test must 
be certifi ed competent to use it.

Preparation
1 Check that thyroid function tests are normal.
2 Prime with sex steroids if indicated.
3 The child should be fasted for 8  h before the test, only water is 
allowed.
4 The child should be weighed prior to the test, in order to cal-
culate accurately the dose of insulin to be administered.
5 Insert IV cannula (see section on blood collection) and main-
tain patent with heparinized normal saline. The stress of cannula-
tion can cause an increase in GH, making interpretation of the 
test diffi cult. After cannulation, wait for 30–60  min before com-
mencing the test and take a blood sample at −30  min to aid 
interpretation if the basal sample is found to be elevated.

Protocol
1 t = −30  min; take blood (plain tube) for GH and cortisol 
estimation.
2 t = 0  min; give soluble insulin 0.10–0.15  U/kg IV, using the 
lower dose if there is a strong suspicion of panhypopituitarism or 
if the child has had previous cranial surgery or radiotherapy. The 
dose may need to be increased in patients with diabetes mellitus, 
insulin resistance or obesity.
3 Take samples as shown in Table 6.17. Measure glucose concen-
trations on the glucose meter but also send a sample to the labora-
tory for urgent analysis.

Table 6.16 Other growth hormone (GH) provocation tests.

Glucagon stimulation test
The test is particularly useful for the assessment of GH and cortisol reserve in 
children <2 years and others in whom the insulin tolerance test is 
contraindicated

Arginine stimulation test
Arginine stimulates GH secretion by reducing somatostatin tone and possibly by 
stimulation of α-adrenergic receptors with GHRH release

Clonidine stimulation test
Clonidine is a selective α-receptor agonist, causes GH release via GHRH 
secretion [15]

Levodopa stimulation test
Levodopa increases GH secretion through dopaminergic and α-adrenergic 
pathways

Growth hormone-releasing hormone (GHRH) stimulation test
GHRH can be used to distinguish hypothalamic from pituitary causes of GH 
defi ciency in patients who have previously demonstrated a subnormal response 
to the standard provocation tests
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4 Observe child closely for clinical signs and symptoms of hypo-
glycemia (e.g. sweating and drowsiness).
5 The results can be interpreted only if adequate hypoglycemia 
has been achieved. This is defi ned as a laboratory glucose half the 
fasting value or <2.2  mmol/L. If there have been no clinical signs 
of hypoglycemia by 45  min, the dose of insulin should be repeated 
and the test continued with blood samples timed again from 
0  min.
6 Once hypoglycemia has occurred, the child should be given 
glucose drinks. If the child remains persistently hypoglycemic or 
loses consciousness or fi ts, he/she should be treated with an IV 
bolus of 200  mg/kg glucose (2  mL/kg 10% dextrose) over 3  min 
followed by an IV infusion using 10% dextrose at 2.4–4.8  mL/kg/
h (4–8  mg/kg/min glucose). Check glucose concentrations on the 
glucose meter after 4–5  min and adjust dextrose infusion to 
maintain blood glucose at 5–8  mmol/L. If there is no improve-
ment in conscious concentration after normal glucose concentra-
tion is restored, an alternative explanation should be sought. Do 
not stop sampling.
7 If panhypopituitarism is suspected, give 100  mg hydrocorti-
sone IV at the end of the test or earlier if recovery from hypogly-
cemia is slow.
8 The child must not be sent home until an adequate high-
carbohydrate meal has been eaten without vomiting and the 
blood glucose has been maintained at 4  mmol/L for a minimum 
of 2  h.
9 This test may be conducted as part of a combined ITT/thyro-
trophin-releasing hormone (TRH)/gonadotropin-releasing 
hormone (GnRH) pituitary function test, in which case the sam-
pling protocol is shown in Table 6.18.

Interpretation
Interpretation is not possible unless adequate hypoglycemia 
(glucose <2.2  mmol/L) has been achieved.

A GH concentration of >20  mU/L (7 μg/L) excludes GH defi -
ciency. However, the precise cutoff applied varies between centers 
and is dependent on the bias of the assay used by the local labora-
tory. Biochemical data must be interpreted in conjunction with 
clinical and auxological data in order to make decisions about GH 
treatment in an individual patient. Combining the test with mea-

surement of IGF-1 and its binding proteins is one approach that 
has been recommended to aid the decision in patients with peak 
GH concentrations in the partially defi cient range (>7.5 but 
<15  mU/L, >2.5 but <5 μg/L) [5]. GH concentrations are increas-
ingly being expressed in ng/mL or mg/L, and mass units may 
replace the current international unit.

Interpretation of the cortisol response is possible only if hypo-
thyroidism has been excluded. An adequate cortisol response is 
defi ned as a peak concentration of >550  nmol/L. Patients with 
peak concentrations <550 but >400  nmol/L may only need steroid 
cover for major illnesses and stresses.

Glucagon stimulation test
Background
Glucagon stimulates the release of GH and ACTH by a hypotha-
lamic mechanism and therefore indirectly stimulates cortisol 
secretion [12]. The precise mechanism of the stimulation is 
unclear, particularly in cases where rebound hypoglycemia does 
not occur [13]. The test is particularly useful for the assessment 
of GH and cortisol reserve in children <2 years and others in 
whom the ITT is contraindicated. The timing of the peak GH 
response depends on whether the glucagon is injected intrave-
nously or intramuscularly. Glucagon has also been administered 
subcutaneously, but this is not recommended as absorption is 
unreliable [2].

Precautions
1 The test is contraindicated in patients suspected of having 
pheochromocytoma or hyperinsulinism and is unreliable in 
patients with diabetes mellitus.
2 As for the ITT, hypothyroidism impairs the GH and cortisol 
response.
3 Glucagon may cause nausea, vomiting and abdominal pain.

Preparation
As for the ITT.

Table 6.17 Sampling for insulin tolerance test.

Time (min) Meter 
glucose

Lab glucose 
(fl uoride 
oxalate 
tube)

GH 
(plain tube)

Cortisol 
(plain tube)

−30 (before insulin) + + + +
0 (before insulin) + + + +
 30 + + + +
 45 + + + +
 60 + + + +
 90 + + + +
120 + + + +

Table 6.18 Sampling for combined insulin tolerance/ thyrotropin releasing 
hormone/gonadotropin releasing hormone (ITT/TRH/GnRH) test.

Glucose Cortisol GH LH FSH TSH

−30 + + +
  0 + + + + + +

Give soluble insulin 0.10–0.35  U/kg, GnRH 2.5  μg/kg, TRH 5  μg/kg IV
 30 + + + + + +
 45 + + +
 60 + + + + + +
 90 + + +
120 + + +

Additional samples at 0  min: prolactin, free thyroxine, testosterone or estradiol.
FSH, follicle stimulating hormone; GH, growth hormone; GnRH, gonadotropin 
releasing hormone; LH, luteinizing hormone; TRH, thyrotropin releasing hormone; 
TSH, thyroid stimulating hormone.
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Protocol
1 t = −30  min; take blood (plain tube) for GH and cortisol 
estimation.
2 t = 0  min; give 20  mg/kg glucagon IV or IM up to a maximum 
of 1  mg.
3 Take samples as shown in Table 6.19.
4 In children with suspected hypopituitarism, prolonged fasting 
may induce hypoglycemia. Blood glucose should be checked 
using a glucose meter in these patients whenever a sample is taken 
for GH/cortisol. If the patient shows signs or symptoms of hypo-
glycemia, send an urgent sample to the laboratory for glucose 
analysis.
5 If hypoglycemia is confi rmed, treatment should be instigated 
as described for the ITT.
6 This test may be performed as a combined glucagon/TRH/
GnRH pituitary function test. The sampling protocol is shown in 
Table 6.20

Interpretation
For interpretation of GH and cortisol concentrations, see ITT. 
There are confl icting reports in the literature [12,14,15] regarding 
the sensitivity of this test relative to the ITT.

Arginine stimulation test
Background
The injection of various amino acids (e.g. ornithine, arginine) is 
followed by an increase in GH concentrations in blood. Arginine 
stimulates GH secretion by reducing somatostatin tone and pos-
sibly by stimulation of α-adrenergic receptors with GHRH 
release.

Precautions
Hypothyroidism impairs the GH response. Arginine may cause 
nausea and some irritation at the infusion site. Vomiting has been 
described in a few patients.

Preparation
As for the ITT.

Protocol
1 t = −30  min: take blood (plain tube) for GH estimation.
2 t = 0  min; give 0.5  g/kg arginine up to a maximum of 30  g. This 
is given by infusion IV of a 10% solution of arginine monochlo-
ride in 0.9% NaCl at a constant rate over 30  min.
3 Take samples as shown in Table 6.21
4 In children with suspected hypopituitarism, blood glucose 
should be checked as described in the glucagon stimulation test 
protocol.
5 This test may be performed as a combined arginine/TRH/
GnRH/synacthen dynamic function test. The sampling protocol 
is shown in Table 6.22

Interpretation
For interpretation of peak GH concentrations, see ITT. Usually, 
the peak GH concentration is reached about 60  min after staring 
the arginine infusion.

Clonidine test
Background
Clonidine, a selective α-receptor agonist, causes GH release via 
GHRH secretion [15].

Table 6.19 Sampling for glucagon stimulation test.

Time (min) Meter 
glucose

GH 
(plain tube)

Cortisol 
(plain tube)

−30 (before glucagon) + + +
0 (before glucagon) + + +
 60 + + +
 90 + + +
120 + + +
150 + + +
180 + + +

Table 6.20 Sampling for combined glucagon/TRH/GnRH test.

Time (min) Meter glucose Cortisol GH LH FSH TSH

−30 + + +
0 + + + + + +

Give glucagon 20  μg/kg, GnRH 2.5  μg/kg, TRH 5  μg/kg IV
 20 + + +
 60 + + + + + +
 90 + + +
120 + + +
150 + + +
180 + + +

Additional samples at 0  min: as for combined ITT/TRH/GnRH test.

Table 6.21 Sampling for arginine, clonidine and levodopa stimulation tests.

Time (min) Arginine Clonidine Levodopa

−30 +
(Before infusion)

  0 + + +
(At end of infusion) (Before clonidine) (Before levodopa)

 15 +
 30 + + +
 45 +
 60 + + +
 90 + + +
120 + + +
150 +
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Precautions
Clonidine causes hypotension and drowsiness, although the 
former is rarely severe enough to require treatment.

Preparation
1 Check thyroid function tests.
2 Prime with sex steroids if indicated.
3 Fast child for 8  h prior to the test (only water is allowed).
4 Measure height and weight of child and calculate surface area 
(see patient preparation section).

Protocol
1 Give 0.15  mg/m2 clonidine, orally.
2 Take samples as shown in Table 6.21.
3 Measure blood pressure every 30  min until 1  h after the test.
4 In children with suspected hypopituitarism, blood glucose 
should be checked as described in the glucagon stimulation test 
protocol.
5 Child may be safely discharged 1  h after the test if fully awake.

Interpretation
For interpretation of peak GH concentrations, see ITT. Studies 
in normal children [16] have indicated a higher GH response to 
clonidine compared with other provocative agents.

Levodopa stimulation test
Background
Levodopa increases GH secretion through dopaminergic and α-
adrenergic pathways.

Precautions
Levodopa may cause nausea and occasionally vomiting, vertigo, 
fatigue and headache.

Preparation
1 Check thyroid function tests.
2 Prime with sex steroids if indicated.

3 Fast child for 8  h prior to the test (only water is allowed).
4 Weigh child and select appropriate dose of levodopa.

Protocol
1 Give levodopa orally: <15  kg body weight, 125  mg; <35  kg 
body weight, 250  mg; >35  kg body weight, 500  mg.
2 Take samples as shown in Table 6.21.
3 In children with suspected hypopituitarism, blood glucose 
should be checked as described in the glucagon stimulation test 
protocol.

Interpretation
For interpretation of peak GH concentrations, see ITT. The 
timing of peak response to levodopa varies widely.

Growth hormone-releasing hormone stimulation test
Indications
The GHRH stimulation test is not a front-line diagnostic test. It 
can be used to distinguish hypothalamic from pituitary causes of 
GH defi ciency in patients who have previously demonstrated a sub-
normal response to the standard provocation tests. Hypothalamic 
dysfunction is a common occurrence in isolated GH defi ciency.

In adults, GHRH (1  mg/kg IV) has been used in combination 
with somatostatin antagonists arginine (0.5  g/kg IV) or hexarelin 
(0.25  mg/kg). Such combinations provide a potent and reproduc-
ible test of pituitary GH secretion without side effects, which may 
eventually replace traditional provocative agents. It has been sug-
gested that these combination tests directly explore the pituitary 
GH-releasable pool, while testing with GHRH alone explores 
more the integrity of hypothalamic mechanisms involved in the 
control of somatotroph function [17]. However, the use of these 
tests has not been studied extensively in children.

Precautions
GHRH commonly causes facial fl ushing, but there are no other 
side effects.

Patient preparation
1 Check thyroid function tests.
2 Prime with sex steroids if indicated.
3 Fast child for 8  h prior to the test (only water is allowed).
4 Weigh child and select appropriate dose of GHRH.
5 Insert IV cannula (see section on blood collection) and main-
tain patent with heparinized normal saline. After cannulation, 
wait for 30  min before commencing the test and take a blood 
sample at −15  min to aid interpretation if the basal sample is 
found to be elevated.

Protocol
1 t = −15  min: take blood (plain tube) for GH estimation.
2 t = 0  min; give IV bolus of GHRH (1  mg/kg diluted in 10  mL 
normal saline).
3 Take further samples at 0 (before GHRH), 5, 15, 30, 60, 90, 
120  min.

Table 6.22 Sampling for combined arginine/TRH/GnRH/synacthen test.

Time (min) Meter glucose Cortisol GH LH FSH TSH

−30 + +

Give arginine 0.5  g/kg by IV infusion over 30  min
 0 + + + + + +

Give GnRH 2.5  μg/kg, TRH 5  μg/kg IV, synacthen 36  μg/kg IV
 30 + + + + + +
 45 + +
 60 + + + + + +
 90 + +
120 + +

Additional samples at 0  min: as for combined ITT/TRH/GnRH test.



Evaluation of Growth Disorders

145

4 In children with suspected hypopituitarism, blood glucose 
should be checked as described in the glucagon stimulation test 
protocol.

Interpretation
A good response to GHRH (but not to ITT or glucagon) suggests 
a hypothalamic cause of GHD. Failure to respond suggests an 
abnormality in the pituitary gland or in the GHRH receptor. 
However, because GHRH is required for both the synthesis and 
the release of GH, a single bolus of GHRH may also fail to elicit 
a response in hypothalamic disease. The pituitary somatotroph 
cells may be sensitized by priming the pituitary gland with daily 
GHRH injections over several days, after which time the GHRH 
test should be repeated.

Growth hormone insensitivity
GH insensitivity usually presents after birth with failure of the 
childhood component of growth. If there is an abnormality of 
IGF formation or action, there will be SGA, although an exact 
diagnosis is likely to take some time outside of kindreds with a 
known genetic defect.

The growth-promoting actions of GH are mediated by the 
generation of IGF-1 at the epiphyseal level. GH acts on its recep-
tor to allow generation of IGF-1 that then promotes growth. This 
sequence of events from GH generation to receptor action then 
IGF-1 action is complex (Fig. 6.6). Defects at almost all these steps 
have now been described and are listed in the legend.

Severe GH insensitivity produces a height defi cit of <−2.5  SD. 
The question of whether more minor disorders of insensitivity 
secondary to milder mutations and polymorphisms can pro-
duce some cases of idiopathic short stature remains to be 
determined.

Secondary GH insensitivity may be seen in severe nutritional 
restriction, liver disease, chronic illness (Crohn disease, cystic 
fi brosis, rheumatoid). In secondary defi ciency, the IGFBP3 con-
centration is usually normal. Secondary insensitivity may rarely 
be secondary to antibodies against GH, formed after treatment of 
total GH gene deletion with recombinant GH.

Point mutations and occasionally deletions of the gene coding 
the extracellular portion of the GH receptor result in Laron syn-
drome. The extracellular portion of the GH receptor is identical 
with circulating GH binding protein, so deletion will result in low 
concentrations of GHBP and high concentrations of GH with low 
IGF-1 and IGFBP3 [54].

Laron syndrome is commonly found within consanguineous 
kindreds. Affected individuals have a birth size in the normal 
range but show progressive growth failure. They are extremely 
short (usually >−3  SD), usually proportionate (although some 
populations have minor disproportion) with normal head cir-
cumference, prominent forehead and a small mid-face. There is 
often gross motor delay secondary to poor muscle bulk in infancy. 
Body fat is increased and dimpled on the abdomen. Hypoglyce-
mia and hypercholesterolemia are common because there is no 
direct action of GH to promote lipolysis.

A similar phenotype is seen with abnormalities of the trans-
membrane and intracellular signaling pathway from the GH 
receptor. Here the GHBP concentrations will be normal or high. 
Some individuals with STAT5b (Fig. 6.6) abnormalities and IκB 
and abnormalities of GH signal transduction also have immuno-
defi ciency because they are implicated in cytokine responsive-
ness. This manifests with interstitial pneumonia and severe 
chickenpox. STAT5b mutations are associated with hyperprolac-
tinemia [55,56].

In almost all cases of IGF-1 defi ciency or insensitivity there is 
SGA and a reduced head circumference because GH independent 
IGF-1 action is required for growth in utero although insulin and 
IGF-2 are the main prenatal growth factors [57].

IGF-1 defi ciency is extremely rare [58]. Because of the impor-
tance of IGF-1 for organ growth as well as statural growth, it 
results in IUGR, severe short stature with microcephaly, deafness, 
abnormal facies (micrognathia, deep eyes) and delayed develop-
ment. Heterozygous family members are shorter than unaffected 
siblings.

IGFBP3 production depends on intact GH signaling. It binds 
with IGF-1 and an ALS to deliver IGF-1 to the tissues and promote 
growth. Individuals with ALS defi ciency have IUGR, are moder-
ately short (−2  SD), proportionate and have delayed puberty. 
They have low IGF-1 and IGFBP3 concentrations and do not 
show a good response to GH treatment [59].

IGF-1 acts on a receptor and some rare individuals with IGF-
1R mutations are described with IUGR and short stature – here 
GH, IGF-1 and IGFBP3 concentrations may be normal or high 
in the presence of normal nutrition [60].

Iatrogenic short stature
Glucocorticoids (GC) are used extensively in many diseases, 
including autoimmune and infl ammatory conditions and it is 
estimated that 10% of children may require some form of GC 
treatment during childhood. Improved survival from a number 
of chronic and life-threatening illnesses has been bought at the 
expense of adverse growth and skeletal development. In pharma-
cological doses, GCs affect most systems within the body that 
summate to cause detrimental effects on bone health. These 
effects include obesity, myopathy, hypogonadism, increased 
urinary calcium loss from the kidneys, impaired vitamin D 
metabolism from the gut, thus leading to a reduced bone quality 
and increased incidence of fractures (e.g. osteopenia and osteo-
porosis). Steroids have also been shown to affect most cell types 
within the skeleton including osteoblasts, osteoclasts, osteocytes 
and chondrocytes. Children are prone to all the systemic effects 
of steroids but additionally also show a reduction in growth rate 
attributed to the direct effect of steroids on the chondrocytes 
within the growth plate. Dexamethasone is more potent than 
prednisolone at suppressing short-term growth and bone turn-
over. Replacement doses of hydrocortisone in adrenal insuffi -
ciency rarely produce adverse effects but some children seem very 
prone to the growth suppressive effects of steroids and can show 
poor growth in response to quite small doses of inhaled or topical 
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Figure 6.6 Cascade of growth promotion and 
described abnormalities. Growth hormone (GH) is 
secreted from a normal pituitary at peaks of GHRH 
and ghrelin secretion and troughs of somatostatin. 
GH circulates bound to the extracellular part of the 
GH receptor. GH binds 2 receptor elements (GHR 1 
& 2). The dimerized receptors aggregate and are 
internalized. This leads to the association of JAK2, a 
receptor associated tyrosine kinase to the activated 
receptors. JAK2 in turn activates transcription factors 
on DNA either through the MAPK (directly or 
indirectly) or STAT pathways.

IGF-1 production results in local and circulating 
IGF-1 in association with IGF binding proteins and 
acid labile subunit that delivers IGF-1 to its receptor 
with subsequent signalling and IGF-1 induced 
genetic transcription. Abnormalities of this complex 
process resulting in short stature have been 
described at all levels. IGF binding is increased in 
infl ammatory states and poor nutrition resulting in 
less IGF-1 available for growth.
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steroids. Detrimental effects on local action of GH and IGF-1 are 
also effected by a number of different mechanisms including 
alterations in the activity of the GH binding protein, downregula-
tion of GH receptor expression and a reduction in local IGF-1 
production and activity [61].

Growth rate is improved on alternate day steroid regimens. 
Bone age is usually delayed and growth potential may be pre-
served unless there has been such severe steroid-induced osteo-
porosis that spinal collapse occurs or the high dose is maintained 
through puberty.

Methylphenidate and related amphetamine-like compounds 
used to treat attention defi cit disorder interfere with growth and 
appetite in some children if used long-term: children attending 
these behavior clinics should have regular measurements of 
height and weight.

Cancer treatment with chemo- or radiotherapy, including 
spinal irradiation and total body irradiation pre-bone-marrow 
transplant, causes epiphyseal damage which is made worse by 
chronic infl ammation, graft versus host disease, poor nutrition 
and precocious puberty.
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Figure 6.7 (a) Flow chart for the diagnostic approach of a child with short 
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short stature, born small for gestational age (SGA) and a head circumference 
<−2  SD. (c) Flow chart for the evaluation of a child with proportionate short 

stature, normal birth weight and length, low IGF-1 levels (<−2  SD) and a GH 
peak in a stimulation test <40  mU/L. (d) Flow chart for the analysis of a child 
with proportionate short stature, normal birth weight and length, low IGF-1 
levels (<−2 SD) and a GH peak in a stimulation test >60  mU/L.
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Psychosocial short stature
Deprivation and unhappiness can produce growth failure at any 
age. Anorexia and bulimia often induce marked delay of puberty 
and menstruation. Short stature with complete but reversible 
GHD can occur secondary to psychosocial deprivation. Although 
there is usually relative thinness this is not always the case because 
comfort eating may occur and there can be considerable diagnos-
tic confusion between deprivation dwarfi sm and GHD. A rapid 
catch-up growth and a change of behavior is seen on a change of 
caregiver or hospitalization. There is commonly a preservation of 
more infantile body proportions than may be expected from the 
age of the child [62].

Constitutional short stature
In the context of a familial pattern of short stature there may be 
little concern for many years and these children often present in 
later childhood when their sporting and career aspirations or 
bullying provokes a referral. Sometimes parental anxiety is pro-
duced by their own negative experiences and then help will be 
sought at an earlier age. In delayed puberty, abnormalities and 
polymorphisms are described in a number of genes that control 
normal gonadotropin secretion.

Stature may be short in comparison to the centile range but 
normal compared to the parent’s centile range. If the child is 
young, it is diffi cult to be sure whether there will be added delay 
of puberty. Clues would be a positive family history (usually of 
the same-sex parent) and relatively mild disproportion with 
longer leg than sitting height centiles, a situation seen several 
years before secondary sexual characteristic appear. There is 
often deceleration of height velocity in the late prepubertal 
years but the history, auxology and a skeletal age may give reas-
surance. If in doubt it is wise to exclude other causes of poor 
growth.

Non-familial short stature with and without pubertal delay or 
idiopathic short stature is a descriptive term after other causes of 
short stature have been excluded. Many cases are in retrospect 
children with a delayed tempo of growth who may again have a 
strong family history (usually of the same-sex parent) and relative 
mild disproportion with longer leg than sitting height centiles and 
a delayed bone age. Non-paternity should also be considered. Some 
of these individuals will eventually prove to have a SHOX abnor-
mality, mild GH insensitivity, heterozygote expression of a GH 
signaling abnormality or a polymorphism of the GH promoter.

Summary
A scheme for diagnosing severe short stature is shown in Fig. 6.7, 
which is adapted from Walenkamp 2007 [63].

Tall stature

Tall stature may be classifi ed as [1]:
(a) Primary tall stature
Sex chromosome abnormalities

Dysmorphic syndromes due to metabolic or connective tissue 
 abnormality
Other dysmorphic syndromes (babies and children)
Dysmorphic syndromes with symmetrical overgrowth
Dysmorphic syndromes with partial or asymmetrical 
 overgrowth.

(b) Secondary causes of large size
Growth hormone excess
Hyperinsulinism
Isolated ACTH insensitivity
Thyrotoxicosis
Precocious puberty
Other endocrine abnormalities.
(c) Constitutional tall stature
Familial tall stature
Non-familial tall stature with or without advance in growth and 
 adolescence.
As well as the diagnostic classifi cation used above, there is a useful 
clinical approach to tall stature based on the presence or absence 
of disproportion and the time of onset of the tall stature (Fig. 
6.8).

Primary tall stature
Sex chromosome abnormalities
Sex chromosome abnormalities usually present late with behav-
ioral and/or schooling diffi culties or pubertal failure. An increas-
ing number are picked up on coincidental amniocentesis. 
Klinefelter (XXY, XXYY, XXXY and mosaic forms) and the XYY 
syndromes usually produce disproportionate tall stature with 
intellectual or behavioral abnormalities. The legs are relatively 
long compared to the back, especially with late diagnosis or after 
failure of puberty. Three copies (or more) of the SHOX gene 
probably increase the height of these individuals [64].

In birth karyotype surveys these conditions occur more than 
twice as frequently as the Turner syndrome, 1 in 500 to 1 in 1000 
male births, but many individuals are not diagnosed until adult 
life, if ever.

The testes are small and fi rm at all ages with hypergonado-
tropic hypogonadism sometimes. Gynecomastia may be seen 
from late childhood to the early teens. There is an increased risk 
of type 1 diabetes mellitus and hypothyroidism and many men 
have central obesity with metabolic markers of increased adverse 
cardiovascular risk.

Homocystinuria is associated with disproportionate tall stature 
but usually presents because of marked learning diffi culties, 
ectopia lentis (downward dislocation) and severe myopia with 
later thromboembolic and cardiovascular problems.

Dysmorphic syndromes
The diagnosis of Marfan syndrome can be made at birth when there 
is a family history but, because tall individuals tend to assort non-
randomly, the diagnosis can be delayed if the tall stature is attrib-
uted to constitutional familial tall stature. Many children present 
only when an undiagnosed parent has a sudden cardiac event.
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Yes

YesNo
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No
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Dysmorphic?

Learning/behavior
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Eunuchoid

Homocystinuria
Klinefelter
XXXY

Infant of diabetic
mother (IDM)
1° Hyperinsulinism

Secondary cause

Thyrotoxic
Precocious puberty
CAH
True gigantism

Syndromic

Figure 6.8 Clinical algorithm for assessment of tall 
stature.

Table 6.23 Marfan syndrome diagnostic criteria. If there is no family history 
there should be at least two major (underlined) features in two systems with 
involvement in one other system. If the family history is positive (± proven 
abnormality of the fi brillin gene) then one major feature plus involvement in one 
other system allows the diagnosis.

Skeleton Long span (span >5  cm more than Ht). Long legs compared to 
the back, arachnodactyly, joint laxity, scoliosis and chest 
deformities (pectus excavatum or carinatum). High arched 
palate. Flat feet

Eyes Myopia, upward dislocation or poor fi xation of the lens, fl at 
cornea and hypoplastic iris

CVS Mitral and aortic valve incompetence, peripheral pulmonary 
stenosis, aortic dilatation and dissection

Chest Spontaneous pneumothorax

Skin Herniae, striae

MRI spine Lumbosacral dural ectasia

CVS, cardiovascular system; MRI, magnetic resonance imaging.

Marfan syndrome is a dominantly inherited disorder charac-
terized by disproportionate tall stature. There are many ‘mar-
fanoid’ children with some of the features of the condition (and 
presumably more mild mutations) but, because of the important 
genetic and cardiac implications, it should be diagnosed only if 
the criteria given in Table 6.23 are met [65]. Syndrome-specifi c 
height centiles are available [66]. In Marfan syndrome there is 
usually a mutation of one of the copies of the fi brillin gene FBN1 
on chromosome 17q.

Beals contractual arachnodactyly is a rarer dominantly inherited 
disorder of another copy of a fi brillin gene on chromosome 15q 
and has some similarities with the Marfan syndrome. There are 
contractures at the knees, elbows and hands and micrognathia. 
The ears may be “crumpled” and there may be kyphoscoliosis.

Dysmorphic syndromes with symmetrical overgrowth
Most of these syndromes are associated with developmental delay 
and present in the neonatal period because of the dysmorphic 
features or when the delay is noted. The important causes are 
Sotos, Weaver, Marshall–Smith, Beckwith–Wiedemann syndrome 
and Simpson–Golabi–Behmel syndromes.
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In Sotos syndrome, also called cerebral gigantism, early rapid 
growth with a tall forehead, large head circumference, a high 
arched palate and large chin is seen. The fi nger nails are concave 
at the base. Individuals are taller as children than adults because 
the bone age is usually in advance of chronological age and mean 
adult heights are 173  cm female, 184  cm male. There may be 
developmental delay of variable severity.

Marshall–Smith syndrome is the association of tall stature and 
thinness with developmental delay secondary to CNS malforma-
tion, blue sclerae and a small jaw. There is a tendency to respira-
tory infections. The bone age is very advanced with abnormal 
phalanges.

Weaver syndrome consists of tall stature, hypertonia, develop-
mental delay, claw hands with unusual nails, and odd face. There 
is an advanced bone age with less radiographic abnormalities in 
the hand than Marshall–Smith syndrome although the matura-
tion of the carpal bones is in advance of the small bones of the 
hand.

Beckwith–Wiedemann syndrome includes macrosomia (often 
more marked on one side of the body), with other dysmorphic 
features and hypoglycemia. The pancreas is hyperplastic and the 
liver and kidneys may be enlarged. There may be associated 
intellectual defi cit as a result of the hypoglycemia. There is evi-
dence of relative overexpression of the in utero growth factor 
IGF-2 because of a maternal imprinting defect possibly dually 
expressed with a paternal growth-suppressing H19 gene. There is 
a tendency to Wilms tumour as a result of this genetic 
imbalance.

Simpson–Golabi–Behmel syndrome (or “bulldog” syndrome) 
has overlapping features with Beckwith–Wiedemann syndrome 
but presents with a characteristic large mouth and tongue and is 
due to a deleting mutation of glypican 3, a membrane bound 
proteoglycan that usually sequesters IGF-2 to make it unavailable 
to its receptor.

The main distinguishing features of dysmorphic syndromes 
with partial or asymmetrical overgrowth are given in Table 6.24.

Secondary causes of large size
Early causes
Intrauterine hyperinsulinemia due to primary inherited disorders 
of pancreatic beta cell function or secondary to maternal diabetes 
causes early macrosomia, because insulin is a potent fetal growth 
factor. Persistent hyperinsulinemic hypoglycemia of infancy 
(PHHI; previously called pancreatic endocrine dysregulation syn-
drome or nesidioblastosis) may be secondary to somatic or germ-
line mutations in the insulin-regulating potassium ATP channel 
of the beta cell on 11p. The germline mutations result in diffuse 
hyperinsulinism, whereas the somatic mutations may produce 
localized disease. Hyperinsulinism can also be secondary to muta-
tions in the glucokinase, glutamate dehydrogenase and short 
chain 3-hydroxyacyl CoA dehydrogenase genes [67]. Once the 
abnormal insulin-secreting environment is removed after birth 
there is “catch-down” growth to normal genetic centiles by 2 
years of age.

Late causes
Pituitary gigantism caused by a GH-producing adenoma in the 
pituitary or even less commonly GHRH excess from hypotha-
lamic tumors is extremely rare. Forty percent of sporadic somato-
trophinomas are caused by acquired activating mutations in the 
Gsα subunit of the transmembrane receptor. Pituitary hyperpla-
sia with excess GH secretion may be seen as part of the McCune–
Albright syndrome (Table 6.25).

Carney complex is a rare disorder [myxomas, spotty skin pig-
mentation (lentigenes), endocrine and non-endocrine tumors] in 
which somatotroph cell hyperplasia and GH excess may also be 
found. Although the most common pituitary tumors in multiple 
endocrine neoplasia type 1 are prolactinomas, GH secreting ade-
nomas may also occur. Familial acromegaly and familial isolated 

Table 6.24 Dysmorphic syndromes with partial or asymmetrical overgrowth.

Klippel–Trenaunay–Weber Tissue overgrowth due to a somatic mutation 
in association with cutaneous vascular naevi

Proteus Caused by a somatic mutation or chimeric 
tissue abnormality resulting in progressive 
overgrowth, lipomas and deformity in a typical 
“streak” pattern

Bannayan–Riley–Ruvacalba Prenatal overgrowth, developmental delay, 
macrocephaly and developmental delay. 
Multiple mesodermal angiolipomas and 
macules on the penis. Caused by mutation in 
PTEN gene

Elejalde Polydactyly, craniosynostosis organomegaly and 
renal dysplasia

Nevo Kyphosis, abnormal hands and feet, hypotonia 
– related to Ehlers–Danlos syndrome 
kyphoscoliosis subtype may be associated with 
overgrowth

Beckwith–Wiedemann The overgrowth in this syndrome may 
sometimes be asymmetrical producing 
hemihypertrophy

Table 6.25 Features of McCune–Albright syndrome.

“Coast of Maine” irregular café-au-lait patches
Polyostotic fi brous dysplasia of bone
Gonadotropin independent sexual precocity (autonomous ovarian cysts, testicular 

activation, isolated macro-orchidism)
Thyrotoxicosis
Parathyroid adenomas
Cushing (adrenal or pituitary disease)
GH adenomas
Prolactinomas
Pulmonary stenosis
Hepatitis
Activating post-somatic mutation of Gsα-subunit of the G-protein linked receptor
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pituitary adenomas are rare conditions of GH excess due to 
dominantly inherited mutations in aryl hydrocarbon interacting 
protein.

In all these conditions, proportionate, worsening tall stature 
with a rapid height velocity occurs but bone age is usually not 
markedly advanced, except in McCune–Albright syndrome with 
coexistent sexual precocity. All children with height velocity >97th 
centile over 1 year or >75th centile over 2 years require investiga-
tion. GH excess causes prominent soft tissues, prognathism and 
signs and symptoms resulting from optic chiasm compression 
caused by the pituitary tumor. There may be increased sweating 
and a yellowish discoloration of the palms. In the absence of 
treatment, adult heights up to 247  cm in the female and 274  cm 
in the male may be found because the tumor causes variable 
hypogonadotropic hypogonadism and thereby a lack of epiphy-
seal fusion. Acromegaly in the adult is the same disease after the 
fusion of the epiphyses but a number of patients with a late child-
hood onset share features of both conditions and 10% of acro-
megalics are tall. Concentrations of GH, IGF-1 and IGFBP3 are 
high and the GH does not suppress in response to a glucose load. 
An MRI of the brain may show an obvious adenoma.

Obesity and other causes of hyperinsulinism
Excess calorie intake is available for growth and may produce 
hyperinsulinism and relatively tall stature (at upper end of pre-
dicted target range). There is early puberty secondary to over-
production of leptin, a satiety hormone produced from white 
fat that has a key role in the initiation and maintenance of 
normal puberty. Striae and a high cheek color may mimic mild 
Cushing syndrome but with contrasting rapid growth compared 
to the universal growth failure of steroid excess. Insulin acting 
at the IGF-1 receptor in the skin produces acanthosis nigricans.

Mutations of the insulin receptor produce extreme primary 
hyperinsulinism with insulin resistance. This can cross-react at the 
IGF-1 receptor producing tall stature. In the HAIR-AN syndrome 
of type A or type B insulin resistance the facial features are described 
as “acromegaloid”. The other features are hirsutism, acrochordons 
(skin-tags), insulin resistance and acanthosis nigricans [68].

Isolated ACTH insensitivity
Outside of known affected families, these individuals present in 
mid to late childhood.

Autosomal recessive familial glucocorticoid resistance results 
from mutations of the ACTH receptor (MC2-R). Patients present 
with Addison disease (hyperpigmentation, weakness and col-
lapse), an increased height and head circumference (with frontal 
bossing) for the parental size and hypertelorism with epicanthic 
folds.

Other endocrine abnormalities
Thyrotoxicosis if relatively mild, and thus recognized and treated 
late, produces an acceleration of growth rate and relative tall 
stature in mid-childhood. The bone age is markedly advanced so 
the post-treatment height is only modestly elevated.

Early or precocious puberty causes an early onset of the puber-
tal phase of growth. The height velocity accelerates but skeletal 
maturation advances rapidly and there is early epiphyseal fusion. 
The child is therefore tall for his/her age initially but may end up 
as a short adult.

Multiple endocrine adenomatosis or neoplasia (MEA or 
MEN) type 2b is a familial condition where the occurrence of 
medullary carcinoma of the thyroid and pheochromocytoma 
is associated with mild tall stature and a marfanoid habitus 
along with neuromas of the mucous membranes, bowel and 
conjunctiva.

Hypogonadism for any cause or Kallmann syndrome (hypo-
gonadotropic hypogonadism and anosmia) results in a modestly 
increased adult height secondary to late closure of the epiphyses 
and a prolonged childhood phase of growth of long bones. 
Absence of the sex hormone mediated growth of the spine pro-
duces disproportion in a similar fashion to that seen in delayed 
puberty.

Aromatase defi ciency resulting from mutation of the CYP19 
gene prevents the conversion of testosterone to estrogen in the 
male and hence there is no stimulus for epiphyseal fusion. These 
rare males continue growing into adulthood and have osteopo-
rosis and infertility in association with massively raised FSH con-
centrations. Estrogen receptor mutations produced a similar 
pattern of continuing adult growth (204  cm) in a single case 
report [69,70].

Administration of anabolic steroids to enhance athletic perfor-
mance is widespread in some societies. This may produce rapid 
growth in height and muscle bulk at the same time as hirsutism 
in females and testicular atrophy in males.

Constitutional tall stature
In the context of a tall family, there is often little concern about 
tall stature, which is often seen as socially advantageous. This may 
sometimes result in the delay of diagnosis of Marfan syndrome 
in particular (see above). Sometimes one parent, often the mother, 
has had adverse experiences related to her own size and may seek 
early assessment of their (usually female) child.

Familial tall stature results in tall stature during the childhood 
phase of growth and an increased fi nal height within the range 
defi ned by parental size. The rate of growth varies around the 
75th height velocity centile. Bone age approximates to chrono-
logical age and there is a normal age of onset of puberty. The legs 
are often relatively long in comparison to sitting height.

Investigations of tall stature
A bone age determination allows estimation of predicted height 
and may also reveal dysmorphic bones. Arachnodactyly may be 
measured by estimation of the metacarpal index (the average 
length to width ratios of the metacarpal bones) although this 
rarely adds anything to clinical examination. In Marfan syndrome 
the metacarpal index exceeds a value of >8.5.

In the presence of genital abnormalities, behavioral or learning 
diffi culties a karyotype should be performed. Uniparental 
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isodisomy of 11p may help confi rm Beckwith–Wiedemann 
syndrome.

Pelvic and abdominal ultrasound examination for ovary and 
uterine size and estradiol (E2), luteinizing hormone (LH), FSH 
allow further delineation of physiological maturity and remain-
ing growth potential. In boys testicular damage will produce 
menopausal FSH concentrations (e.g. Klinefelter syndrome). In 
both sexes, hypothalamic or pituitary hypogonadism will produce 
low LH and FSH concentrations that will also be suppressed by 
peripheral testosterone production or anabolic steroid adminis-
tration. Familial glucocorticoid resistance will produce an ele-
vated 0900  h ACTH concentration with a low cortisol 
concentration. TSH will be suppressed with a raised T3 and T4 
in thyrotoxicosis.

If there is any possibility of MEN2b, either because of a positive 
family history or the presence of mucosal neuromas in a child 
with a marfanoid habitus, it is essential to measure calcitonin 
concentration and to confi rm the diagnosis by analysis of the 
ret-proto-oncogene.

If pituitary gigantism is a possibility, an elevated IGF-1 con-
centration may be a useful screening test followed by a GH sup-
pression test and pituitary imaging.
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7 Management of Disordered Growth

Steven D. Chernausek
Department of Pediatrics, University of Oklahoma Health Sciences Center, Oklahoma City, OK, USA

Disordered growth, which refl ects an aberration in genes, hor-
mones, nutrients and environment at any point during the fi rst 
two decades of human life, is the most common problem in 
pediatric endocrinology. The number of diagnoses is vast and 
management options are varied because of the wide variety of 
body systems that regulate growth. Short stature and/or growth 
failure is more common than overgrowth and has the greater 
number of diagnostic possibilities.

The management of children with disorders of growth involves 
more than making a diagnosis and administering a drug. They 
always entrain psychosocial issues, the impact on school perfor-
mance and behavior before and during therapy should not be 
underestimated. Apart from encouragement and guidance from 
the treating physician, serious distress and/or psychopathology 
require referral to mental health professionals.

Short stature

Why treat?
Treatment of short stature has gained wide acceptance among 
Western societies. The use of human growth hormone (hGH) has 
spread from hormone replacement of growth hormone defi ciency 
(GHD) to pharmacological treatment of Turner syndrome, short 
children born small for gestational age (SGA) and idiopathic 
short stature. Regulatory approvals have been based on effi cacy 
(an increased growth rate with or without evidence of an increase 
in adult stature) and relative safety in the short term. Worldwide 
sales of hGH approximate US$ 2 billion.

Individuals with GHD require replacement treatment for 
stature but also for benefi cial effects on metabolic status, bone 
mineral content and body composition. There are other 
conditions where growth is so severely reduced that the ability to 

function is impaired and physical appearance so abnormal 
that there is little disagreement that treatment should be offered 
but the benefi ts of increasing height in less severe conditions 
are largely presumed and treatment of such children is 
controversial.

There is a belief that individuals with short stature suffer bias 
and discrimination in society and that they may be unable to 
perform as well or achieve a status equivalent to that of their 
normal-sized peers. There is a suspicion that they are unhappy 
and have diminished self-esteem, issues that may provoke the 
initial referral to the clinic. It is hoped that treatment with hGH 
will ameliorate these problems. In reality, most of the data show 
that individuals with heights that borderline on normal have 
measurable but modest differences in social standing, educational 
achievement, income, etc. but also that they are just as happy as 
their peers [1,2].

The hard questions are:
• How short is too short?
• What will be the outcome if a short child is left untreated?
• How much height will be gained if a specifi c treatment is 
employed?
• Who should make the decision regarding this expensive and 
potentially hazardous therapy?

How to treat
Growth hormone
hGH is the most abundant hormone produced by the pituitary, 
comprising up to 25% of the dry weight of the gland. The secre-
tory rate of growth hormone in the prepubertal period approxi-
mates 0.6  μg/m2/day, increasing twofold during puberty [3]. hGH 
has been used to treat GHD for 50 years. Because only hGH is 
effective in humans (in contrast to insulin, where porcine and 
bovine forms are bioactive), initial preparations were derived 
from human pituitary glands obtained postmortem. Because of 
the recognition of iatrogenic Creutzfeldt–Jakob disease, produc-
tion changed to biosynthetic methods in 1985, which led to an 
unlimited supply and the opportunity to consider treatment of a 
wider range of conditions.

Brook’s Clinical Pediatric Endocrinology, 6th edition. Edited by C. Brook, 

P. Clayton, R. Brown. © 2009 Blackwell Publishing, 

ISBN: 978-1-4051-8080-1.
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Clinical use
hGH produces few adverse effects in children over the short or 
intermediate term [4,5]. The therapeutic window is wide, allow-
ing a substantial range of doses to be given safely. When supplies 
of hGH were limited, many individuals with GHD were given 
incomplete replacement. Greater abundance of hGH for treat-
ment now allows optimization of dosage for the condition being 
treated, the age of the child and the desired response.

Growth hormone use can be categorized as replacement (for 
GHD) or pharmacologic (for most other conditions) therapy. In 
the latter situation, hGH is used to stimulate growth-promoting 
pathways that are dampened by disease or underperforming 
because of normal variation. hGH is used in such cases to over-
come relative GH or insulin-like growth factor (IGF) insensitiv-
ity. Only a few studies have systematically evaluated a variety of 
doses and recommended dosage usually refl ects the dosage used 
during licensing trials for the condition in question rather than 
the optimal regimen (Table 7.1). An individual with neonatally 
diagnosed or recently acquired GHD should be started on a 
dosage that approximates daily production. A child with a non-
GHD condition will need a higher dosage but in both situations 
there should be modifi cations based on desired and expected 
response, age, degree of short stature and anticipated duration of 
therapy. For example, a short child born SGA who is diagnosed 
late and far behind in terms of height may be served better by a 
relatively high hGH dosage.

The response to treatment is dictated by the sensitivity of the 
disease in question to hGH, the dosage and the age of the patient. 
The growth response is usually best in the fi rst year of therapy 
and usually declines slightly thereafter but most patients increase 
growth velocity by at least 2  cm/year (usually more) over their 
baseline growth velocity. This should be evident during the fi rst 
6 months of therapy. When this does not occur or the growth 
velocity wanes more than expected later in the course of therapy, 
an explanation must be sought. Things to consider are:
• Is the diagnosis correct?
• Is the dosage appropriate for the diagnosis?

• Is all the hGH be given as prescribed?
• Has another condition, such as inadequate nutrition, hypothy-
roidism or an excessive dosage of glucocorticoid, developed that 
impedes response?
If no explanation is forthcoming, a trial at a higher hGH dosage 
with monitoring of circulating IGF-1 is reasonable.

Safety
hGH is well-tolerated in children and complications rarely arise. 
Adverse events are listed in Table 7.2. Allergy is very uncommon. 
Some patients develop antibodies to hGH but these rarely affect 
response. The exception is the patient who is homozygous for a 
GH gene deletion who develops high titers that neutralize exog-
enous hGH. The development or worsening of scoliosis has been 
reported in association with hGH treatment, as has slipped capital 
femoral epiphysis. Intracranial hypertension, a rare complication, 
typically responds to brief withdrawal from hGH treatment with 
resumption at a lower dosage.

The possible role hGH treatment might have in de novo neo-
plasm formation or in the growth of existing tumors has been of 
concern [6] because of data that show GH and IGF-1 promote 
tumor growth. Epidemiological studies that indicate higher than 
average circulating levels of IGF-1 are associated with an increased 
incidence of some common adult tumors, such as carcinoma of 
the colon. Also many children develop GHD because of a tumor 
or its treatment.

Pre-existing malignancies should be inactive and treatment 
complete before instituting hGH. Treating patients with 
craniopharyngioma and other CNS tumors with hGH does not 
appear to infl uence recurrence [7]. Administering hGH to 
patients treated for one tumor may modestly increase the risk 
of a second primary, frequently a meningioma [8]. Because the 
data suggest that the increased risk conferred by adding hGH is 
low, most children with GHD and adequately treated stable 
neoplasms should be offered treatment. The risk of tumor forma-
tion in normal, short or GHD children given hGH is extremely 
low.

Table 7.1 Suggested dosing of human growth hormone (hGH) for treatment of short stature of various etiologies.

Diagnosis Approximate dose (mg/kg/day) Comments

Growth hormone defi ciency: childhood 25–50; 100 during puberty Secretory rate is approx 20  μg/kg/day

Growth hormone defi ciency: adulthood  6–12 Based on studies of middle-aged adults

Prader–Willi syndrome 25–50 Consider dosing by m2 or ideal body weight in obese patients

Turner syndrome 50–60 Some studies use higher doses or combined with oxandrolone

Short stature with small for gestational age 35–70 Response can vary signifi cantly among patients

Noonan syndrome Up to 66 PTNP11 status may infl uence response

SHOX gene abnormality 50 Not all patient have typical Leri–Weill features

Idiopathic short stature 50
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Monitoring
Periodic assessment of safety and effi cacy are predominantly 
based on review of history and physical fi ndings. A reasonable 
approach is to examine patients every 3–6 months, depending on 
the phase of treatment, to measure IGF-1 once or twice annually 
and to measure skeletal age radiographically every 1–3 years. The 
principal measure of effi cacy is growth velocity, which must be 
interpreted in light of the patient’s diagnosis, pubertal status, 
bone age and degree of growth retardation. Even though hGH 
administration always reduces insulin sensitivity, routine mea-
sures of carbohydrate status are not indicated, unless there are 
signifi cant risk factors for diabetes in the patient.

The Growth Hormone Research/IGF Society recommends that 
circulating IGF-1 be monitored as part of ongoing surveillance 
and adjustments made to avoid IGF-1 concentrations above 
normal because of the association of these with cancers in adult-
hood [9]. It makes sense in GHD to use all parameters (growth 
rate, skeletal maturation and IGF-1 concentration) to assess the 
adequacy of GH replacement. Monitoring IGF-1 is helpful for 
detecting non-compliance. When both the growth velocity and 
circulating IGF-1 are lower than expected, non-compliance is 
almost always the problem. The use of IGF-1 to avoid hazard in 
non-GHD conditions remains to be determined. Resistance to 
IGF may underlie some conditions. If so, avoiding higher IGF-1 
concentrations could be counterproductive.

Recombinant human insulin-like growth factor 1
Insulin-like growth factor 1 (IGF-1) induces growth by promot-
ing cell division, inhibiting apoptosis and stimulating protein 
synthesis. It was originally recognized as “sulfation factor,” the 
putative mediator of GH’s growth-promoting actions in cartilage 
but it was quickly recognized that its growth regulatory role 
involves most organs and tissues. IGF-1 is structurally homolo-
gous with insulin and possesses both insulin-like and growth-
promoting properties. Both features have been exploited 
therapeutically (clinical trials show improved glycemic control in 
diabetes mellitus) but only the treatment of short stature has 
obtained regulatory approval.

In the circulation IGF-1 is complexed with IGF binding protein 
3 (IGFBP3) and the acid labile subunit (ALS), which are also 

produced by the liver in response to GH. The roles of IGFBP3 
and ALS are to stabilize IGF-1, protect it from degradation and 
prolong its circulation. The three components form a ternary 
complex, which serves as a reservoir of IGF-1 within the blood-
stream. In addition to this endocrine role, IGF-1 is also synthe-
sized by multiple organs and stimulates growth within tissues of 
origin in a paracrine/autocrine manner.

Clinical use
Recombinant human IGF-1 (rhIGF-1) was developed as a thera-
peutic agent in the early 1990s. Initial trials tested the response 
in children with growth hormone insensitivity syndrome (GHIS, 
Laron syndrome), a condition with severe short stature most 
commonly caused by defects in the GH receptor gene [10–12] 
and unresponsive to GH. Clinical trials conducted in a few sub-
jects demonstrated reasonable safety and effi cacy, which led to 
licensing of rhIGF for a condition termed “severe primary IGF 
defi ciency” [13].

Most individuals with GHIS lack not only IGF-1 but other 
components of the ternary complex as well. This results in a more 
rapid clearance of the hormone so twice daily dosing just before 
a meal in order to avoid hypoglycemia is recommended for most 
patients with primary IGF defi ciency/GHIS. A starting dose is 
40–60  μg/kg, with increases up to 120  μg/kg as tolerated. When 
administered thus, there is a trebling of the baseline growth veloc-
ity on average and sustained growth for several years in patients 
with GHIS (Fig. 7.1) but the response is not as robust as is typi-
cally observed in GH defi cient individuals treated with hGH. The 
reasons for this have not been established but may refl ect inade-
quate dosing, the lack of IGFBP3 and ALS or the inability of 
subcutaneous injections to restore the IGF-1 content of periph-
eral tissues.

Safety
Experience with rhIGF-1 as a therapeutic agent is limited com-
pared to that with hGH. Although patients have been treated 
successfully for more than 10 years now, the total number of 
patients treated is few and low frequency adverse events may 
come to light only with more exposure (Table 7.3). Hypoglyce-
mia in conjunction with rhIGF-1 therapy is the most common 

Table 7.2 Adverse events associated with human growth hormone (hGH) therapy. Data from Blethen et al. [4] and Clayton and Cowell [5].

Event Frequency Management Comments

Peripheral edema None or short course diuretic Resolves with time

Insulin resistance/hyperglycemia 1 : 1000 None to blood glucose lowering drugs Increased insulin : glucose common, overt DM rare

Slipped capital femoral epiphysis 1–5 : 1000 Orthopedic fi xation Due to underlying condition?

Scoliosis 1–10% Bracing/surgery Due to underlying condition?

Benign intracranial hypertension 1–2 : 1000 Suspend hGH, reintroduce at lower dose when resolved More common in patients with predisposing CNS anomalies

DM, diabetes mellitus.



CHAPTER 7

158

adverse event. Many GHIS patients have spontaneous hypogly-
cemia because of their underlying condition (GHIS) and rhIGF-1 
might, in theory, exacerbate this but, as it turns out, symptomatic 
hypoglycemia resulting from rhIGF-1 is largely avoided when 
adequate calories are consumed in conjunction with the injec-
tion. Nonetheless, episodes of severe hypoglycemia can occur, 
especially in patients who do not consume suffi cient carbohy-
drate before an injection.

Other adverse effects of IGF-1 are those attributable to lym-
phoid tissue overgrowth. Tonsillectomy and/or adenoidectomy 
along with tympanostomy tube placement were very common in 
initial trials. The extent to which this refl ects lymphoid tissue 
growth versus the relatively small mid-face structure in GHIS 
patients is not clear. Intracranial hypertension may occur during 
either hGH or rhIGF therapy. Although too few patients have 
been treated to judge accurately the incidence of intracranial 

hypertension during rhIGF-1 therapy, the preliminary indication 
suggests it may be more common than with hGH. As with hGH, 
it should respond to transient withdrawal of the rhIGF-1 and 
reintroduction at a lower dosage. Concerns about the role of 
IGF-1 in malignancy probably are just as applicable with rhIGF-1 
as with hGH [14].

Monitoring
There must be periodic assessment of safety and effi cacy by 
interim history and physical fi ndings, i.e. growth response. There 
is no demonstrated utility of measurement of circulating IGF-1 
during treatment. Home blood glucose monitoring is not for-
mally recommended but can be helpful in some situations. The 
signs and symptoms of tonsillar or adenoidal hypertrophy should 
be sought and if present evaluated by audiometry and other mea-
sures. Symptoms of headache, nausea, changes in visual status 
and/or irritability should prompt an evaluation for intracranial 
hypertension.

Sex steroids
Androgens were the fi rst growth-promoting hormones used clin-
ically. They act by stimulating bone growth directly and by 
enhancing pituitary GH secretion. Their use is limited to older 
patients because of the effects on secondary sex characteristics 
and the propensity to accelerate skeletal maturation. This is espe-
cially true for estrogens. Androgens are used mostly to treat con-
stitutional delay of growth and adolescence (CGDA) or as an 
adjunct to hGH. The available forms include testosterone, modi-
fi ed androgens such as oxandrolone and estrogenic compounds. 
Testosterone preparations are used only in males and estrogens 
in females. Oxandrolone has been used in both.

Clinical use
Testosterone is usually administered intramuscularly in a long-
acting form (testosterone enanthate or cypionate) at monthly 
intervals. A typical starting dosage is 50  mg/month, with increases 
every 3–6 months depending on the clinical situation. Transcu-
taneous preparations are available but are more expensive and 
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Figure 7.1 Linear growth in response to rhIGF-1 treatment in GH insensitivity. 
(From Chernausek et al. [13] with permission.)

Table 7.3 Adverse events associated with rhIGF-1 therapy in growth hormone insensitivity syndrome (GHIS). (After Chernausek et al. [13].)

Event Frequency Management Comments

Hypoglycemia 50% Give rhIGF-1 with meal, avoid prolonged fast Most hypoglycemic episodes due to GHIS, not medication 
administration

Hypoglycemic seizure  5% Give rhIGF-1 with meal, avoid prolonged fast Younger patients possibly more at risk

Tonsillar/adenoidal hypertrophy 22% Removal if obstructive symptoms Snoring may be fi rst sign

Hypoacusis 22% Tympanostomy tube placement Usually conductive

Injection site lipodystrophy 32% Rotate sites

Benign intracranial hypertension  4% Suspend rhIGF-1, reintroduce at lower dose when 
resolved

Seen with hGH also, ? more common with rhIGF-1
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the regimen for pubertal initiation or growth promotion is not 
established. The dose of oxandrolone, a non-aromatizable andro-
gen administered orally, is typically in the range 0.05–0.1  mg/kg/
day. Because it is not metabolized to estrogen, it may produce less 
bone age advancement. Some studies suggest that administering 
estrogens at very low (sub-feminizing) dosage may promote 
growth without untoward skeletal maturation but the data are 
limited [15]. At the present time it is hard to recommend any 
estrogen regimen as yielding a signifi cant net gain in height.

Safety
Intramuscular testosterone given to males in the adolescent age 
range at recommended dosage is very safe. Large doses of andro-
gens are not given orally because of adverse hepatic effects. Oxan-
drolone at recommended dosage is generally safe for both boys 
and girls. It reduces insulin sensitivity and therefore could theo-
retically cause carbohydrate intolerance in susceptible individuals 
[16]. Estrogens may produce hyperlipidemia and rarely induce 
thrombotic adverse events but this is very uncommon in pediatric 
practice.

Monitoring
No special testing is indicated other than periodic radiographs for 
skeletal age. Blood pressure should be measured before and after 
staring estrogen, and lipid profi les obtained in those with risk 
factors beginning estrogen therapy.

GnRH agonists and aromatase inhibitors
Adult height may be increased by extending the time for growth, 
which means infl uencing puberty to attenuate skeletal matura-
tion. This can be achieved by delaying puberty with a gonado-
tropin releasing hormone (GnRH) agonist or by reducing 
estrogen, the main hormone driving skeletal maturation, 
with an aromatase inhibitor. Neither treatment is approved by 
regulatory agencies for height augmentation but there are several 
reports of clinical trials and probably limited use in clinical 
practice.

The effect of GnRH agonists appears modest because, when 
puberty is blocked completely, the growth rate slows because of 
the lack of sex steroid exposure. In one randomized trial of GnRH 
agonist in short but otherwise normal children, there was about 
a 5-cm gain in fi nal height when puberty was delayed by 3 years 
[17].

Aromatase inhibition would theoretically allow the benefi cial 
growth effects of androgens while negating the growth plate mat-
uration resulting from estrogens but data on aromatase inhibi-
tion are limited. Studies do show that skeletal maturation is 
slowed by the treatment with growth continuing, implying that 
fi nal height will be increased [18], but the actual effect on fi nal 
height remains to be determined.

Clinical use
When puberty is far advanced, no medical therapy improves 
height outcome. GnRH agonists can be given as daily injections, 

intranasally or in a depot form, which lasts 1–12 months, by 
injection or implantation. They are effective at suppressing pitu-
itary gonadotropin secretion but treatment dosage or frequency 
may need to be individualized.

Trials of aromatase inhibitors enrolled only boys because the 
therapy may induce ovarian cysts in girls. Although the results are 
encouraging, using aromatase inhibitors for improving height 
should be considered experimental at this time because of the small 
number of subjects treated and the scant data on fi nal height.

Safety
There has been concern that delaying puberty or lowering estro-
gen exposure might lead to decreased bone mineral accretion but 
there is no evidence that this would be clinically signifi cant. Most 
adverse events associated with GnRH agonists are injection site 
reactions and local abscess formation, which are uncommon. The 
drug is otherwise well-tolerated and puberty appears to be re-
established normally following withdrawal. Aromatase inhibitors 
also appear well-tolerated but experience is much more limited. 
Testosterone concentrations increase substantially because of the 
refl ex increase in gonadotropin secretion. The impact of this is 
unknown.

Monitoring
It is important that pituitary suppression be verifi ed at the initia-
tion of treatment and periodically thereafter when using GnRH 
agonists. Skeletal maturation should be assessed once or twice a 
year. It is premature to discuss monitoring for aromatase inhibi-
tion given the experimental nature of its use.

Cost effectiveness of growth-promoting therapies
With the possible exception of depot testosterone, most growth-
promoting therapies are expensive and debates as to cost–benefi t 
ratios are inevitable. At present, only effectiveness, i.e. growth 
response, can be assessed because the true benefi t of additional 
height has not been measured.

Take, for example, “pubertal dosing” of hGH for GHD. A 
controlled trial showed that a dose twice that of the standard 
resulted in greater fi nal height [19] but the cost would approxi-
mate $100 000 for each extra inch in stature. A therapeutic 
maneuver combining GnRH agonist therapy (e.g. leuprolide) 
with hGH when the onset of puberty threatens to curtail the 
“window of opportunity” for intervention could easily exceed 
$50 000 per year but its effectiveness is questionable.

A recent assessment of the cost-effectiveness of treating chil-
dren with idiopathic short stature (ISS) estimated that each inch 
gained cost approximately $50 000 [20]. Because the number of 
patients with ISS is vast, the potential for a signifi cant burden on 
health care systems with indiscriminant use of hGH is obvious. 
Solving the problem involves getting better at determining who 
will benefi t most from treatment by identifying the patients and 
conditions that will yield the best growth response when treated 
and determining who needs the intervention to improve their 
well-being in the long run.
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Management of specifi c conditions

Growth hormone defi ciency
The diagnosis of GHD in children is clinical, based on the com-
bination of medical history, auxology and laboratory testing. 
Reliance solely on the results of stimulation testing will misclas-
sify many patients with short stature, especially if those with peak 
values <10  ng/mL are considered GH defi cient. When growth is 
impaired because of moderate to severe GHD, the response to 
hGH is predictably robust with dosage in the lower ranges. When 
this does not occur one must assess compliance, seek other condi-
tions that might explain a poor response (e.g. concurrent central 
hypothyroidism, excessive glucocorticoid replacement) and 
reconsider the diagnosis of true GHD.

Infancy and childhood
Most patients diagnosed as infants or young children have con-
genital GHD, frequently associated with other pituitary tropic 
hormone defi ciencies. Treatment is justifi ed as soon as the diag-
nosis is made in order to prevent hypoglycemia and to normalize 
growth. Weight-based regimens may undertreat some infants so 
surface area-based regimens may be preferable. Suggested dosage 
is 25–50  μg/kg/day or 0.7–1.4  mg/M2/day. Monitoring growth 
response and documenting the prevention of hypoglycemia are 
important.

Adolescence
Growth hormone secretion naturally increases during puberty in 
boys and girls so it seems logical to increase GH dosage, at least 
in GHD, to mimic the natural processes. In the USA, a higher 
dosage (100  μg/kg/day) is approved for children during puberty. 
Administration of the “pubertal dose” does result in an increase 
in fi nal height in individuals but at considerable expense [19]. 
Because this dosage exceeds the GH secretory rate of most indi-
viduals and results in a supra-normal circulating concentration 
of IGF in many, it is the author’s practice to increase the dosage 
at puberty only for those patients on relatively low dosage at 
pubertal onset and/or who are showing a less than desirable 
growth response.

Adulthood
Maintaining GH dosage in pediatric ranges may help the young 
adult or adolescent patient to achieve normal peak bone mass. 
For older adults with severe GHD, hGH is indicated in order to 
avoid the complications of adult GHD which include decreased 
bone mineral and lean body mass along with increased fat mass 
and an unfavorable lipid profi le [21]. Adults appear much more 
sensitive to hGH and develop arthralgias and other symptoms 
when given dosage easily tolerated in the pediatric population. 
Most of the initial studies of adults were conducted in middle-
aged individuals: GH secretion normally declines gradually with 
age, which perhaps explains the increased sensitivity. The hGH 
dosage required to reverse the phenotype of adult GHD and to 

restore circulating concentrations of IGF-1, is much lower than 
that proposed for children and adolescents.

In managing patients at or near the end of the growing period, 
the persistence of GHD should be verifi ed because up to 40% of 
patients with isolated childhood-onset GHD will retest normally 
as young adults. Typically, GH stimulation testing with insulin-
induced hypoglycemia or arginine and growth hormone-
releasing hormone (GHRH) is employed [22]. This might be 
bypassed for patients with organic hypothalamic-pituitary disease, 
multiple pituitary tropic hormone defi ciencies or very low serum 
IGF-1 concentrations after hGH is withdrawn. Treatment at 
dosage approximating the pediatric range during the transi-
tional period makes sense, with a reduction in dosage into the 
adult range thereafter, dictated largely by circulating IGF-1 
concentrations.

Special considerations
Some patients with congenital disease limited to a subset of pitu-
itary hormones develop additional defi ciencies over time, such as 
those with PROP1 mutations, in whom central adrenal insuffi -
ciency can manifest late [23]. Such patients need periodic reas-
sessment of their pituitary function.

Prader–Willi syndrome
Prader–Willi syndrome (PWS), caused by deletions or imprinting 
abnormalities within regions of several genes located in the long 
arm of chromosome 15, is characterized by intellectual defi cit, 
hypotonia and poor feeding that leads to failure to thrive during 
infancy. This is followed by an insatiable appetite and the devel-
opment of morbid obesity. Many features are caused by a general-
ized hypothalamic defect that includes GHD and hypogonadotropic 
hypogonadism. Replacement of these defi cits has been shown 
to improve the patients’ condition and hGH is approved 
for use in children with growth failure resulting from PWS 
[24,25].

Whether all PWS patients should undergo GH stimulation 
testing is debatable. Those with the expected genetic defect and a 
moderate to severe abnormality of growth almost all have GHD, 
especially if the IGF-1 concentration is in the lower range. PWS 
patients in whom the growth failure is less obvious would perhaps 
benefi t from documentation of GHD to help determine whether 
the treatment is indicated. As with most syndromes, there are 
variable expressions of the phenotype.

Infancy and childhood
During infancy, growth may be limited in PWS because of insuf-
fi cient caloric intake. Once this is addressed, the GH secretory 
status of the individual can be evaluated. Growth hormone 
therapy can be initiated using the same guidelines as for typical 
GHD. For the markedly obese, dosing on a surface area basis to 
avoid overdosing is preferred. Any PWS patient with symptoms 
of disordered sleep breathing or sleep apnea should have full 
evaluation and institution of any required treatment before giving 
hGH. Patients with PWS are predisposed to diabetes mellitus 
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(DM). Because GH reduces insulin sensitivity, there has been 
concern that hGH therapy might induce carbohydrate intoler-
ance or make existing DM worse. Conversely, hGH increases lean 
body mass and decreases fat mass, which should ameliorate 
abnormalities of carbohydrate homeostasis. Thus far it appears 
that hGH therapy does not have adverse metabolic consequences 
for patients with PWS. Given the predisposition for DM, periodic 
measures of glucose should be performed whether or not indi-
viduals are receiving hGH.

Adolescence
Treatment with hGH should continue, with adjustments based 
on growth rate and IGF-1 concentration, etc. For patients with 
hypogonadotropic hypogonadism, sex steroid therapy may be 
indicated. Continued assessment of glycemic status is particularly 
important during this time.

Adulthood
Although hGH was originally intended to treat the short stature 
associated with PWS, the persistence of GHD and aberrant body 
composition abnormalities has led to consideration of its use in 
adults. A recent study evaluated the effect of hGH in adults with 
PWS and documented GHD who were on average 30 years of age 
[26]. Lean body mass increased and fat mass decreased in response 
to a typical adult dosage of 1  mg/day. There were no additional 
abnormalities of carbohydrate status that resulted from the hGH 
and no worsening of glycemic control in patients with concomi-
tant DM. These data suggest that the benefi ts of GH replacement 
in other adults with GHD may also be found in adults with PWS 
and that the improvement in body composition and other meta-
bolic parameters outweigh the change in insulin sensitivity 
induced by hGH.

Special considerations
After approval of hGH for PWS, there were isolated cases of 
sudden death occurring in PWS patients receiving hGH [27]. 
This led the US FDA to state that hGH was contraindicated for 
“patients with Prader–Willi syndrome who are severely obese or 
who have respiratory impairment.” Although it is not clear 
whether hGH treatment was a factor in these deaths, there are 
plausible mechanisms that could be invoked. Stimulation of ton-
sillar or adenoidal growth could have led to upper airway com-
promise in an already morbidly obese PWS patient. In addition, 
a recent study reported that 60% of patients with PWS may have 
central adrenal insuffi ciency [28]. Because hGH treatment 
increases the risk of adrenal crisis in patients with undiagnosed 
adrenal insuffi ciency, this too is a potential explanation. Careful 
consideration of the PWS patient’s respiratory and adrenal status 
should take place before commencing hGH.

Turner syndrome
Turner syndrome was the fi rst non-GHD condition for which 
hGH was demonstrated to be safe and effective at treating the 
short stature. Several published trials indicate that hGH treat-

ment increases fi nal height by 8–10  cm depending on dosage and 
age at initiation of treatment [29]. Early studies tested hGH alone 
and in combination with low dose oxandrolone: the combination 
yielded greater height gain in a shorter time period without vir-
ilization [30] but combination therapy does not appear to be in 
common practice.

Infancy and childhood
The fi rst studies enrolled children as young as 4 years of age but 
a recent multicenter trial reports favorable results in girls with 
Turner syndrome treated as young as 9 months [31]. Based on 
this it is reasonable to initiate hGH therapy once postnatal growth 
failure is evident.

Adolescence
The most common question is the timing and form of estrogen 
introduction. When estrogen is given at feminizing doses, there 
is a period of growth acceleration but skeletal maturation acceler-
ates with subsequent growth attenuation. A trial that tested the 
effect of age at estrogen introduction showed that girls in whom 
estrogen was delayed from 12 to 15 years were 4.5  cm taller on 
average and that the most important predictor of height gain was 
the number of years of hGH before estrogen introduction [32]. 
Therefore, the goal is to use growth-promoting therapy effectively 
to bring the patient into the normal height range by the normal 
age of puberty so that puberty can be induced concurrently with 
her peers.

Estrogen can be given orally, by injection or transdermally. 
Recommended starting dosage is 0.25  mg/day micronized ethinyl 
estradiol by mouth or 0.2–0.4  mg/month ethinyl estradiol by 
depot [33]. There are suggestions that lower dosage of estrogen 
might improve outcome but the data are preliminary. hGH is 
continued until near epiphyseal closure or the height reached is 
satisfactory. There is no indication for hGH treatment following 
this.

Special considerations
Patients with Turner syndrome have associated conditions that 
must be periodically assessed, as delineated in recently published 
guidelines (Table 7.4) [33]. Scoliosis is common and should be 
monitored by physical examination, radiographs and orthopedic 
consultation as necessary. It is not generally a contraindication to 
hGH treatment but may need attention. Autoimmune thyroiditis 
is more common and periodic screening with thyroid stimulating 
hormone (TSH) is required. Aortic root dilatation and fatal 
rupture are rare but blood pressure must be monitored and 
hypertension treated. Periodic imaging of the aorta is recom-
mended. Growth hormone increases cardiac output but the 
potential relationship between hGH treatment and aortic root 
abnormalities is unclear.

The short child born small for gestational age
Ten to 30% of those born SGA show little catch-up growth as infants 
and remain short for the rest of their lives. Studies examining 
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the potential use of hGH enrolled individuals who had short 
stature associated with being born SGA demonstrated that 
hGH results in sustained improvement in growth rate, albeit at 
relatively high doses [34]. Based on this, hGH was licensed 
for treatment of short children with birth weights <−2  SD and no 
catch-up growth. Recommendations for treatment by regulatory 
agencies differ slightly, with higher recommended dosage (70  μg/
kg/day) and younger allowable age (2 years) in the USA than 
Europe. Higher dosage does lead to increased growth and may be 
necessary to overcome GH or IGF-1 resistance associated with 
SGA.

Infancy and childhood
Most patients born SGA show catch-up growth within the fi rst 6 
months of life. By age 2, any catch-up growth that is going to 
occur will have occurred so monitoring is usually indicated only 
during the fi rst 2 years. Thereafter, treatment may be considered 
in those remaining small and showing no catch-up. Most studies 
show that the younger patients respond better, so instituting 
treatment early is better, once the growth pattern is established. 
Regimens of 35–70  μg/kg/day are acceptable: although most 
studies show benefi t with the higher doses, one study showed 
little difference in height gained whether 33 or 66  μg/kg/day were 
given [35]. The growth response should be monitored and adjust-
ments in dosage made accordingly: some short SGA patients 
require relatively high dosage of hGH to reach acceptable fi nal 
heights.

Adolescence
There are no special considerations during adolescence. Most 
SGA patients reach puberty at the expected age. If hGH treatment 
is delayed until puberty, height gain will be modest. There is no 
evidence to support the continuation of hGH beyond epiphyseal 
closure.

Special considerations
The causes of fetal growth retardation are varied and so are the 
responses to hGH treatment. Most clinical trials excluded indi-
viduals with syndromic features and response to treatment may 
be more diffi cult to predict in those individuals.

Bloom and Fanconi syndromes are disorders with a predisposi-
tion for malignancy that occasionally present with SGA birth and 
short stature. Treatment with hGH at high dosage is probably 
contraindicated. Although there is evidence that some short chil-
dren born SGA have concomitant GHD, GH stimulation testing 
does not predict the response to treatment and is not recom-
mended unless there are additional features of GHD, e.g. low 
circulating IGF-1 concentrations.

Idiopathic short stature and SHOX defi ciency
ISS, defi ned as height <−2  SD without evident cause after ade-
quate diagnostic evaluation, represents 60–80% of the population 
of short children seen by pediatric endocrinologists. It is a mixture 
of various conditions including familial short stature. Although 
SHOX defi ciency is rare (<5% of short children), it is discussed 
here because hGH is approved for both conditions with similar 
treatment approaches. Not all patients with SHOX gene anoma-
lies display the Leri–Weill phenotype (mesomelic dwarfi sm with 
Madelung deformity) [36] and a small fraction of the ISS popula-
tion probably has undocumented SHOX gene abnormalities. 
SHOX defi ciency is thought partly to explain the short stature of 
Turner syndrome and has recently been approved for hGH treat-
ment [37].

Management is controversial: studies have shown that 4–7 
years of hGH will increase heights 3.5–7.5  cm, with variable 
responses among patients. Those with better outcomes are treated 
younger, have taller parents and have the better fi rst year growth 
response to hGH. Opinions differ as to value of the therapy and 
the severity of short stature needed to justify treatment. A recent 
consensus conference addressed these questions and provides 
some guidance [38].

Infancy and childhood
hGH is approved for treatment of ISS in the USA and other 
countries for children who stand below −2.25  SD (1.2 percentile) 
and for SHOX defi ciency with short stature. Treatment could 
begin as young as age 5 years in ISS according to the consensus 
group. Patients should be seen at 3–6 month intervals for assess-
ment of effi cacy and adverse events. Periodic measurement of 
circulating IGF-1 is recommend for assessment of compliance, 
effi cacy and safety. No other laboratory surveillance is routinely 
indicated.

Adolescence
There are no special considerations during adolescence. Treat-
ment should be stopped near adult height (growth rate <2  cm/
year and skeletal age ≥14 for girls, ≥16 for boys) or when a height 
in the normal range for adults has been reached.

Table 7.4 Monitoring for complications of Turner syndrome. (After Bondy [33].)

System Concern Monitoring

Cardiovascular Congenital heart defects, 
aortic root dilatation

MRI, echocardiography at 
diagnosis and every 5–10 
years. Blood pressure 
annually

Thyroid Autoimmune thyroiditis T4, TSH annually beginning 
age 4 years

Gastrointestinal Autoimmune hepatitis, 
celiac disease

Liver function testing 
annually and celiac screen 
every 2–5 years starting 
age 4 years

Metabolic Diabetes mellitus, 
hyperlipidemia

Fasting lipid panel and 
plasma glucose in 
postpubertal girls and 
women annually
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Noonan syndrome
Noonan syndrome is characterized by short stature, right-sided 
cardiac anomalies, web-neck and a typical facial appearance. 
Although reminiscent of Turner syndrome in certain aspects of 
the phenotype, it is caused by a different set of genetic abnormali-
ties and probably has a different mechanism underlying the 
growth problem. Median height is around −2  SD for adults and 
children [39,40]. Pubertal delay may extend the growing period, 
allowing catch-up for some patients. Although short stature is 
common, around 30% of adults have a height within the normal 
range. Mutations in PTPN 11, which encodes a tyrosine phospha-
tase, are found in about 50% of patients.

Several trials of hGH show stimulation of growth in the short 
term and an apparent net gain with chronic therapy of 1.3–1.7  SD 
[41,42]. In the USA, hGH therapy is approved for short stature 
associated with Noonan syndrome at a dosage of up to 66  μg/kg/
day.

Infancy and childhood
Once growth failure has become evident with no obvious cause 
other than Noonan syndrome, there is little chance that the 
growth pattern will change in the near future so it is reasonable 
to consider intervention in the very short patient showing no 
improvement in growth. No special studies are required before 
initiation of therapy.

Adolescence
hGH is continued with the monitoring typical for any child 
receiving the treatment. A delay in puberty may assist in achiev-
ing a satisfactory height. Adding testosterone for males could be 
benefi cial if pubertal delay is signifi cant.

Special considerations
There is evidence that patients with mutations in PTPN 11 are 
shorter and less responsive to GH than the other Noonan syn-
drome patients [41] but there appears no reason to exclude such 
patients from treatment or alter the initial dosage. Hypertrophic 
cardiomyopathy is found in 10–20% of patients with Noonan 
syndrome [39]. Although hGH does not appear to have an adverse 
effect on this, the myocardium is a target of GH and IGF-1. 
Monitoring and input from a cardiologist is advised for any 
patient with signifi cant cardiac disease receiving hGH.

Constitutional delay of growth and adolescence
CDGA is a common clinical diagnosis typically made in a male 
with moderate short stature, delay in bone age and pubertal signs 
and a family history of pubertal delay. Height at time of presenta-
tion is usually below the 3rd centile but most end up with adult 
stature in the low-normal range. There is undoubtedly overlap 
with idiopathic and familial short stature, hypogonadotropic 
hypogonadism and partial GHD. Most patients with this condi-
tion need only observation and reassurance or a short course of 
sex steroids at pubertal age to stimulate growth and to induce 
puberty.

Infancy and childhood
During childhood it is impossible to distinguish ISS from CDGA 
and a recent consensus statement includes children with CDGA 
within the larger population of ISS [38]. After the exclusion of 
other potential causes of short stature, the modestly short child 
with a normal steady growth rate and suggestive family history 
can be observed.

Adolescence
Boys with CDGA distressed by their size or lack of pubertal devel-
opment may benefi t from a short course of androgens. Testoster-
one enanthate or cypionate, 50–75  mg/month IM for 4–6 months, 
works well. There is no untoward advancement of bone age nor 
evidence of fi nal height compromise with such a regimen given 
to boys 14 years and older. Growth stimulation and the appear-
ance of sexual hair, comedone formation and body odor should 
be evident following the third injection. Following a single course 
there is usually evidence for spontaneous puberty with testicular 
enlargement. If not, or if testosterone blood levels remain prepu-
bertal, a second course may be benefi cial. Oxandrolone has also 
been used successfully in the management of CDGA. Transder-
mal androgen preparations represent a theoretic option but 
appropriate dose schedules have not been developed and depot 
testosterone is cheap, simple, safe and effective [43].

CDGA appears less common is girls and there is no equivalent 
therapy to that used for boys. Possible virilization precludes 
androgen use and the greater skeletal advancement associated 
with estrogen therapy is probably to be counterproductive. 
Observation and reassurance are required [44].

Special considerations
The proof of the diagnosis of CDGA is made when the patient 
eventually reaches full sexual maturity. Patients should be fol-
lowed until this is evident clinically or until puberty is progressing 
at a near normal rate. Some cases of hypogonadotropic hypogo-
nadism, complete or partial, masquerade as CDGA. This should 
be suspected in cases that require more than a single course of 
testosterone or when testicular growth falters.

Miscellaneous conditions: skeletal 
dysplasias, chondrodystrophies
These comprise a heterogeneous group of conditions that affect 
bone growth and/or formation. Originally thought to be gener-
ally resistant to growth stimulants, studies have shown that some 
patients with specifi c diagnoses respond to hGH. Most studies 
have been of limited scope but provide general information about 
response and safety. Patients with achondroplasia and hypochon-
droplasia grow signifi cantly faster when given hGH, which is 
well-tolerated and induces an improvement in height SD score 
over several years of treatment [45–47] but hGH may accentuate 
the disproportion of patients by causing a greater increase in the 
spine growth and the ultimate effect of treatment on fi nal height 
is not clear. Individuals with pseudoachondroplasia and spondy-
loepiphyseal dysplasia respond poorly [48]. Based on these 
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data, treatment of individuals with these conditions is not 
recommended.

GH insensitivity syndrome/primary IGF-1 defi ciency
GHIS caused by major defects in the GH receptor is rare and 
usually easily diagnosed. The patients have the phenotype of 
severe GHD and very low serum concentrations of IGF-1 but 
show elevated GH secretion. Other forms of GHIS include post 
GH receptor defects (e.g. STAT5b defi ciency), hypomorphic GH 
receptor anomalies and other genetic conditions such as Alagille 
syndrome (syndromic cholestasis). These patients and others 
have been categorized as having “primary IGF-1 defi ciency” 
based on centrality of IGF-1 in growth control and the parallel 
with other pituitary-glandular axes.

This new terminology has generated controversy because spe-
cifi c diagnoses that have distinct phenotypes are lumped together 
(e.g. GH receptor defi ciency with lesions of the IGF-1 gene) and 
there has been concern that the somewhat vague defi nition might 
lead to indiscriminant use of rhIGF-1 treatment. The approved 
indication for rhIGF-1 treatment is short stature caused by severe 
primary IGF-1 defi ciency, defi ned as height and IGF-1 serum 
concentrations both <−3  SD for age and sex in the face of normal 
GH secretion and normal nutrition [49]. More complex tests of 
GH response or the demonstration of diagnostic genetic abnor-
malities are not necessarily required, although they may be helpful 
in selecting patients for therapy. In cases of severe GHIS or null 
lesions of the IGF-1 gene, only rhIGF-1 will stimulate growth. 
Some forms of partial GH resistance might respond to hGH. 
Whether rhIGF-1 or hGH is the better therapy in this situation 
is not known.

Infancy
Patients with GH receptor defi ciency are near normal size at birth 
but growth failure manifests immediately and affected children 
are already short by 1 year of age. Clinical trials have not included 
children less than 1 year old. The frequency of hypoglycemia, 
which is increased with rhIGF-1, is of serious concern.

Childhood
Early childhood is perhaps the best age to initiate treatment with 
rhIGF-1. In clear-cut cases, beginning treatment at 60–80  μg/kg/
dose and advancing to 120  μg/kg/dose as tolerated is recom-
mended. Children should be seen at 3–4 month intervals at the 
onset for review of regimen and to be certain no untoward effects 
(e.g. hypoglycemia) are occurring. Spontaneous hypoglycemia is 
common because of the defect in GH action. Regular meals and 
snacks can help and giving the rhIGF-1 only before a meal with 
adequate carbohydrate content is necessary to avoid provoking a 
severe hypoglycemic episode. Growth rates in the 8–10  cm/year 
range would be considered a good response for the fi rst 1–2 years. 
Thereafter 5–6  cm/year is typical [12,13,50].

Adolescent and young adult
Treatment is continued in the same dosing range as for the 
younger child and maintained through puberty. There are few 

data on fi nal height of individuals treated with rhIGF-1. Many 
have not reached heights within the normal range. This will prob-
ably improve with better regimens and younger institution of 
treatment but the ultimate effect on fi nal height for these patients 
as a group is not known.

Special considerations
Experience with rhIGF-1 is limited and there must be careful 
monitoring of treated patients. Subtle symptoms and signs of 
hypoglycemia and of intracranial hypertension should be sought 
at each visit. Periodic evaluation of hearing and examination for 
tonsillar or adenoidal hypertrophy is also recommended. Some 
patients gradually develop a coarsening of facial features over 
time as a result of soft tissue changes. These resolve, at least par-
tially, following withdrawal of treatment. In addition, there are 
metabolic abnormalities that are part of GHIS which include 
carbohydrate intolerance and hyperlipidemia. Patients should be 
screened for these, particularly during adolescence and in obese 
subjects.

Another question is how to approach patients with several 
features of GHIS, who, for one reason or another, do not fi t the 
classic picture. These might be patients with low IGF-1 levels who 
responded poorly to hGH administration or patients with sur-
prisingly robust GH stimulation tests and no other pituitary 
abnormality. When hGH treatment fails, patients should be 
examined carefully for compliance and concomitant conditions 
that might limit growth (e.g. hypothyroidism). One must be 
certain that nutrition is adequate because malnutrition results in 
GH resistance.

Tall stature and overgrowth

Patients with disorders leading to overgrowth and tall stature 
(excluding those brought about by obesity) are not frequent. The 
majority comprise familial or constitutional tall stature, GH 
excess or an overgrowth syndrome (e.g. Sotos and Weaver syn-
dromes). There is no treatment for the syndromic patients.

GH excess and pituitary gigantism
GH secreting adenomas may arise de novo or be part of a genetic 
syndrome (e.g. McCune–Albright, multiple endocrine neoplasia 
1, Carney complex). The data describing diagnosis and treatment 
response are derived from adult practice, because the conditions 
are rare in childhood. The goal is to reduce or remove the tumor 
mass and achieve a biochemical cure defi ned as a circulating IGF-
1 concentration in the normal range for age and sex and a GH 
level of <1  ng/mL 2  h after oral glucose load. Initial treatment is 
almost always by trans-sphenoidal surgery [51]. The incidence of 
postoperative hypopituitarism is low in the hands of an experi-
enced neurosurgeon but the cure rate is approximately 90% in 
patients with microadenomas and 50% in those with macroade-
nomas so a signifi cant proportion need additional surgery, radia-
tion or medication.
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Radiation is only partially effective and may take 5–10 years to 
reduce GH secretion to normal. The somatostatin analogs octreo-
tide or lanreotide are usually tried fi rst in patients not cured by 
surgery. Octreotide is available in a short-acting form given every 
8  h or in long-acting forms, some of which may be administered 
monthly. When used as primary therapy, approximately half of 
patients have normalization of circulating IGF-1 concentrations 
and shrinkage of the tumor. Somatostatin analogs are fairly well-
tolerated, the most common side effects being gastrointestinal 
with bloating, nausea and fat malabsorption. Asymptomatic gall-
stones or bile abnormality occurs in 25% of cases.

Pegvisomant, a GH receptor antagonist, is the most effective 
medical therapy, more than 90% of patients achieving normaliza-
tion of plasma IGF-1 concentrations. Because pegvisomant blocks 
GH action not secretion, GH concentrations cannot be used to 
assess response to therapy and tumor shrinkage does not occur. 
GH concentrations may increase with tumor size and the tumor 
should be monitored annually by magnetic resonance imaging 
(MRI). Abnormal liver function tests have been observed in 2–
10% of patients. Pegvisomant is contraindicated in patients with 
active liver disease. Liver function tests should be monitored 
monthly during the fi rst 6 months of treatment and somewhat 
less frequently thereafter. Dopamine agonists (bromocriptine, 
carbergoline) are less effective. They may be used as adjunctive 
therapy in patients receiving somatostatin analogs who do not 
achieve treatment goals [52].

Constitutional tall stature
Very tall stature may be as distressing to some children as short 
stature is to others but it is usually tall parents who are concerned 
to prevent excessively tall stature in their children who bring the 
condition to attention. The use of sex steroids to stimulate bone 
maturation and cause earlier epiphyseal fusion has been a popular 
treatment for these individuals [53] if the height prediction is 
>180  cm for girls and >200  cm for boys. The demand for such 
intervention appears to have declined, perhaps because tall stature 
is more accepted and sometimes reaps rewards in athletic 
endeavors.

The accuracy of adult height prediction when treatment is 
contemplated is obviously important. Methods for height predic-
tion, such as the Bayley–Pinneau tables that accompany the 
Greulich and Pyle atlas and the Tanner and Whitehouse (TW) 
prediction equations applicable to a TW bone age rating, are 
inaccurate when applied to individuals at the extremes of stature. 
For example, height prediction for tall males is overestimated by 
Bayley–Pinneau but seems accurate for tall girls. De Waal et al. 
[54] have developed more precise equations that may be useful 
in predicting height in these children:

Boys fi nal height = 213.66 + 0.62 × H + 0.25 × TH − 10.49 × CA 
 − 12.98 × BAGP + 0.72 × (CA × BAGP)

Girls fi nal height = 129.42 = 0.74 × H + 0.17 × TH − 7.70 × 
 BAGP − 5.90 × CA + 041(CA × BAGP)

where H is height, TH target height, CA chronological age and 
BA bone age using Greulich and Pyle.

In the past, high doses of testosterone in boys and estrogen in 
girls have been used and, although these treatments have been 
well-tolerated by most, one reports suggests that fertility may be 
reduced in girls given high-dose estrogen to reduce adult stature 
[55]. Treatment is more effective when given before the onset of 
puberty and is related to bone age at start of therapy. One study 
found that girls with a bone age of 10 years had a reduction in 
fi nal height of 6  cm, whereas in those with a bone age of 13 years 
the reduction was about 2  cm [56].

There also remain questions as to the effectiveness of treatment 
as previously practised and true benefi t, i.e. making life better. 
No large randomized controlled trials are available but cohorts 
of Australian girls treated in the past have been compared with 
untreated tall girls and reveal the following. Height reduction in 
279 girls given estrogen was 2.5  cm compared to controls [57]. 
There was no difference in psychological outcomes in between 
groups; both groups showed increased prevalence of depression 
[58] and 42% of those treated were unhappy about the decision 
to be treated, whereas 99% of untreated girls were glad that they 
had not received therapy [59].

Because the puberty growth spurt adds 25–30  cm to the height 
attained at the start of puberty, a more logical approach is to 
decide on an acceptable fi nal height for an individual and their 
family and work backwards because intervention after the onset 
of puberty has such a small effect. For example, taking 180  cm as 
an appropriate fi nal height for a girl means that she needs to be 
in Tanner breast stage 2 when she reaches 150  cm. If she were not 
and puberty were induced at this height, using physiological 
dosage of estrogen, the end point will be achieved without using 
heroic doses of sex steroids. The same principle can be applied 
equally effectively to boys and to patients with Marfan syndrome, 
for example.

Future directions in the management of 
disordered growth

Individualization of treatment based on genetic and other param-
eters that determine hormone sensitivity can be expected. The 
growth response to hGH has been mathematically modeled in 
several conditions [60] and such data can be used to identify 
whether an individual is meeting growth expectation and to select 
better treatment regimens. Response to hGH may relate to 
whether or not the individual expresses a common GH receptor 
variant [61]. Studies comparing the selection of hGH regimen 
based on circulating IGF-1 concentrations during treatment (a 
measure of GH sensitivity) to standard therapy showed that the 
amount of hGH required to achieve circulating IGF-1 target con-
centrations varied widely among subject, suggesting substantial 
variation in GH sensitivity [62]. Patients in future may be able to 
have more scientifi cally based, safer and effective therapies, be 
they hGH, rhIGF-1 or a combination. At the same time, the pool 
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of patients with “idiopathic short stature” will dwindle because 
of novel molecular diagnostics that will identify the abnormalities 
restricting growth. New knowledge of the basis of growth disor-
ders should lead to better understanding of them and of their 
outcomes leading to selection of improved therapies which can 
be directed to those who most need treatment.
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Survival rates for childhood cancer have increased from 25% for 
those patients diagnosed in the 1960s to 75% today (Fig. 8.1). 
This has resulted in a growing cohort of survivors, estimated at 
1 in 715 of the current young adult population in the UK [1]. 
Leukemia and brain tumors represent 50% of childhood 
cancers.

The improvement in survival is a therapeutic achievement but 
it is not without cost. The majority of children who survive child-
hood cancer will experience a late effect of treatment. This is 
defi ned as a late-occurring or chronic outcome, either physical 
or psychological, that persists or develops beyond 5 years from 
diagnosis.

Two large cohort studies, one of 10 397 survivors in the USA 
[Childhood Cancer Survival Study (CCSS)] [2] and the other of 
1362 from a single center in the Netherlands [3], identifi ed a 
similar prevalence of morbidity in this population. Three of four 
childhood cancer survivors experienced one or more late effect 
and in 40% this was severe, disabling or life-threatening. Eighty 
percent of brain tumor survivors had a signifi cant medical condi-
tion compared to 50% of leukemia survivors [3]. An additional 
survey by the CCSS revealed that 43% of brain tumor survivors 
had an endocrine late effect and 18% had symptomatic cardio-
vascular disease [4].

The evaluation and management of endocrine late effects of 
childhood cancer therapy reaches beyond the specialty of pediat-
ric endocrinology but pediatric endocrinologists must be aware 
of the ongoing impact of late effects into adulthood so that appro-
priate long-term follow-up is arranged and, when possible, pre-
ventative measures are introduced in childhood.

Endocrine late effects of cancer therapy are diverse. Evolving 
growth hormone defi ciency (GHD) can occur after cranial irra-
diation (CI) through damage to the hypothalamic-pituitary (HP) 
axis which has implications in childhood for growth, adolescence 

for achieving peak bone mass and adulthood for quality of life 
(Table 8.1). Radiation is the predominant cause of damage to 
the thyroid gland resulting in abnormal thyroid function and the 
development of thyroid nodules and malignancy. Gonadal 
damage occurs after chemotherapy, particularly alkylating agents 
and irradiation, especially total body irradiation (TBI), affecting 
sex steroid production and future fertility. Finally, as a conse-
quence of cancer therapy itself, endocrine abnormalities, genetic 
predisposition or lifestyle, cancer survivors are at increased risk 
of cardiovascular disease and osteoporosis and fractures in adult 
life.

There are few longitudinal prospective studies, with published 
work being mostly retrospective and cross-sectional. Many study 
groups comprise heterogeneous subsets of patients who have 
received a range of treatment modalities, making it diffi cult to 
determine the etiology of damage observed. The continually 
changing nature of therapy and the evolutionary nature of endo-
crine damage mean that evaluation of a treatment regimen is not 
possible until suffi cient children are several years (or more for 
evaluation of effects in adulthood) from the end of therapy. By 
this time, treatment for the same condition may well have been 
modifi ed. Despite these problems, a considerable body of evi-
dence is available to inform prognostic discussion with parents 
and children, screening for endocrinopathy and therapeutic 
intervention.

Principles of treatment for childhood cancer

Treatments for childhood cancer include surgery, radiotherapy 
and chemotherapy. Increasing intensity of treatment has contrib-
uted to improved survival rates but is likely to result in increased 
incidence and severity of both early and late effects. Increased 
recognition of sequelae of cancer therapy has led to treatment 
modifi cations aimed at reducing late effects.

For example, whereas all children previously received prophy-
lactic CI (18–24  Gy) as central nervous system (CNS) prophylaxis 
in leukemia, this is now reserved for those with CNS disease and 
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has not been routine therapy since 1990 in the UK and earlier in 
other parts of the world.

The burden of a chronic medical condition is highest in those 
who had received radiation (55%) compared with chemotherapy 
(15%) [3]. Children treated with surgery alone are least likely to 
experience long-term side effects, apart from those directly attrib-
utable to surgery. Both radiotherapy and chemotherapy have the 
potential to cause late endocrine problems.

Radiobiology
The radiosensitivity of a tissue is directly proportional to its 
mitotic activity and inversely proportional to its differentiation: 
poorly differentiated, rapidly dividing tumors are more likely to 
be radiosensitive than slowly growing, well-differentiated ones. 
In terms of normal tissue, this means that rapidly dividing, highly 
active tissues, such as skin and bone marrow, are radiosensitive, 
whereas more specialized, mature, quiescent cells, such as brain 
or bone, are relatively radioresistant.

In spite of relative radioresistance by more mature cell types, 
all cells are damaged by radiotherapy and, once a quiescent cell 
is stimulated to divide, the radiation dose required to cause chro-

mosomal damage, mitotic delay and inhibition of DNA synthesis 
is similar in all cells. This means that all organ systems will be 
damaged by radiation but explains why effects on slowly or non-
proliferating cell populations may only become obvious over 
time.

For any given tissue, the shape of the radiation dose–effect 
curve for a given effect that most accurately fi ts in vitro, in vivo 
and clinical data can be described by the linear quadratic model 
[5]. According to this model, the effect of radiation on a given 
tissue is determined by the number of fractions (n), the dose of 
each fraction (d) and specifi c characteristics of the tissue in ques-
tion (a/b). The a exponent refers to a “single-hit” (linear) com-
ponent; the b exponent refers to the “multihit” (quadratic) 
component. This consists of the cumulative effect of sublethal 
injuries and/or the progressive destruction of the cell’s ability to 
repair itself resulting in cell depletion. Early-reacting tissues, such 
as bone marrow, mucosa and most tumors, are susceptible to 
single-hit injury and have a high a : b ratio (typically a/b = 10). In 
contrast, late-reacting tissue, such as neural tissue, is particularly 
susceptible to multihit injury and has a low a : b ratio (2 assumed 
for CNS). The biological effective dose (BED) for each tissue can 
be calculated by the following equation (n, number of fractions; 
d, fraction size) and allows quantifi cation of the different radia-
tion schedules on the development of late effects:

BED = nd(1 + d/(a/b))

In the context of radiation-induced neurotoxicity, fraction size 
is important. By reducing the fraction size (d) the BED is decreased 
on late-reacting (neural) tissue by a greater magnitude than on 
early-responding (tumor) tissue for the same total dose of radia-
tion (nd). Tissue repair also depends on the time allowed between 
fractions.

Hyperfractionation of the dose (dividing the total dose into 
smaller fractions) over the same time may reduce late effects 
without compromising tumor control. Hyperfractionation has 
the potential preferentially to increase the antitumor effect 
without an equivalent increase in CNS late effects. A randomized 
trial of treatment for medulloblastoma in Europe (PNET4) com-
paring standard fractionation with hyperfractionation has been 
instituted.

Newer radiation techniques, particularly stereotactic radiosur-
gery, may also have potential for disease control with less toxicity 
because of the highly focused nature of the irradiation but experi-
ence in children is limited to date.

Chemotherapy
A number of mechanisms have been proposed for the pathogen-
esis of chemotherapy-induced endocrine damage [6]. Cytotoxic 
drugs can induce cell death or injury (including endocrine cell 
death/injury) through effects on DNA replication, protein 
synthesis, transcription or microtubule function. They can 
disturb the synthesis or processing of a hormone at the transcrip-
tional, translational or post-translational levels. Chemotherapy 
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Figure 8.1 Cumulative trends in age standardized (uniform population) cancer 
registration and death rates, children 0–14 years, UK, 1962–1998/2001, 
demonstrating decreasing death rates and increasing registration. (From UK 
Childhood Cancer Research Group. National Registry of Childhood Tumours with 
permission.)

Table 8.1 Likely endocrine defi cit according to cranial irradiation (CI) dose 
(brain tumors distant from the pituitary).

Dose (Gy) Endocrinopathy

55–70 Hypopituitarsim, hyperprolactinemia, adult GHD
30–55 GHD, evolving endocrinopathy, early puberty, adult GHD
18–24 GHD, early puberty (girls); adult GHD
10–15 GH neurosecretory disturbance, adult GHD (uncommon)

GHD, growth hormone defi ciency.
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can enhance or inhibit the secretion of hormones through effects 
on receptors or messengers. Effects on signal transduction path-
ways are a further mechanism by which chemotherapy can affect 
hormone action.

Radiotherapy and chemotherapy combined
Cumulative damage from treatment with both chemotherapy 
and radiotherapy can occur because of additive effects, with 
insuffi cient time for regeneration between treatments. When 
adjuvant chemotherapy containing gonadotoxic agents is com-
bined with radiotherapy, for instance, gonadal damage is more 
likely.

Treatment of common childhood cancers

Brain tumors
Brain tumors are the second most common childhood cancer. 
CNS tumors are diverse, representing many histological types and 
arising in a variety of anatomical sites. The overall 5-year survival 
rate for all pediatric CNS tumors is 67% but varies widely depend-
ing on histological type. Therapy depends on a range of factors, 
including histological type, position of the tumor and age of the 
child. CI (30–50  Gy) is widely used for the treatment of malig-
nant brain tumors, increasingly in combination with adjuvant 
chemotherapy. In young children, in whom toxicity of radio-
therapy is greatest, chemotherapy is increasingly used to delay or, 
if possible, avoid radiation.

Medulloblastoma is the most common malignant tumor, 
accounting for 15–20% of all childhood primary malignant CNS 
tumors. Standard therapy consists of surgery, craniospinal irra-
diation (CSI) and adjuvant chemotherapy. These combined 
modalities achieve an average survival rate of 70%. Signifi cant 
long-term morbidity is almost universal, with endocrine and 
neurocognitive consequences being particularly common (Table 
8.2).

Leukemia
Acute lymphoblastic lymphoma (ALL) is the most common child-
hood malignancy with a high cure rate. Treatment consists of 
combination chemotherapy and cranial prophylaxis to prevent 
CNS recurrence of leukemia. Before 1990, this prophylaxis was 
given as low-dose CI (18–24  Gy). Because of increasing concern 
about neuropsychological and, to a lesser extent, endocrine late 
effects, CI was discontinued and CNS prophylaxis is provided by 
intrathecal therapy, radiotherapy being reserved for children with 
proven CNS disease. Chemotherapy alone has important late 
effects, including obesity, increased cardiovascular risk and changes 
in bone mineral density (BMD). Standard treatment for ALL does 
not contain signifi cant dosage of gonadotoxic chemotherapy.

Lymphoma
The incidence of Hodgkin lymphoma increases in adolescence. 
The original treatment regimens employed either radiation or 

alkylating agent based chemotherapy regimens [e.g. mustine, vin-
cristine, procarbazine, prednisolone (MOPP)], which were asso-
ciated with signifi cant long-term morbidity, including infertility 
and secondary malignancies. Consequently, treatment has altered 
to reduce radiation fi elds and to introduce alternative chemo-
therapy regimens containing fewer alkylating agents.

In early stage disease, combined modality treatment with short 
duration chemotherapy such as ABVD (doxorubicin, bleomycin, 
vinblastine, dacarbazine) followed by involved fi eld radiotherapy 
has produced good survival rates of 70–90% with less potential 
for long-term toxicity than with the previous approach of 
extended fi eld radiotherapy alone. In advanced stage disease, 
combination chemotherapy is the primary modality. The ABVD 
regimen is now recognized as the standard. High dose chemo-
therapy and autologous bone marrow transplant are now widely 
used in patients with relapsed or refractory disease.

Bone marrow transplant
Bone marrow transplant (BMT) may be undertaken for resistant, 
high-risk or relapsed leukemia or lymphoma. Conditioning for 
BMT is undertaken with either TBI plus chemotherapy (usually 
including cyclophosphamide) or chemotherapy alone [most 
commonly busulfan and cyclophosphamide (Bu/Cy)]. Fraction-
ation of TBI is used in an attempt to reduce late sequelae. Con-
ditioning for BMT formerly employed 10  Gy in a single fraction. 
Current practice is to give 14  Gy as eight fractions over 3 days. 
Reduced intensity conditioning is used where possible, which 
may have less long-term morbidity. BMT, particularly where TBI 
is used as part of the conditioning regimen, is associated with 
signifi cant endocrine morbidity (Table 8.3).

Patients with leukemia having BMT will usually have been 
pretreated with a number of chemotherapeutic agents, and those 
treated in the 1970s and 1980s will have received prior CI with 
the associated endocrine late effects.

Following BMT, immunosuppression is required as prophy-
laxis against chronic graft versus host disease (cGvHD), usually 
for about 6 months. cGvHD and its treatment with immunosup-
pression, which usually includes corticosteroids, results in prob-
lems associated with growth and bone mineral defi cits.

Acute effects of therapy

In addition to the well-described late endocrine effects of radia-
tion and chemotherapy, a number of chemotherapeutic agents 
cause acute endocrine disturbance.

Disorders of fl uid balance
The syndrome of inappropriate antidiuretic hormone (SIADH) 
is well described in association with the vinca alkaloid chemo-
therapy agents, vincristine (VCR) and vinblastine [6]. During 
maintenance therapy for ALL, VCR is given 4-weekly. The occur-
rence of SIADH is idiosyncratic rather than dose related. Paired 
urine and plasma electrolytes and osmolalities confi rm the diag-
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Table 8.2 Endocrinopathy after treatment for childhood brain tumor.

Endocrinopathy Risk factors Assessment

Short stature CI – increasing dose
CSI
Adjuvant chemotherapy
Younger age at treatment
GHD
Early puberty

Regular 3–6 monthly assessments
Height including sitting height, weight, BMI
Pubertal staging

GHD CI – increasing dose – nearly universal with 
doses >30  Gy

Increasing time from treatment

Evaluate GH status 2 years from primary treatment
Hypothalamically mediated test of GH status preferable
If normal, retest at 2-yearly intervals or earlier if concern re growth
Consider trial of GH therapy if poor growth without confi rmed GHD if at high risk of GHD
GH therapy – monitor IGF-1

Panhypopituitarism CI >50–70  Gy
Hypothalamic/pituitary tumors
Increasing time from treatment

Assessment of ACTH status usually undertaken at same time as GH status
Baseline TSH, fT4 and prolactin annually
Evaluate gonadotropins if pubertal delay or arrest with baseline gonadotropins and sex 

steroid concentrations and GnRH test

Early puberty CI
Female gender
Younger age at treatment

Evaluate if signs of early puberty with baseline gonadotropins and sex steroid concentrations 
and GnRH test

In GHD combine GnRH analog with GH therapy

Thyroid dysfunction CSI/CI
Younger age at treatment
Female gender
Increasing time from treatment

Annual assessment
Baseline TSH and fT4
Palpation of thyroid
Thyroxine replacement if TSH persistently elevated after excluding ACTH defi ciency

Gonadal dysfunction CSI (girls)
Gonadotoxic chemotherapy especially 

alkylating agents
Increasing time from treatment

Evaluate if: pubertal delay or arrest or concern re gonadal failure with baseline gonadotropins 
and sex steroid concentrations

Reduced BMD GHD or hypogonadism Evaluate 2 years from primary treatment
DXA scanning with assessment of volumetric BMD
Repeat if abnormal or ongoing GHD or hypogonadism

Overweight/obesity Hypothalamic damage; tumor, surgery, 
radiation >50  Gy

Physical inactivity
Endocrinopathy

Lifestyle advice

ACTH, adenocorticotropic hormone; BMD, bone mineral density; BMI, body mass index; CI, cranial irradiation; CSI, craniospinal irradiation; DXA, dual energy X-ray 
absorptiometry; GHD, growth hormone defi ciency; GnRH, gonadotropin releasing hormone; TSH, thyroid stimulating hormone.

nosis and should be measured in any child who has received VCR 
and is hyponatremic. Management consists of fl uid restriction 
until the SIADH resolves. Other chemotherapy agents that have 
been associated with SIADH include the alkylating agents, chlo-
rambucil, cyclophosphamide and platinum compounds, cisplatin 
and carboplatin.

Nephrogenic diabetes insipidus (DI) may occur as a result of 
tubular toxicity, particularly from the alkylating agent ifosfamide. 
Proximal renal tubular defects are much more common than 
distal, and nephrogenic DI is rare. Hypomagnesemia, which 
may be severe, is common in association with ifosfamide 
tubulopathy.

Disorders of glucose metabolism
l-Asparaginase, a drug used in the treatment of leukemia, may 
cause hyperglycemia and glycosuria without ketonuria. Fre-
quency is estimated at 1–14%. Insulin may be required during 
treatment with asparaginase but the hyperglycemia is reversible 
once treatment with asparaginase is discontinued. Asparaginase 
may also cause pancreatitis, and diabetes, transient or permanent, 
may be associated with this.

Treatment for ALL and some lymphomas includes 4-weekly 
pulses of corticosteroids. Historically, prednisolone was given, 
but there is a survival advantage in using dexamethasone, so 
standard therapy for ALL now includes dexamethasone as the 
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Table 8.3 Endocrinopathy after bone marrow transplant (BMT).

Endocrinopathy Risk factors Assessment

Short stature TBI
Previous CI
Younger age at treatment
GHD

Regular 3–6 monthly assessments
Height including sitting height, weight, BMI
Pubertal staging
Testicular volume not a useful indicator of pubertal progression

GHD TBI
Previous CI
Increasing time from treatment

Evaluate if previous CI or persistent poor growth
Hypothalamically mediated test of GH status preferable
If normal, repeat if concern re growth and consider retesting at 2-yearly 

intervals
GH therapy – monitor IGF-1

Thyroid dysfunction Hypothyroidism
TBI
Bu/Cy conditioning (lower risk than TBI)
Thyroid nodules/cancer
Female gender
Younger age at treatment
Increasing time from treatment

Annual assessment
Baseline TSH and fT4
Palpation of thyroid
Thyroxine replacement if TSH persistently elevated

Gonadal dysfunction Female (infertility and sex steroid defi ciency)
Older age at treatment
TBI
Busulfan
Male (infertility but clinical sex steroid defi ciency infrequent)
Effect of age unclear
Radiation ≥4  Gy – azoospermia very likely
Radiation ≥20  Gy-Leydig cell failure likely (testicular boost for 

testicular relapse is 24  Gy)
Busulfan

Baseline LH, FSH, estradiol/testosterone annually
Consider pelvic USS in females; uterine size, endometrial thickness, Doppler 

studies
Semen studies in males as requested by patient
Ovarian function may recover – trial off estrogen for 6–8 weeks every 2 

years recommended

Reduced BMD Hypogonadism
CGvHD/steroids
Inactivity
Poor nutrition

Evaluate 2 years from primary treatment
DXA scanning with assessment of volumetric BMD
Repeat if abnormal or ongoing cGvHD/steroids or hypogonadism

Metabolic syndrome Risk factors unknown
TBI probably important
GHD

Fasting glucose and lipid profi le annually

BMD, bone mineral density; BMI, body mass index; CGvHD, chronic graft versus host disease; CI, cranial irradiation; DXA, dual energy X-ray absorptiometry; FSH, follicle 
stimulating hormone; GH, growth hormone; GHD, growth hormone defi ciency; LH, luteinizing hormone; TBI, total body irradiation; TSH, thyroid stimulating hormone.

corticosteroid. Five-day courses of 6  mg/m2/day are given 4-
weekly during the maintenance phase of therapy (with VCR on 
day 1 of the 5-day course). In a small number of susceptible 
children, this produces glucose intolerance and insulin therapy 
may be required.

Recombinant interferon has also been associated with hyper-
glycemia in non-diabetic patients and worsening of existing 
diabetes.

Adrenal suppression following corticosteroids
Although adrenal insuffi ciency is rare after treatment for child-
hood leukemia, a small number of children treated for ALL show 

persistent suppression of endogenous adrenal function as a con-
sequence of corticosteroid therapy. While this usually recovers over 
time, it has been suggested that it may rarely be permanent.

There was initial concern that adrenal function would be 
adversely affected after TBI and BMT but this has not been 
observed in the majority of studies. The adrenal gland is relatively 
radioresistant. Patients who require prolonged corticosteroid 
therapy for cGvHD are at risk of adrenal suppression and although 
recovery is usual, it is not universal.

Evaluation of the adrenal axis should be undertaken after dis-
continuation of corticosteroids and replacement therapy admin-
istered if necessary.
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Late effects of cancer therapy

Cranial irradiation and hypothalamo-pituitary damage
Children treated with CI that includes the HP axis within the 
radiation fi eld are at risk of developing neuroendocrine abnor-
malities that evolve with time.

Growth hormone defi ciency
GHD is the most frequent and often only neuroendocrine abnor-
mality to occur following CI. The speed of onset and the degree 
of severity of GHD is dependent on the dose of irradiation. For 
example, 100% of children who receive greater than 30  Gy of CI, 
as in the treatment of brain tumors, develop moderate GHD 
(peak GH <7  μg/L) to the insulin tolerance test (ITT), while 35% 
of those who receive less than 30  Gy will still show a normal peak 
GH response to the ITT 2–5 years after radiotherapy [7]. Chil-
dren who have received a radiation dose of >20  Gy are more likely 
to develop severe GHD (peak GH <3  μg/L) in adulthood than 
after lower doses of CI [8].

The threshold radiation dose at which damage occurs is not 
known. There is some evidence to suggest that the threshold dose 
for TBI causing moderate GHD (peak GH <7  μg/L) is 8–10  Gy, 
while doses of 10–12  Gy clearly induce moderate GHD. It is pos-
sible that 7–8  Gy may induce moderate GHD but not until many 
years after therapy. Doses of radiation used in TBI are unlikely to 
cause severe GHD (peak GH <3  μg/L) unless the patient has 
received prior CI [8–10]. Severe GHD is more frequent after 
higher doses of CI as previously used in ALL for CNS prophylaxis 
(24  Gy) [11,12] and currently used in brain tumors (30–50 Gy) 
[13,14].

Prospective studies suggest that impaired GH responses to pro-
vocative testing can occur as early as 3 months and certainly 
within the fi rst 12 months following CI for brain tumors.

There is some evidence to suggest that the HP axis in children 
may be more sensitive because GH concentrations were lower in 
children after TBI (10–14  Gy) than in adults [15].

Growth hormone neurosecretory profi le and dysfunction
Spontaneous GH secretion in patients who are GHD following 
CI has rarely been studied. However, recently Darzy et al. [16] 
examined GH profi les in GHD adult survivors of childhood 
cancer following CI using a sensitive chemiluminescent GH assay. 
GH profi le was affected quantitatively but not qualitatively – only 
amplitude and not pulse frequency was affected. In addition, a 
clear augmentation of GH secretion in GHD patients in response 
to fasting similar to that in normal subjects was observed, empha-
sizing that GH neuroregulation is preserved [17].

GH neurosecretory dysfunction (GHNSD) has been described 
after radiation and is characterized biochemically by reduced 
physiological GH secretion with preserved responses to pharma-
cological stimuli [9]. The few longitudinal studies of GH secre-
tion in children treated with radiotherapy, whether TBI (10  Gy), 
CI for leukemia or brain tumors distant from the HP axis, all 

suggest an evolving neurosecretory disturbance. The majority of 
studies were performed during puberty [18]. A study to investi-
gate whether the phenomenon persisted into adulthood found no 
evidence of radiation-induced GHNSD [18].

Other pituitary hormones
At higher doses of radiation (>50  Gy), multiple pituitary hormone 
defi cits can occur. In a study of 31 adult patients following irra-
diation for nasopharyngeal tumors followed over 5 years with 
estimated doses to the hypothalamus and pituitary of 40–62  Gy, 
63.5% were found to be GHD and 30.7%, 26.7% and 14.9% of 
the patients were defi cient in gonadotropins, adenocorticotropic 
hormone (ACTH) and thyroid stimulating hormone (TSH), 
respectively [19]. Children treated for head and neck rhabdo-
myosarcomas also have a high incidence of endocrinopathy [20]. 
The presence of tumor affecting the HP axis increases the likeli-
hood of evolving multiple pituitary hormone defi ciencies even 
after a lower dose of radiation (Fig. 8.2a) [21].

There appears to be a hierarchical loss of pituitary hormones 
after GH is affected; gonadotropins and ACTH are the next most 
sensitive to radiation, followed by TSH. The radiosensitivity of 
GH in comparison to other pituitary hormones has been con-
fi rmed by in vivo and in vitro animal work [22,23].

Although other pituitary hormone defi cits are infrequent at the 
lower doses of CI (30–50  Gy) used to treat children with brain 
tumors, a small percentage of children will be affected. For 
instance, a study of 16 survivors of posterior fossa tumors treated 
with CI found that all but two demonstrated adequate cortisol 
responses to ITT 10 years after completion of therapy (Fig. 8.2b) 
[24]. In contrast, a study of 73 children treated with radiotherapy 
and chemotherapy demonstrated a suboptimal cortisol response 
to ITT or standard dose ACTH test in 14 (19%) of the patients 
using the same criteria (peak above 500  nmol/L, 18  μg/dL) [25]. 
A peak cortisol of 500  nmol/L or more was reached in the rest of 
the cohort but they still had signifi cantly lower peak cortisol 
concentrations than control subjects. Median follow-up in the 
latter study was longer (15 years) than in the former (11 years), 
suggesting the possibility of evolving defects over time in line with 
other abnormalities of the HP axis. Dose of radiation and time 
from treatment were identifi ed as risk factors for ACTH defi -
ciency, with no evidence of an additive effect of adjuvant chemo-
therapy. Reassuringly a recent study examining physiological 
cortisol profi les and 24-h cortisol production rates in adult cancer 
survivors following CI for brain tumors found no evidence of 
discordancy with provocative tests [26]. On the contrary, cortisol 
concentrations were signifi cantly higher than controls suggesting 
activation of the HP adrenal axis. The explanation for this fi nding 
remains speculative.

Central hypothyroidism is much less common than primary 
hypothyroidism after treatment for brain tumors. Estimates of 
the frequency of HP thyroid dysfunction range 4–6% (Fig. 8.2b) 
[24,27,28]. This may well increase over time and is likely to be an 
underestimate in the very long-term survivors in the adult popu-
lation treated many years earlier for a childhood brain tumor.
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Figure 8.2 (a) 10-year life table analysis in 37 
adults with intrasellar or anatomically adjacent 
tumors and normal postoperative hypothalamo-
pituitary (HP) function, indicating the likelihood of 
an evolving endocrinopathy after 37.5–42.4  Gy 
pituitary irradiation. (From Littley et al. [21]). 
(b) 10-year probability of an evolving 
endocrinopathy occurring after a median estimated 
HP irradiation dose (DXR) of 40  Gy in 16 survivors 
of resected posterior fossa tumors, tested twice (at 
the onset of growth failure and at completion of 
growth) [24]. ACTH, adenocorticotropic hormone; 
DXR, ; FSH, follicle stimulating hormone; GH, 
growth hormone; LH, luteinizing hormone; TSH, 
thyroid stimulating hormone.

Because thyroid function is commonly evaluated using basal 
TSH and free T4 concentrations, subtle defi cits of HP thyroid axis 
function may be missed. One investigator has advocated the 
assessment of nocturnal TSH surge and/or thyrotropin releasing 
hormone (TRH) test in cancer survivors to ensure that cases of 
central hypothyroidism are not overlooked by relying on baseline 
thyroid function tests [29]. However, a study by Darzy et al. [30] 
in 37 euthyroid survivors including 24-h TSH profi les and TRH 
tests found no evidence of missed central hypothyroidism.

Gonadotropin defi ciency occurs infrequently (Fig. 8.2b) [24]. 
Elevated concentrations of prolactin, particularly in females, can 
occur because of reduced dopamine release but this is rarely of 
clinical signifi cance.

Early or precocious puberty
CI is associated with early puberty which is more likely the 
younger the age at treatment. Girls are more susceptible than 
boys at lower doses of radiation (18–24  Gy). At higher doses of 
radiation (30–50  Gy), both boys and girls are affected [31–34]. In 
a study of 46 children previously irradiated for brain tumors, all 
of whom had GHD, onset of puberty occurred at 8.51 years in 
girls and 9.21 years in boys (Fig. 8.3) [35]. The likely mechanism 
for early puberty is disinhibition of cortical infl uences on the 
hypothalamus, resulting in increased amplitude and frequency of 
gonadotropin releasing hormone (GnRH) pulsatile secretion. 
After higher doses of irradiation early puberty may be followed 
several years later by gonadotropin defi ciency.

Site of radiation damage
Radiation-induced damage is believed to be neuronal rather than 
vascular, with the hypothalamus as the primary site of radiation 
damage, particularly with radiation doses of less than 50  Gy.

This hypothesis is supported by the presence of other abnor-
malities consistent with hypothalamic dysfunction. These include 
the presence of typically hypothalamic (delayed peak or delayed 
decline of peak) gonadotropin and/or TSH responses to GnRH 
or TRH stimulation and elevated prolactin concentrations.

From a diagnostic perspective, the site of damage may infl u-
ence the GH response to stimuli used for provocative GH testing 
which work through either hypothalamic or pituitary pathways, 
depending on the test.

A study performed in adult survivors of cancer demonstrated 
a discordancy between the GHRH + arginine stimulation test (a 
provocative test which partially involves stimulating the pituitary 
directly) and the ITT (a provocative test stimulating hypotha-
lamic pathways) within 5 years of radiation with the ITT inducing 
signifi cantly lower concentrations of GH. It was not until 10 years 
after radiation that the two tests demonstrated similar GH results 
[36].

From a therapeutic perspective, the administration of hypotha-
lamic releasing factors has been shown to restore pituitary 
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Figure 8.3 Chronological age at puberty occurs earlier in boys and girls treated 
at a younger age with cranial irradiation (CI; 25–47.5  Gy) as demonstrated by 
this study in 46 brain tumor survivors. (From Ogilvy-Stuart et al. [35].)
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hormone secretion. Intermittent pulsatile subcutaneous GnRH 
therapy can successfully induce puberty in both sexes, with resul-
tant ovulatory cycles in girls and fertility in hypogonadotropic 
females. Continuous subcutaneous GHRH therapy promotes 
growth in children with GH defi ciency of presumed hypotha-
lamic origin after irradiation for periods up to 1 year [37]. The 
response depends on the integrity of somatostatin secretion and 
is generally less than that seen with GH alone.

The change in response over time to provocative tests with 
hypothalamic releasing factors and the progressive nature of hor-
monal defi cits following radiation damage have been attributed 
to secondary pituitary atrophy as a consequence of lack of hypo-
thalamic releasing/tropic factors or delayed direct effects of 
radiotherapy on the pituitary. At higher doses of CI (>50  Gy) 
there may be a direct effect of irradiation on the pituitary gland 
[19].

A recent study in adult cancer survivors has challenged the 
hypothesis of pure hypothalamic damage at lower doses of radia-
tion because normal physiological GH secretion was observed in 
the setting of reduced somatotroph reserve in response to two 
provocative tests, suggesting compensatory overdrive by the 
hypothalamus [18], at least in a subset of irradiated patients.

Growth and growth promoting therapies
Poor growth may be a feature at presentation or it may occur 
either directly due to the effects of cancer therapy or indirectly 
secondarily to GHD following CI. Studies to fi nal height (FH) are 
essential to clarify the effect of cancer therapy on growth and 
growth promoting therapies.

Chemotherapy alone
Studies examining the effect of chemotherapy alone in patients 
treated for ALL have reported reduced growth velocity during 
cancer therapy followed by catch-up growth [38–43]. However, 
catch-up growth has not been consistently observed [44,45]. A 
recent report from the CCSS found that, in a cohort of survivors 
of ALL, the observed risk of signifi cant short stature in adulthood 
(<−2.5  SD) was >3 in those that had received chemotherapy alone 
compared with sibling controls [46]. Although the mean FH of 
the chemotherapy-alone group was signifi cantly lower than 
sibling controls, the actual difference was only around 0.2  SD 
[46].

The cause of short stature in the chemotherapy group remains 
a subject of debate [41,44,45,47]. It is likely that corticosteroids 
and methotrexate play a part, because both affect growth and 
infl uence physiological bone turnover, especially osteoclast 
activity.

The effect of chemotherapy-only conditioning for BMT on 
growth is less clear. Studies have demonstrated no disruption in 
growth with cyclophosphamide alone [48] or cyclophosphamide 
in combination with busulfan [49,50], but one study demon-
strated a reduction in growth in patients receiving Bu/Cy, attrib-
uted to a large number of patients receiving prior CI with cGvHD 
[48]. Studies to FH are lacking. Other factors contributing to 

poor growth in BMT patients include cGvHD which may cause 
malabsorption and necessitates treatment with corticosteroids.

Radiotherapy
Patients who have received CI for brain tumors, lymphoma or 
leukemia [38–42,44,45,47,51–58] or as part of TBI in preparation 
for BMT, particularly if they have received CI previously, are 
more likely to be short in adult life than those who received 
chemotherapy alone. The cause of short stature is multifactorial 
but includes the development of GHD, particularly after higher 
doses of CI, spinal irradiation and the onset of early puberty. 
Patients treated at a younger age are more likely to have a greater 
height defi cit [32,59–62], particularly if they have received spinal 
irradiation, and this probably refl ects a more prolonged period 
of disordered growth than age-specifi c vulnerability.

Spinal radiation is an essential component of treatment of 
brain tumors with a propensity to metastasize to the spine, such 
as medulloblastoma and ependymoma, and also as part of radia-
tion to the CNS in the treatment of leukemia or lymphoma. The 
impact of this on growth is considerable in terms of both FH and 
disproportion, particularly after higher doses as used in the treat-
ment of brain tumors. The greatest reduction in FH and more 
marked disproportion is observed in children treated at a younger 
age. A study of the effects of spinal irradiation on FH in 79 brain 
tumor patients (not treated with GH) estimated the radiation-
related spinal height loss to be at least 9 cm versus 7 cm versus 
5.5  cm when irradiation was given at the age of 1 year versus 5 
years versus 10 years [63]. This is thought to be secondary to 
direct inhibition of vertebral growth [47].

Another factor, often encountered in ALL and brain tumor 
survivors treated with CI, is early puberty. In contrast to idio-
pathic early pubertal onset, when duration of puberty is often 
prolonged, early puberty in this population is usually of normal 
duration. This results in reduced potential for spinal growth and 
limits the time available for growth promotion. FH studies in 
survivors of ALL frequently demonstrate that females are at 
increased risk of short stature, often attributed to early puberty, 
which occurs only in girls after lower doses of CI [46].

Adjuvant chemotherapy has also been reported to be associ-
ated with an increased risk of short stature [64–66].

Growth promoting therapies
The fi rst study of the effects of GH therapy in GHD childhood 
cancer survivors was reported in 1981. Six children who had 
survived a brain tumor demonstrated improved growth rates of 
6.0–10.1  cm during the fi rst year of GH therapy. Analysis of auxo-
logical data of the last 25 years of GH therapy (1975–2000) in 
brain tumor survivors in the same single center revealed a gradual 
improvement in FH outcome for both CI and CSI patients 
(r = 0.5, P = 0.03 and r = 0.6; P < 0.001) (Fig. 8.4) [66].

The main factors contributing to that success were the 
improved and higher GH regimens, the earlier introduction of 
GH therapy after completion of radiotherapy and the additional 
use of GnRH analog therapy for early puberty in selected patients.
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To manage the detrimental effects of early puberty on growth, 
few studies have explored the use of GnRH analog therapy in 
childhood cancer survivors [66,67]. GnRH analog therapy con-
ferred additional height benefi ts in selected patients, particularly 
those who had received CI alone without spinal irradiation, 
although FH gains were often achieved at the expense of increased 
segmental disproportion between sitting height and leg length.

Younger children with GHD following TBI treated with GH 
therapy have an improved FH outcome (+0.86  SD) compared 
with younger children with GHD not treated with GH therapy 
[62].

Growth hormone, relapse/recurrence and secondary 
malignant neoplasms
In vitro studies demonstrate that IGF-1 can act as both a mitogen 
and an anti-apoptotic agent in a variety of cancers so there is 
concern that GH therapy may increase the risk of relapse or sec-
ondary malignant neoplasms (SMNs) in patients previously 
treated for cancer. These include the association between acrome-
galy and risk of colon cancer and the positive correlation between 
the exact placing of the IGF-1 level within the normal range and 
an increased risk of common cancers of adulthood, such as breast, 
prostate, colon and lung.

Evidence to date is reassuring, although there are a number of 
methodological concerns in relation to the data: all the studies 
are retrospective; most are small; many focus only on subjects 
previously treated for intracranial tumors.

The largest UK study comparing recurrence rate in 180 GH-
treated and 891 GH-naive survivors of childhood brain tumors 

did not demonstrate any difference in recurrence rates between 
the two groups [68]. The CCSS, which is a survey-based follow-
up of 14 000 pediatric cancer survivors, reported its fi ndings in 
relation to GH therapy and SMNs [69]. The study group included 
361 children treated with GH. GH therapy did not appear to 
increase the risk of disease recurrence or death in survivors. 
However, there did appear to be a small excess of SMNs (relative 
risk 3.21) in GH-treated survivors, mainly because of an increased 
risk of SMNs in survivors of acute leukemia. A subsequent follow-
up analysis 32 months after the fi rst demonstrated that the 
increased risk reduced with time [70].

These data should be interpreted with caution because the 
number of events (15 SMNs) was small and the confi dence limits 
wide. In addition, the study is retrospective and methodologically 
less than ideal. Even if the results were correct, the absolute 
number of excess tumors that would occur as a result of GH 
therapy is only three or four per 1000 person-years at 15 years 
from diagnosis. This small risk needs to be balanced against 
potential benefi ts of GH therapy, which may be considerable. It 
also needs to be taken into consideration that GH doses in the 
USA are generally higher than those used in Europe [71].

Evaluation
Auxology and pubertal staging should be assessed every 3–6 
months from the time of diagnosis until the completion of growth 
and puberty in all patients. In a patient who has had spinal irra-
diation, leg length growth is a better indicator of height velocity 
than spinal growth because of the direct effect of radiation on 
spinal epiphyses. Be aware in a male patient previously treated 
with gonadotoxic therapy that testicular enlargement may not be 
a reliable indicator of the onset or normal progression of 
puberty.

Diagnosing growth hormone defi ciency
In patients treated with CI, pituitary testing should be performed 
routinely 2 years after the completion of therapy and repeated 
1–2 years thereafter to monitor for evolving GHD, even if growth 
is unaffected. The rationale for testing before a decline in growth 
velocity is the evidence that the early introduction of GH therapy 
results in better outcomes [66]. It is also possible that the onset 
of early puberty or obesity may promote growth and mask evolv-
ing GHD. Testing before 2 years after the completion of therapy 
should be considered if there are concerns about growth or ACTH 
defi ciency, for instance, following higher doses of radiation for 
head and neck cancers or radiation for a brain tumor affecting 
the HP axis.

Although IGF-1 should be measured, there are concerns that 
it may discriminate poorly in radiation-induced GHD. Normal 
IGF-1 and IGFBP3 concentrations have been documented in 
GHD survivors, thus limiting their usefulness in this setting but 
IGF-1 concentrations <−2  SD in 95% of GHD cancer survivors 
have also been reported [14].

Choice of GH test is often decided locally. In our practice the 
arginine stimulation test is used and also the ITT in those without 
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a history of seizures; otherwise this is substituted by a glucagon 
stimulation test. The ITT and glucagon stimulation test have the 
advantage of also assessing ACTH secretion. The GHRH + argi-
nine stimulation test is also being used more frequently in the 
pediatric and adolescent population but this test may have limita-
tions soon after CI [36,72]. Appropriate priming with sex steroids 
should be considered in prepubertal patients with a bone age in 
excess of 10 years.

As there is uncertainty about which test is most appropriate to 
diagnose radiation-induced GHD, with the high possibility of 
false-negative tests, one commonly used approach is that if two 
provocative tests produce discordant results in a child who is 
growing poorly with a high presumptive likelihood of GHD, a 
trial of GH therapy is justifi ed. In nearly all centers 24-h GH 
profi ling is a research tool and not part of routine investigation.

Retesting growth hormone status at fi nal height
The severity of GHD required for consideration of GH replace-
ment is more strict in adolescence (peak GH <5  μg/L) and adult-
hood (peak GH <3  μg/L) than childhood (peak GH <7–10  μg/L). 
Retesting of GH status in those treated with GH during childhood 
is therefore essential at FH, utilizing the current consensus 
guidelines to identify which patients will be eligible for ongoing 
GH therapy [73]. One study has shown that only 70% of patients 
previously treated for GHD secondary to CI would be eligible 
for GH in adolescence (peak GH <5  μg/L) and 50% in adulthood 
[8]. The majority of these patients were brain tumor survivors 
[8].

Assessing other pituitary hormones
Although ACTH defi ciency is rare following CI, it is potentially 
life-threatening. Provocative testing of the HP-adrenal axis should 
be performed in children treated with doses of CI >30  Gy. There 
is ongoing debate as to which test is the most appropriate because 
of concerns that patients may have an adequate response to a 
standard ACTH test but suboptimal response to ITT. When 
ACTH defi ciency has been demonstrated, hydrocortisone replace-
ment should be instituted. It may also be necessary to provide 
cover just for illness and surgery in patients with subtle distur-
bance of the HP-adrenal axis.

Assessment of TSH defi ciency relies on baseline thyroid func-
tion tests but it is important that both TSH and free thyroxine 
are checked. If reducing concentrations of free thyroxine are 
observed longitudinally in the setting of a low-normal, normal or 
even mildly raised TSH, the diagnosis of central hypothyroidism 
should be considered, particularly if the patient has multiple pitu-
itary hormone defi cits. If a diagnosis of central hypothyroidism 
is made, ensure ACTH status is determined because hydrocorti-
sone should be introduced before thyroxine replacement. 
Thyroxine replacement should aim to achieve free thyroxine con-
centrations in the high-normal range. There is no role for the 
TRH test or assessment of the TSH nocturnal surge in the diag-
nosis of central hypothyroidism.

Baseline prolactin concentrations should also be checked.

Early or delayed puberty
In children presenting with early puberty (girls before the age of 
9 and boys before the age of 10) in the setting of GHD, a baseline 
estradiol or testosterone and a GnRH test should be performed 
for biochemical confi rmation. If additional information is 
required a pelvic ultrasound in girls may also be useful.

In children with delayed puberty (girls no breast development 
by the age of 12 and boys no testicular enlargement by the age of 
13, unless previous BMT when testicular enlargement may not 
occur despite otherwise normal progression through puberty) 
with normal or low concentrations of gonadotropins, a baseline 
estradiol or testosterone and a GnRH test would help to diagnose 
gonadotropin defi ciency. Puberty should be induced with sex 
steroids in conventional fashion.

Management
In childhood: growth hormone therapy and GnRH analogs
In children diagnosed with GHD, GH therapy should be consid-
ered. Despite the absence of evidence to support an increase in 
recurrence as a result of GH therapy, the risk of relapse is greatest 
within the fi rst 2 years from primary treatment and it is 
common to delay initiation of GH therapy until 2 years after 
treatment.

Biochemical monitoring using IGF-1 concentrations com-
pared to normative age-matched data is recommended. This 
allows optimization of GH dose if growth is poor and may provide 
information about the patient’s adherence to GH therapy.

Children receiving GH therapy should be monitored for side 
effects, particularly scoliosis and glucose intolerance. Neuroimag-
ing for brain tumor survivors or patients at risk of meningiomas 
following CI is not necessary routinely while on GH therapy but 
should be performed if clinically indicated.

Early puberty is common after CI. The combination of early 
puberty and GHD carries a particularly poor height prognosis. 
There is an argument for combining treatment with a GnRH 
analog and GH to maximize growth potential and some evidence 
to suggest that this is benefi cial [66,67]. The height benefi ts are 
greater in those treated with CI alone compared with CSI [66]. 
Decision to start GnRH analogs in combination with GH therapy 
is a clinical one based on the patient’s current height potential 
and tempo of puberty.

Reduction in BMD is a recognized side effect of treatment with 
GnRH analog and, in a population who are already known to be 
at risk of reduced BMD, this is clearly a concern. Published 
studies examining impact on BMD are few but do not suggest a 
sustained deleterious effect following combination therapy with 
GnRH analog and GH therapy [74].

In adolescence: growth hormone therapy
Young adults with childhood onset GHD have lower BMD and 
lean body mass (LBM) than young adults with adult onset GHD 
[75]. This led to the hypothesis that the discontinuation of GH 
therapy at the end of linear growth did not allow the completion 
of somatic growth and, in particular, the achievement of peak 
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bone mass which occurs in early to mid-twenties. This prompted 
studies examining the impact of GH therapy in the so-called 
“transition period” from late adolescence into young adulthood. 
The majority of studies demonstrated that the reintroduction of 
GH therapy soon after completion of linear growth resulted in an 
improvement in BMD and LBM [75]. Although similar studies 
have not been exclusively performed in GHD cancer survivors, 
the recommendation would be that GH therapy should either be 
continued or restarted as recommended by the consensus state-
ment in those fulfi lling the criteria for GHD in adolescence 
[73].

In adulthood  :  growth hormone therapy
Many survivors of childhood brain tumors and ALL who received 
CI (>20  Gy) will have severe GHD in adult life. GH therapy has 
the potential to improve quality of life, reduce cardiovascular risk 
and normalize bone mass. Studies to date in childhood cancer 
survivors have demonstrated improvements in quality of life 
with GH therapy [76] and also improvements in cardiac systolic 
function and reduction in prevalence of metabolic syndrome 
[77].

Cancer therapy and thyroid damage

The thyroid gland is radiosensitive and radiation fi elds that either 
include or result in scatter to the neck can cause thyroid dysfunc-
tion, nodules and cancer. Patients receiving TBI conditioning for 
BMT, CSI/CI for brain tumors or neck irradiation as part of 
mediastinal irradiation for Hodgkin lymphoma or irradiation for 
head and neck tumors are at risk of thyroid damage [78–88]. Age 
at irradiation is a clear factor in the development of thyroid dys-
function, thyroid nodules or cancer regardless of primary cancer 
diagnosis or dose of radiation, with more thyroid abnormalities 
detected in children <10 years than >10 years of age at treatment 
[89–93]. Thyroid abnormalities are more frequently seen in 
females than males [80,85,91].

Thyroid dysfunction
Thyroid dysfunction is common after BMT with both chemo-
therapy alone (Bu/Cy) [89,94–96] and TBI conditioning [15,97–
99]. Following TBI, a lower incidence of thyroid dysfunction has 
been reported after hyperfractionation (14.7% [89] compared 
with 30% after standard fractionation [100]). In the latter study, 
147 patients were prospectively followed for a median of 11 years 
and a minimum of 5 years. A total of 3.4% developed overt 
thyroid dysfunction (four had primary hypothyroidism, one had 
hyperthyroidism), which developed between 1 and 5 years; 26.5% 
had subclinical compensated hypothyroidism which developed 
between 1 and 10 years following BMT [100]. The same group 
also identifi ed a high prevalence of sick euthyroid syndrome at 3 
months following BMT [101] which has also been described after 
chemotherapy conditioning and was associated with a poorer 
outcome [95].

Frequency of primary hypothyroidism following CSI for the 
treatment of brain tumors varies from 24% to 68% [28,102]; an 
increased incidence after CI is less well substantiated but has been 
reported. In 73% of patients primary hypothyroidism is subclini-
cal compensated hypothyroidism (elevated TSH with normal T4 
and T3); overt hypothyroidism occurs in 27% [28].

The frequency of hypothyroidism after mediastinal radiation 
for Hodgkin lymphoma was 25% for all patients but 50% after 
20 years of follow-up for those receiving 45  Gy, demonstrating a 
clear increased likelihood of thyroid dysfunction at higher radia-
tion doses (Fig. 8.5) [80]. Five percent of patients also developed 
hyperthyroidism [80].

Two studies suggested that patients receiving chemotherapy 
with radiotherapy in the treatment of brain tumors were more 
likely to develop thyroid dysfunction [27,103], but more recent 
studies in brain tumor and Hodgkin lymphoma survivors have 
failed to confi rm this [28,80,104].

There is a debate as to the clinical signifi cance of subclinical 
hypothyroidism [99]. The claim that normalizing TSH dimin-
ishes the incidence of thyroid nodules is unproven [78,105,106]. 
Following TBI for BMT, one study observed that subclinical com-
pensated hypothyroidism resolved spontaneously [100], and 
similar recovery has been observed in other studies [107,108].

Thyroid nodules and cancer
Thyroid nodules occur frequently after neck irradiation for child-
hood cancer [80,92,109,110]. The reported risk of developing 
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Figure 8.5 Probability of developing an underactive thyroid after diagnosis of 
Hodgkin lymphoma. Patients are grouped according to dose of thyroid 
irradiation. RT, radiation therapy. (From Sklar et al. [80] with permission.)
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thyroid nodules varies widely because of differences in the study 
population (age, gender, radiation dose and length of follow-up) 
and factors that impact on the rate of detection (e.g. palpation 
versus ultrasound). In a study from a single center that used pal-
pation as the method of detection, 39% of thyroid nodules were 
malignant [85] which is in agreement with other smaller series 
(10–33%) [109,111–115]. In contrast, only 5% of thyroid nodules 
among adults in the general population are likely to be malignant. 
Thyroid nodules may not become evident for decades after radia-
tion therapy, with 5 years being the minimum latency period 
[80,92,109,110].

Once a thyroid nodule has been detected, fi ne needle aspiration 
biopsy (FNAB) is the diagnostic procedure of choice but the 
accuracy of FNAB in a previously irradiated population is unclear 
[116,117]. In one study [85] the sensitivity and specifi city was 
similar to that described in the general population, with 19% of 
FNAB yielding inadequate samples. However, false-negative rates 
have been reported as either higher in the irradiated population 
at 33% [85] or similar [116,117] compared with 1–11% in the 
general population.

Although low doses of radiation cause thyroid nodules and 
cancer [118], it was previously believed that higher doses of radia-
tion increased the risk only of developing hypothyroidism [119]. 
The CCSS recently explored the dose–response by performing a 
nested case–control study of 69 pathologically confi rmed cases of 
thyroid cancer and 265 matched controls [91]. The risk of thyroid 
cancer increased with radiation doses up to 20–29  Gy but reduced 
thereafter, consistent with a cell killing effect (Fig. 8.6).

The majority of thyroid cancers were diagnosed 10–19 years 
after the fi rst diagnosis of cancer [85,86,91,92,120]. After low 
dose radiation, the increased incidence of thyroid cancer contin-
ued for at least 40 years after thyroid irradiation [121]. There was 
no increased risk with chemotherapy alone or in combination 
with irradiation [91].

Most of these thyroid cancers do not behave in an aggressive 
fashion after a median follow-up of 6.5 years [85]. Two large 
case–control studies comparing thyroid cancer in patients who 
did and did not receive irradiation in childhood concluded 
that the risks of recurrence and death were similar [122,123], 
but others have cited evidence of more aggressive behavior 
[124,125].

The pathogenesis of thyroid cancer following radiotherapy is 
not well understood, although recent molecular genetic studies 
have yielded some interesting fi ndings. Rearrangements of the 
RET proto-oncogene (RET/PTC) appear with greater frequency 
in thyroid cancer developing after ionizing radiation and after 
both low and high dose external radiotherapy compared with de 
novo thyroid cancer [126–128]; these may be responsible for the 
development of radiation induced papillary carcinoma [129] but 
no correlation with clinical characteristics or behavior has been 
made [126–128,130].

These data highlight the importance of yearly examination of 
the neck and thyroid gland in all survivors given radiation to the 
mediastinum or head and neck [80,131]. However, there is con-
troversy surrounding the most appropriate modality for thyroid 
cancer screening [85,132]. The argument against the routine use 
of ultrasound is that the increased identifi cation of small thyroid 
nodules causes an unnecessary number of surgical procedures 
with the associated patient anxiety and that the impalpable 
nodules containing malignant cells are clinically insignifi cant. In 
addition, there is no evidence that the outcome in terms of sur-
vival is worse if thyroid palpation is used as the method of 
screening.

Evaluation and management
All patients who have received either a BMT or irradiation near 
or including the thyroid require annual thyroid screening 
throughout life.

Annual thyroid function tests are essential and if overt primary 
hypothyroidism occurs, thyroxine should be started. If a patient 
has subclinical compensated hypothyroidism, TSH should be 
rechecked on two occasions; if it remains even only mildly ele-
vated, thyroxine should be started.

The recommendation in the UK is that thyroid cancer screen-
ing should be performed by annual thyroid palpation to detect 
thyroid nodules. On palpation of a thyroid nodule, FNAB should 
be performed. If the histology is inconclusive, there should be a 
low threshold for proceeding to surgery. The treatment of thyroid 
cancer in cancer survivors is identical to that if it had occurred 
de novo.

Cancer therapy and gonadal damage

Gonadal function may be directly affected as a consequence of 
radiation or gonadotoxic chemotherapy. Patients who have 
received TBI or chemotherapy conditioning for BMT, localized 
pelvic or testicular radiotherapy or treatment with alkylating 
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agents for Hodgkin lymphoma are at high risk (>80%) of gonadal 
damage. Patients treated for brain tumors with CSI are at medium 
risk compared to patients with brain tumors treated with CI alone 
or acute lymphoblastic leukemia who are at low risk of gonadal 
damage [133].

The extent of damage by radiotherapy depends on gender, fi eld 
of treatment, total dose and fractionation [134–136]. In contrast 
to the HP axis, the same dose fractionated is more damaging for 
spermatogenesis than when delivered as a single dose; the reverse 
is true for ovarian damage.

The impact of combination cytotoxic chemotherapy on gonadal 
function is dependent on gender and age of child and the nature 
and dose of drugs received. Drugs known to cause gonadal 
damage include alkylating agents (cyclophosphamide, ifosfamide, 
chlormethine, busulfan, mephalan, chlorambucil), procarbazine, 
cisplatin, carboplatin and doxorubicin [137–146].

Gonadal damage in males
In males, doses as low as 0.1–1.2  Gy can damage dividing sper-
matogonia and disrupt cell morphology resulting in oligospermia 
[134,135]. Permanent azoospermia has been reported following 
single fraction radiation with 4 or 1.2  Gy fractionated 
[134,135].

Leydig cells are more resistant to radiation damage. Testicular 
irradiation at doses greater than 20  Gy is associated with Leydig 
cell dysfunction in prepubertal boys, while Leydig cell function is 
usually preserved up to 30  Gy in adults [136]. Biochemical com-
pensation occurs with normal testosterone concentrations associ-
ated with elevated luteinizing hormone (LH) concentrations and 
there is often normal progression through puberty despite severe 
impairment of spermatogenesis.

Treatment for Hodgkin lymphoma in the UK with “ChlVPP” 
(chlorambucil, vinblastine, procarbazine, prednisolone) is known 
to cause gonadal damage particularly in the male. In a recent 
long-term study, 89% of males treated before puberty had evi-
dence of severe damage to the germinal epithelium and recovery 
of spermatogenesis would be unlikely [140]. The use of ABVD is 
signifi cantly less gonadotoxic [139]. However, this regimen 
carries the potential of cardiotoxicity from the use of anthracy-
clines. Current treatment in the UK involves alternate courses of 
ChlVPP and ABVD. This regimen is likely to result in less gonado-
toxicity [147].

Testosterone replacement in male survivors with compensated 
primary hypogonadism is a subject under study [148]. A recent 
cross-sectional analysis of young adult male cancer survivors who 
had received gonadotoxic therapy found that 14% had a testos-
terone level of <10  nmol/L (below the lower limit of normal 
range) [149]. Cancer survivors had higher body fat and insulin 
concentrations than controls and a lower quality of life [149]. An 
earlier study also found a trend towards lower BMD in those 
cancer survivors who had an elevated LH compared with a LH 
level within the normal range [148]. It remains to be determined 
whether these patients would benefi t from testosterone 
replacement.

Gonadal damage in females
Total body, abdominal or pelvic irradiation may cause ovarian 
and uterine damage [137,150–152]. The human oocyte is sensi-
tive to irradiation with an estimated median lethal dose (LD50) 
of 2  Gy [150]. The younger the child at the time of radiotherapy 
the larger the number of primordial follicles present; hence, for 
a given radiation exposure, the longer the window of fertility 
before premature menopause ensues. The effective sterilizing 
dose of radiation (fractionated) at which premature ovarian 
failure occurs immediately is 20.3  Gy at birth, 18.4  Gy at 10 years, 
16.5  Gy at 20 years and 14.3  Gy at 30 years [153].

It is possible that even in the setting of preserved ovarian func-
tion, radiation damage to the uterus may have occurred. Uterine 
irradiation in childhood increases the incidence of nulliparity, 
spontaneous miscarriage and intrauterine growth retardation 
[137,152]. The mechanism underlying uterine damage is not 
understood.

Ovarian dysfunction following chemotherapy resulting in pre-
mature ovarian failure is well described [154]. Following ChlVPP 
treatment for Hodgkin lymphoma, 50% of girls treated prepu-
bertally had raised gonadotropin concentrations but longer 
follow-up would be needed to determine whether these women 
have recovery of function or go on to develop premature meno-
pause [140]. Current treatment in the UK involves alternate 
courses of ChlVPP and ABVD. This regimen is likely to result in 
less ovarian damage [147].

There appears to be no lasting effect of multiagent chemo-
therapy regimens on uterine function. Successful pregnancies 
with no increased risk of miscarriage and healthy offspring have 
been reported.

Preservation of fertility
Preservation of fertility must be considered in all patients at high 
risk of infertility. The challenges differ depending on whether 
patients are sexually mature at the time of diagnosis. There are 
also ethical and legal issues to be considered [133].

Practical measures exist to shield the gonads from unnecessary 
radiation in males and females. In females laparoscopic removal 
of the ovary from the radiation fi eld, oophoropexy, is a possibility 
[155] but uterine damage may still be present.

In sexually mature males, cryopreservation of spermatozoa is 
the only established option. This may be achieved by the produc-
tion of a semen sample or, if spermatogenesis is established, 
sperm can be retrieved after testicular or epididymal aspiration. 
For patients who have not yet started puberty, the options for 
fertility are experimental. One area of current research is the 
harvesting of testicular cells for orthotopicic transplantation after 
the completion of cancer therapy or in vitro maturation [156,157]. 
Proof of principle exists for the mouse model [156] but whether 
this success can be achieved in primates is unclear [157].

In young sexually mature females with partners, the collection 
of mature oocytes for fertilization and subsequent embryo cryo-
preservation is an established option. Cryopreservation of oocytes, 
usually 5–10 oocytes per patient, is an alternative for females 
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without a partner but is less successful, with fewer than one baby 
born per 100 oocytes. In addition, the time needed for ovarian 
stimulation may be unacceptable for many patients awaiting the 
initiation of cancer therapy [133]. The options for preserving fer-
tility in prepubertal females remain experimental. The removal of 
ovarian tissue consisting of germ cells is a potential future option 
with the possibility of transplantation or in vitro maturation.

The feasibility of autologous transplantation has been demon-
strated in animals [158]. Reports of successful autologous trans-
plantation have been reported in humans. After orthotopic 
transplantation of ovarian tissue, spontaneous ovulation in a 
woman has occurred [159] and also a reported live birth [160]; 
in addition, human embryonic development has been reported 
after heterotopic transplantation [161]. The removal and storage 
of ovarian tissue is a promising option for prepubertal girls and 
young women.

One approach that has been explored clinically is the use of 
GnRH analogs based on the hypothesis that prepubertal gonads 
were quiescent and therefore likely to be less vulnerable to the 
cytotoxic effects of chemotherapy and radiotherapy which destroy 
rapidly dividing cells. Despite positive results in rodents, clinical 
studies in humans have been poorly designed or inadequately 
powered to produce conclusive results [133].

Research is ongoing into ways of inhibiting the apoptotic 
pathway that results in oocyte loss with positive results in mice 
for the use of sphingosine-1-phosphate (S1P) [162].

Predicting fertility
Predicting future fertility in patients who have undergone 
gonadotoxic therapy is challenging, particularly as patients who 
have undergone sterilizing cancer therapy can show recovery of 
spermatogenesis or ovulatory cycles [163,164].

In postpubertal males, semen analysis provides an assessment 
of spermatogenesis. As modern techniques for assisted concep-
tion using intracytoplasmic sperm injection (ICSI) have improved, 
even men with relatively poor semen quality can be helped to 
achieve parenthood [165]. In patients reluctant to provide a 
semen sample, reduced fertility may be predicted by elevated 
concentrations of follicle stimulating hormone (FSH) and the 
presence of reduced testicular volumes [166].

In postpubertal females, amenorrhea secondary to premature 
ovarian failure is strongly suggestive of signifi cant depletion of 
ovarian follicles, although intermittent ovulation and the risk or 
chance of conception remain a possibility in a minority of such 
patients [164]. In females with a menstrual cycle, assessment of 
fertility potential is more complicated. Ovarian volumes have 
been reported as being reduced in size in menstruating women 
previously treated with cancer therapy [167]. The assessment of 
ovarian volume may allow the prediction of ovarian reserve in 
menstruating females in the future [168]. Impaired fertility is 
associated with elevated concentrations of FSH in the early fol-
licular phase despite regular ovulatory cycles.

Inhibin B could be a potential marker of gonadotoxicity. This 
glycoprotein is secreted from Sertoli cells in males and developing 

antral follicles in females. It is important in adult spermatogenesis 
and folliculogenesis and in the regulatory feedback of FSH secre-
tion from the pituitary. Low inhibin B concentrations have been 
observed in adult males after gonadotoxic chemotherapy [169] 
and more closely refl ect sperm concentration than FSH in males 
following treatment for childhood Hodgkin lymphoma [170]. Its 
usefulness in the assessment of children and adolescence is less 
clear [171].

In females, anti-Mullerian hormone (AMH) concentrations 
correlate with age and ovarian follicular reserve [172]. AMH con-
centrations are lower in female survivors of cancer [167] and 
could potentially have a role in fertility prediction in the future.

Children of cancer survivors
Concerns have been raised that the offspring of childhood cancer 
survivors may be more at risk of congenital abnormalities or 
cancer itself [133]. In a large epidemiological study of children 
resulting from natural conception these fears were unfounded, 
except in those with familial malignant diseases [173]. Ongoing 
surveillance is required, particularly for children born as a result 
of assisted conception.

Evaluation and management
Pubertal staging should be undertaken at 3–6 month intervals 
until completion of growth and puberty. Testes may be inappro-
priately small for the stage of pubertal development therefore 
testicular enlargement cannot be used to monitor pubertal pro-
gression in this population. FSH, LH and estradiol/testosterone 
should be monitored annually in both males and females at risk 
of gonadal damage. Pelvic ultrasound to monitor uterine size may 
also provide useful information in females who have received 
pelvic irradiation.

Testosterone defi ciency rarely occurs but patients showing evi-
dence of testicular damage and diffi culties progressing through 
puberty and/or symptoms of testosterone defi ciency may need 
testosterone replacement to complete pubertal maturation.

Ovarian failure requires estrogen replacement in doses appro-
priate for pubertal stage. As recovery of ovarian function is well 
documented, estrogen replacement should be discontinued for 
6–8 weeks every 2 years to determine whether ovarian recovery 
has occurred.

In addition, even in patients who have received signifi cant 
doses of gonadotoxic therapy, recovery of spermatogenesis and 
ovarian function has been reported [163,164] so it remains 
important to discuss contraception with patients whose fertility 
status is uncertain. Close links with fertility services are important 
both at the time of cancer diagnosis and when the patient reaches 
sexual maturity and is considering fertility.

Cancer therapy and bone health

Altered bone metabolism during treatment may interfere with 
attainment of peak bone mass, potentially predisposing to an 
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increased fracture risk. Bone mineral defi cits have been reported 
after treatment of childhood cancers and represent a late effect 
that is possibly modifi able by attention to lifestyle changes and 
by optimization of hormone replacement for hypogonadism and 
GHD [174–178].

The causes of bone loss, diminished bone growth and decreased 
mineral accrual are secondary to direct and indirect effects of 
cancer therapy. Direct effects include malignant infi ltration, irra-
diation and certain chemotherapy agents, such as prednisolone 
and methotrexate [175,179–182]. In addition, suboptimal nutri-
tion and decreased physical activity may also be a factor. Indirect 
effects include GHD and hypogonadism.

Decreased BMD and reduced markers of bone formation have 
been demonstrated at diagnosis of ALL [179,183]. Leukemic infi l-
tration is hypothesized to have a direct effect on vitamin D 
metabolism [179,182]. The treatment of leukemia includes high 
cumulative doses of corticosteroids, methotrexate and the poten-
tial use of CI or BMT and testicular radiation [176,177,181]. High 
doses of corticosteroids are likely to induce a reduction in BMD 
which may not recover fully after treatment [176,177,181]. It is 
possible that the use of dexamethasone has a more deleterious 
effect than prednisolone on BMD and fracture incidence [184]. 
Methotrexate has a cytotoxic effect on osteoblasts resulting in 
reduced bone volume and formation of new bone [185]. There 
is a dose response, with higher doses (>40 000  mg/m2) being asso-
ciated with the highest risk of osteopenia and failure to recover 
BMD after completion of therapy [181,186].

BMT patients may develop bone mineral defi cits secondary to 
medications used to maintain engraftment and treat complica-
tions of BMT, such as cGvHD, or secondary to treatment related 
endocrinopathies, particularly gonadal failure secondary to alkyl-
ating agents or TBI [187–191]. It is unclear if there is an effect of 
the BMT itself but patients undergoing a BMT are more likely to 
have additional risk factors such as poor nutrition, decreased 
physical activity and less exposure to sunshine.

Patients with brain tumors may develop GHD as a conse-
quence of radiation, which is associated with reduced BMD [192]. 
The data that implicate radiation having a direct effect on the 
skeleton as a primary risk factor for osteopenia are confl icting. 
Some investigators have suggested that local radiation and TBI 
may directly affect BMD by damaging bone marrow stroma 
[193,194] but this has not been confi rmed in other studies 
[187,189,190]. One study found that the improvement in lumbar 
spine BMD in response to the osteoanabolic effects of GH did not 
occur in patients who had received spinal irradiation [195].

Some treatment protocols have been associated with an 
increased fracture risk during or shortly after therapy. Strauss 
et al. [184] reported a 5-year cumulative incidence of fractures of 
28% among pediatric patients with ALL (median follow-up 7.6 
years since diagnosis). Halton et al. [179] followed 40 children 
with ALL and 39% developed fractures during treatment, 
with decreased bone mineral content predicting development of 
fractures. Less is known of the fracture risk in long-term 
survivors.

Most survivors recover bone mass with increasing time 
off therapy [196] but a proportion demonstrate signifi cant 
bone density defi cits (Z score <−2.5  SD) years after therapy 
[197–199].

Evaluation and management
Screening
All cancer survivors who have received methotrexate, corticoste-
roids or BMT or have developed an endocrinopathy associated 
with bone mineral defi cits should undergo screening at baseline 
and 2 years after the completion of cancer therapy. As BMD 
improves in the years following the completion of cancer therapy, 
the baseline result will dictate whether follow-up is necessary. If 
the patient sustains fractures or has an ongoing risk for develop-
ing bone mineral defi cits, such as corticosteroids for cGvHD or 
an endocrinopathy, follow-up of BMD is essential.

The International Society of Clinical Densitometry has recom-
mended that the terms osteopenia and osteoporosis should not 
be used to describe low BMD in children and adolescents. The 
rationale for this recommendation is that the terms are defi ned 
using T scores (SD scores) which compare the patient to young 
adults who have already achieved peak bone mass. They are there-
fore appropriate for an older patient but not for children and 
adolescents who have yet to achieve peak bone mass. The Z score 
(SD score) compares the BMD of the patient with age and gender 
matched normal values and is a more appropriate measurement 
for children and adolescents.

Measuring BMD in this age group is challenging. Dual energy 
X-ray absorptiometry (DXA) is most frequently used but has 
limitations. The calculation of Z score is based on age and gender 
and does not take into consideration the effect of height and 
pubertal stage, which may not correspond with a healthy child in 
a cancer survivor. In addition, density is measured as mass/unit 
volume whereas DXA calculations are based on an area measure-
ment (g/cm2) and are unable to measure bone thickness to cal-
culate a volumetric measurement (g/cm3). Thus, for children 
with short stature, DXA underestimates BMD. Methods have 
been developed to calculate an estimated volume from DXA mea-
surements and, as fracture risk in healthy children has been found 
to be associated with volumetric BMD calculated by DXA, this 
approach is recommended when interpreting pediatric DXA 
results.

An alternative is quantitative computed tomography (QCT), 
which provides a direct and more accurate volumetric measure-
ment of BMD eliminating problems with interpretation in short-
for-age children. This technique also assesses trabecular bone (the 
metabolically more active compartment) separately from cortical 
bone but this method is less readily available and involves 
increased concentrations of radiation compared to DXA, which 
is comparable with that of a chest radiograph. Peripheral QCT is 
emerging as an alternative but has yet to be validated and stan-
dardized in a pediatric population.

An awareness of the possibility of osteonecrosis in patients who 
have received a BMT should prompt early investigation of per-
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sistent joint pain, particularly in the hips or knees. Magnetic reso-
nance imaging (MRI) is the investigation of choice.

Lifestyle advice
Children and adolescents should be advised to increase weight-
bearing exercise as tolerated and to optimize nutritional intake of 
calcium and vitamin D. Advice should be given about smoking, 
alcohol and caffeine consumption but there is no evidence that 
these measures alter outcome.

Hormone replacement
In patients with endocrinopathies associated with bone mineral 
defi cits optimization of hormone replacement is important. The 
dosage of sex steroid replacement should be reviewed regularly. 
GH therapy should be continued or reintroduced after the com-
pletion of linear growth in GHD adolescents to aid the achieve-
ment of peak bone mass.

Cancer therapy and cardiovascular risk

Cardiopulmonary disease is the third most common cause of 
death in childhood cancer survivors, with recurrence of primary 
malignancy and SMNs being the two most common causes. 
Although the direct cardiotoxic effects of cancer therapy, for 
instance, anthracycline and mediastinal irradiation, are respon-
sible for the majority of cardiac morbidity and mortality, it is well 
recognized that childhood cancer survivors also have increased 
cardiovascular risk secondary to metabolic abnormalities which 
may have implications in adult life.

Following mediastinal irradiation, 10% of patients have been 
reported to have symptomatic coronary artery disease after a 
median of 9 years follow-up [200]. The risk was increased by 
dyslipidemia, hypertension, smoking and obesity [200,201].

Patients who have received high-dose neck irradiation for head 
and neck cancers are at a 10-fold increased risk of carotid artery 
occlusive disease and stroke [202]. In a study of long-term survi-
vors of childhood Hodgkin disease there was a fi vefold increased 
risk of stroke compared with sibling controls [203]. A signifi -
cantly increased risk of stroke has also been reported in survivors 
of childhood leukemia and brain tumors, particularly in those 
who received >30  Gy of CI [204].

Several metabolic abnormalities have been reported in survi-
vors of childhood cancer. In particular, survivors of ALL are at 
increased risk of developing metabolic syndrome. One study of 
adult survivors of ALL found that 30% had obesity or dyslipid-
emia and 20% had hypertension or insulin resistance. In another 
study, 16% of childhood cancer survivors, predominantly ALL, 
had metabolic syndrome. However, these studies refl ected ALL 
treatment prior to 1990 when higher doses of CI were adminis-
tered routinely for CNS prophylaxis and the adverse cardiovas-
cular risk factors were more prevalent in patients with GHD 
following CI. Other studies have clearly linked both obesity and 
hypertension in this cohort with the use of CI (>20  Gy).

An examination of the effect of more contemporary regimens 
on 165 patients with ALL found that 17% were overweight at the 
completion of cancer therapy, 21.2% were obese and 15.3% had 
hypertension [205]. These proportions remained unchanged 
after 2–3 years, although no long-term follow-up data into adult-
hood were available. The most signifi cant factor was higher con-
centrations of corticosteroid exposure with no effect of CI which 
in this study was at the lower dose of 18  Gy. The study confi rmed 
that female patients and those treated at an earlier age were more 
at risk of elevated body mass index (BMI) and raised blood pres-
sure. Therefore, despite reduction in the use of CI there is still an 
increased risk of obesity and hypertension in survivors of ALL 
which is predominantly related to the much higher doses of cor-
ticosteroids used in contemporary regimens, a 60–80% increase 
since the 1970s, and some studies have also shown that the choice 
of corticosteroid may also be a factor with greater weight gain 
during therapy with dexamethasone than prednisone. Dexameth-
asone is more frequently used than prednisone because of its 
longer duration of action and better CNS penetration.

Long-term survivors of BMT are at risk of insulin resistance, 
type 2 diabetes and hypertriglyceridemia [206]. Pancreatic dys-
function may occur after BMT in the setting of a normal BMI. 
Type 2 diabetes has also been reported following abdominal irra-
diation for Wilms tumors [207].

Of 148 survivors of childhood brain tumor, age at diagnosis, 
radiation dose to the hypothalamus (51–72  Gy) and presence of 
any endocrinopathy were identifi ed as risk factors for developing 
obesity [208]. Additional factors when BMI was compared with 
the slope for the general US population included tumor location 
(hypothalamic, P < 0.001), histology (craniopharyngioma, P < 
0.009; pilocytic astrocytoma, P < 0.043; medulloblastoma, P < 
0.039) and extent of surgery (biopsy, P < 0.03; subtotal resection, 
P < 0.018). Hypothalamic damage from the surgery or following 
radiation were prime factors in the etiology of obesity. In females, 
the risk of obesity was associated with younger age at diagnosis 
(<10 years) and increased radiation dosage.

Evaluation and management
Lifestyle advice
Patient education and counseling are important. By encouraging 
a healthy lifestyle through diet and exercise it may be possible to 
modify risk factors such as obesity, dyslipidemia and hyperten-
sion. Advice about not smoking is essential.

Monitoring
Regular assessments of BMI and waist : hip ratio are recom-
mended, as well as monitoring of blood pressure, fasting glucose 
and lipid profi le, particularly in those who have received medias-
tinal irradiation.

Hormone replacement
In patients with GHD, GH therapy may aid normalization of 
body composition , improve lipid profi le and other adverse car-
diovascular risk factors.
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Summary and conclusions

Late effects of cancer therapy are diverse in their effect on the 
endocrine system. The resultant morbidity has implications 
throughout life.

Clinicians should focus on growth and puberty but knowledge 
of the impact of CI on the HP axis and thyroid irradiation and 
the increased incidence of thyroid nodules and malignancy is 
essential. In addition, future risk to reproductive, skeletal and 
cardiovascular health should be reduced by early consideration 
of fertility options, lifestyle advice, optimization of hormone 
replacement and ensuring a smooth transition to an adult endo-
crinologist for ongoing care.
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9 Evaluation and Management of Disorders of 
Sex Development

Ieuan A. Hughes
University of Cambridge, Addenbrooke’s Hospital, Department of Paediatrics, Cambridge, UK

In discussing disorders of sexual development, there has conven-
tionally been a focus on ambiguous genitalia, a term referring 
primarily to a newborn with genital anomalies rendering assign-
ment of sex at birth problematic and synonymous with intersex. 
The focus on disorders of sex development refl ects the fact that 
genital anomalies present beyond the newborn period, at puber-
tal and adolescent ages. The replacement of the term intersex by 
the more generic terminology of disorders of sex development 
(DSD) has resulted in a new classifi cation of their causes.

The embryology of the reproductive system and the genetic 
and hormonal control of its constituent parts are described in 
detail in recent texts and reviews [1–3] and the clinician charged 
with the evaluation and management of DSD must understand 
reproductive tract development which underpins differential 
diagnosis, focused investigation and appropriate management.

Normal sex development

The constitutive sex is female: male development requires the 
presence of a Y chromosome, a testis and the action of its hor-
monal products (Fig. 9.1). The events in fetal male sex develop-
ment are summarized in Figure 9.2 and the embryology of early 
male development is illustrated in Figure 9.3. A critical dosage 
threshold and timing in expression of sex-determining genes and 
hormones is obligatory for normal development. Many of the 
large group of idiopathic XY-related disorders of sex develop-
ment probably result from a defi ciency in this key process.

Information about the genetic control of development of the 
urogenital ridge and gonad determination and subsequent hor-
monal control of sex differentiation has been gleaned from clini-
copathologic assessment of prismatic cases of DSD and 
rodent-based gene targeting studies (Fig. 9.4). There are addi-

tional genes relevant in rodent urogenital development for which 
mutations in their human homologs causing DSD have yet to be 
described. Common elements in the early pathway (e.g. WT1 and 
SF1) explain the importance of checking renal and adrenal dis-
orders when evaluating DSD.

It is self-evident that a sex chromosome abnormality, such as 
XO/XY mosaicism or an XXY karyotype, may be associated with 
genital anomalies. For the male with a normal XY karyotype, 
categories of causation of DSD include defects in testis determi-
nation and androgen production or action. For the female 
with a normal XX karyotype, a primary defect in ovarian deter-
mination may be the cause but far more probable is masculiniza-
tion by fetal adrenal androgens (e.g. congenital adrenal 
hyperplasia) or androgens from a maternal source (e.g. ovarian 
tumor).

Terminology
The complexity of evaluating DSD should not be compounded 
by using terms that are themselves ambiguous and confusing. 
Thus, the word, intersex, is replaced by disorder of sex development 
(DSD) [4–7] defi ned as a congenital condition in which develop-
ment of chromosomal, gonadal or anatomic sex is atypical (Table 
9.1). Early knowledge of the sex chromosomes from the ready 
analysis of Y and X centromeric probes by fl uorescence in situ 
hybridization (FISH) techniques renders this the starting point 
for the evaluation of DSD. Descriptive modes, such as the mas-
culinized female or the undermasculinized male, retain useful 
currency but the term pseudohermaphroditism is confusing and 
uninformative and should be consigned to history. Hermaphro-
dite, prefaced by the adjective true, defi nes an hermaphroditic 
state characterized by the presence of both ovarian and testicular 
tissue in the one affected individual but simpler terminology is 
to describe the type of DSD as ovotesticular, which can be further 
subtyped according to the karyotype (46XX or 46XY).

Postnatal psychosexual development and the sociocultural 
infl uences on gender have spawned their own terminology. It is 
important to be familiar with the following defi nitions when 
considering the evaluation and management of DSD:
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Figure 9.1 Schematic of the fundamental components of sex development.
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Figure 9.2 Events temporally related to sex 
differentiation in the male fetus. Mesoderm refers 
to the tissue source for Sertoli and Leydig cell 
formation. The continuous line depicts the rise in 
fetal serum testosterone, the peak concentration 
being around 10  nmol/L.
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Figure 9.3 Schematic representation of the 
principal morphologic and functional events during 
early gonad/testis development in humans. DHT, 
dihydrotestosterone. (From Hughes & Achermann 
[1] with permission.)
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Table 9.1 A revised nomenclature relating to disorders of sex development 
(DSD).

Previous Proposed

Intersex DSD
Male pseudohermaphrodite 46XY DSD
Undervirilization of an XY male
Undermasculinization of an XY male

Female pseudohermaphrodite 46XX DSD
Overvirilization of an XX female
Masculinization of an XX female

True hermaphrodite Ovotesticular DSD

XX male or XX sex reversal 46XX testicular DSD
XY sex reversal 46XY complete gonadal dysgenesis

Figure 9.4 Principal genetic and hormonal factors controlling fetal sex 
development in humans. (Adapted from ref 1).

• Gender (sex) assignment: the decisive allocation of male or 
female at birth, which is usually instantaneous;
• Gender identity: the sense of self as being male or female;
• Gender role: denotes aspects of behavior and preferences in 
which males and females differ;
• Sexual orientation: refers to the target of sexual arousal;
• Gender attribution: assigning as male or female on fi rst encoun-
ter with a person;

• Gender dysphoria: a transsexual state associated with a gender 
identity disorder.
There is a dichotomy between the body habitus and gender iden-
tity. The process of fetal sex determination and sex differentiation 
appears to be normal. Transsexualism is not generally considered 
within the ambit of ambiguous genitalia.

In general, gender identity and gender role, together with the 
symbols that attribute to gender manifestations, are congruent 
and the subject of erotic desires is generally towards the opposite 
sex. It is against this background that the complex assessment of 
adults, who were born with ambiguous genitalia and may have 
been sex reassigned, must take place.

Causes of DSD

The change of nomenclature to a DSD base, subdefi ned according 
to the sex chromosomes, allows the use of three broad categories 
of causation (Table 9.2) covering conditions as diverse as con-
genital adrenal hyperplasia, androgen insensitivity, vanishing 
testes syndrome and cloacal extrophy but not including disorders 
of puberty. Whether Turner syndrome should be classifi ed as a 
DSD is questionable but it merits inclusion by virtue of the sex 
chromosome being atypical. A functional classifi cation of the 
more common causes of DSD is set out in Table 9.3.

The masculinized female: 46XX, DSD
The placenta contains an aromatase enzyme system which is gen-
erally extremely effi cient in protecting a female fetus from the 
effects of androgens in the maternal circulation. For example, 
women with congenital adrenal hyperplasia (CAH) who become 
pregnant and have elevated testosterone concentrations through-
out gestation do not have female offspring who are virilized [7], 
although, interestingly, there was a preponderance of male off-
spring in a Swedish study [8]. Androgen-secreting tumors of the 
adrenals and ovaries can masculinize the mother and a female 
fetus, presumably because the androgen substrates overwhelm 
the placental aromatase system.

Luteoma of pregnancy and hyperreactio luteinalis are benign 
tumors but produce large ovarian masses. Luteomas predominate 
in multiparous Afro-Caribbean women who may have a pre-
existing polycystic ovarian syndrome. The tumors regress post-
partum but can recur in subsequent pregnancies. Other virilizing 
ovarian tumors include arrhenoblastoma, hilar cell tumor and 
Krukenberg tumor.

The use of progestational agents with some androgenic activity 
to prevent recurrent miscarriage is obsolete but danazol, a deriva-
tive of 17β-ethinyltestosterone, has a place in the medical treat-
ment of endometriosis. It readily crosses the placenta and cases 
of masculinized female infants have been recorded [9].

Placental aromatase defi ciency is a recognized cause of ambig-
uous genitalia in a female infant whose mother is also virilized 
during pregnancy [10,11]. A single CYP19 gene is expressed 
through the action of tissue-specifi c promoters in several tissues, 
including the gonads, placenta and adipocytes. The aromatase 
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Table 9.2 Classifi cation of disorders of sex development (DSD).

Sex chromosome DSD 46XY DSD 46,XX DSD

A: 47,XXY (Klinefelter syndrome and variants)
B: 45X (Turner syndrome and variants)
C: 45X/46XY (mixed gonadal dysgenesis)
D: 46XX/46XY (chimerism)

A:  Disorders of gonadal (testicular) development
1.  Complete or partial gonadal dysgenesis (e.g. SRY, SOX9, 

SF1, WT1, DHH, etc.)
2. Ovotesticular DSD
3. Testis regression

A: Disorders of gonadal (ovary) development
1. Gonadal dysgenesis
2. Ovotesticular DSD
3. Testicular DSD (e.g. SRY+, dup SOX9, RSP01)

B: Disorders in androgen synthesis or action
1. Disorders of androgen synthesis
LH receptor mutations
Smith–Lemli–Opitz syndrome
Steroidogenic acute regulatory protein mutations
Cholesterol side chain cleavage (CYP11A1)
3β-hydroxysteroid dehydrogenase 2 (HSD3B2)
17α hydroxylase/17,20-lyase (CYP17)
P450 oxidoreductase (POR)
17β-hydoxysteroid dehydrogenase (HSD17B3)
5α-reductase 2 (SRD5A2)
2. Disorders of androgen action
Androgen insensitivity syndrome
Drugs and environmental modulators

B: Androgen excess
1. Fetal
3β-hydroxysteroid dehydrogenase 2 (HSD3B2)
21-hydroxylase (CYP21A2)
P450 oxidoreductase (POR)
11β-hydroxylase (CYP11B1)
Glucocorticoid receptor mutations
2. Fetoplacental
Aromatase (CYP19) defi ciency
Oxidoreductase (POR) defi ciency
3. Maternal
Maternal virilizing tumors (e.g. luteomas)
Androgenic drugs

C: Other
1.  Syndromic associations of male genital development (e.g. 

cloacal anomalies, Robinow, Aarskog, hand-foot-genital, 
popliteal pterygium)

2. Persistent Müllerian duct syndrome
3. Vanishing testis syndrome
4. Isolated hypospadias (CXorf6)
5.  Congenital hypogonadotropic hypogonadism
6. Cryptorchidism (INSL3, GREAT)
7. Environmental infl uences

C: Other
1. Syndromic associations (e.g. cloacal anomalies)
2. Müllerian agenesis/hypoplasia (e.g. MURCS)
3. Uterine abnormalities (e.g. MODY5)
4. Vaginal atresias (e.g. KcKusick–Kaufman)
5. Labial adhesions

Table 9.3 Causes of ambiguous genitalia: a functional classifi cation.

Type/cause Illustrative examples

Masculinized female (46XX DSD)
Fetal androgens CAH, placental aromatase defi ciency
Maternal androgens Ovarian and adrenal tumors

Undermasculinized male (46XY DSD)
Abnormal testis determination Partial (XY) and mixed (XO/XY) gonadal 

dysgenesis
Androgen biosynthetic defects LH receptor inactivating mutations

Resistance to androgens

17βOH-dehydrogenase defi ciency
5α-reductase defi ciency
Androgen insensitivity syndrome variants

Ovotesticular DSD
Presence of testicular and ovarian 

tissue
Karyotypes XX, XY, XX/XY

Syndromal Denys–Drash, Frasier
Smith–Lemli–Opitz

DSD, disorders of sex development; LH, luteinizing hormone.

enzyme is a key regulator of production of estrogens from andro-
gens in the fetal-placental-maternal unit (Fig. 9.5).

The fetal adrenals produce large quantities of dehydro-
epiandrosterone sulfate (DHEAS) which is 16β-hydroxylated in 
both the fetal adrenal and liver. After transfer to the placenta, the 
sulfate moiety of 16OH-DHEAS is removed by placental sulfa-
tase. Defi ciency of this enzyme causes X-linked recessive ichthyo-
sis and can be diagnosed by measurement of arylsulfatase C [12]. 
DHEA and 16OH-DHEA are converted to more potent andro-
gens, such as androstenedione and testosterone, which are aro-
matized to estrone and estradiol, respectively. A large amount of 
estriol is also produced by aromatization of androgen substrates. 
Maternal urinary estriol concentrations may be low in the last 
trimester of a normal pregnancy as a result of either placental 
sulfatase or placental aromatase defi ciency. Serial measurements 
of urinary estriol have a useful role in monitoring prenatal treat-
ment of CAH with dexamethasone [13].

The degree of maternal and fetal masculinization can be quite 
profound in placental aromatase defi ciency. The mother, however, 
may escape signs of virilization when as little as 1–2% activity of 
mutant enzyme is present. This illustrates the capacity of this 
enzyme to convert androgens to estrogens. The internal genitalia 
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of affected female infants are normal but ovarian cysts may 
develop in later childhood. At puberty, there is failure of breast 
development, onset of virilization and polycystic changes in the 
ovaries. A spectrum of mutations is distributed through the 
CYP19 gene, including some affecting the critical heme-binding 
site [14]. Aromatase defi ciency should be considered when 
CAH has been excluded in a female newborn with ambiguous 
genitalia.

Apparent combined defi ciency of the P450 17α-hydroxylase 
and 21-hydroxylase enzymes can also cause mild degrees of 
maternal and fetal masculinization which is self-limiting after 
birth. Mutations are found not in the CYP17 or CYP21 genes but 
in the gene encoding for cytochrome P450 oxidoreductase [15]. 
This enzyme functions as an electron donor to microsomal cyto-
chrome P450s, including the aromatase enzyme. This may 
partly explain the masculinization from accumulation of fetal 
adrenal androgens as a result of partial placental aromatase 
defi ciency but there is also impairment of androgen biosynthesis 
in oxidoreductase defi ciency such that affected males are 
undermasculinized.

The explanation for this paradox may lie with observations of 
steroid biosynthetic pathways in the Tammar wallaby [16], in 
which there is evidence that the potent androgen dihydrotestos-
terone (DHT) can be produced by a “backdoor” pathway involv-
ing the precursor steroid androstanediol and avoiding testosterone 
as an intermediary substrate. Such a pathway may exist in the 
human fetus only to switch to the more classic pathway of andro-
gen biosynthesis after birth. Most patients with P450 oxidoreduc-
tase defi ciency have associated skeletal malformations characteristic 
of the Antley–Bixler syndrome [17]. It remains to be seen whether 
oxidoreductase defi ciency is a signifi cant cause of non-syndromic 
ambiguous genitalia in newborn females and undermasculinized 
males of unknown diagnosis as assessed by urinary steroid 
analyses.

Table 9.4 Comparative features of overlapping phenotypes in three causes of 
XY, disorders of sex development (DSD).

17b-hydroxysteroid dehydrogenase type 3 defi ciency
Inheritance Autosomal recessive; HSD17B3 gene (9q22) mutations 

(n∼20)
Genitalia Female → ambiguous
Genital ducts Wolffi an normal; Müllerian absent
Gonads Testes, usually undescended
Later phenotype Virilization at puberty; gynaecomastia variable
Endocrine ↑ LH, FSH; ↑ androstenedione; ↓ testosterone: 

androstenedione ratio

5a-reductase type 2 defi ciency
Inheritance Autosomal recessive; SRD5A2 gene (2p23) mutations 

(n∼40, complete deletion in New Guinea population)
Genitalia Usually ambiguous
Genital ducts Wolffi an normal; Müllerian absent
Gonads Normal testes, often descended
Later phenotype Virilization at puberty; decreased sexual hair; hypoplastic 

prostate
Endocrine ↑ Testosterone: DHT ratio; ↓ urinary 5α/5β C21 and C19 

steroids

Partial androgen insensitivity syndrome
Inheritance X-linked recessive; AR gene (Xq11.2-q12) mutations 

(n∼280)
Genitalia Ambiguous → isolated hypospadias → infertile male 

(MAIS)
Genital ducts Wolffi an often normal; Müllerian absent
Gonads Testes, usually undescended
Later phenotype Decreased sexual hair; gynaecomastia; rarely breast cancer
Endocrine ↑ LH, ↑ testosterone, ↑ estradiol, ↑ SHBG

DHT, dihydrotestosterone; FSH, follicle stimulating hormone; LH, luteinizing 
hormone; MAIS, minimal androgen insensitivity syndrome; SHBG, sex hormone-
binding globulin.

Maternal Placental

16αOH-DHEA 

sulfatase

3bHSD

ESTRONE ESTRIOLESTRADIOL

P450 aromatase

16α-hydroxylase (liver)

16αOH-DHEAS 16αOH-DHEAS Androstenedione

DHEA 
sulfatase

DHEAS 
sulfatase

DHEAS 

Figure 9.5 The fetal-placental-maternal steroid 
unit. The androgen substrate DHEAS is synthesized 
in both the maternal and the fetal adrenals and 
cleaved to DHEA by placental sulfatase. The fetal 
liver also hydroxylates DHEAS prior to sulfatase 
cleavage by the placenta. Androgen substrates 
are aromatized to estrogens, particularly estriol. 
DHEA, dehydroepiandrosterone; DHEAS, 
dehydroepiandrosterone sulfate; 3βHSD, 3β-
hydroxysteroid dehydrogenase.
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In the context of ambiguous genitalia, CAH is the most 
common cause and the most straightforward to diagnose. This 
must be undertaken promptly in view of the potential life-
threatening consequences of glucocorticoid and mineralocorti-
coid defi ciencies to the infant. Giving dexamethasone to the 
mother from early in pregnancy can successfully prevent mascu-
linization of the external genitalia in an affected female infant 
[18,19], a unique example of preventing a major congenital mal-
formation by prenatal medical intervention.

The under-masculinized male: 46XY, DSD
The list of causes in this category is large, not least because of 
inclusion of disorders such as simple hypospadias, undescended 
testes and isolated micropenis, which are not classic examples of 
ambiguous genitalia. The choice of using broad categories related 
to testis determination, androgen biosynthesis and androgen 
action stems directly from understanding the normal processes 
of male fetal sex development.

Defects in testis determination
Normal development and function of Sertoli cells and Leydig cells 
are essential for hormone-mediated sex differentiation of male 
internal and external genitalia. Failure of these cells to develop 
gives rise to a dysgenetic gonad and the clinical disorder, gonadal 
dysgenesis. Gonadal histology is variable and determines the sex 
phenotype. Thus, streak gonads are completely undifferentiated 
and comprised mainly of fi brous tissue with no germ cells, Sertoli 
cells, interstitial steroid-secreting cells, tubules or follicles. When 
both gonads are streaks, the phenotype is female, whatever the 
karyotype. Consequently, XY complete gonadal dysgenesis (Swyer 
syndrome) leads to complete sex reversal and no ambiguity in sex 
development. Some 10–15% of patients have a mutation of the 
SRY gene [20], usually in the HMG-box DNA-binding domain 
of the SRY protein. There are familial cases of XY complete 
gonadal dysgenesis in whom the genetic cause is unknown and 
the pattern of inheritance can be X-linked or autosomal recessive 
[21]. There is a high risk of gonadal tumors such as gonadoblas-
toma and germinoma.

Partial gonadal dysgenesis gives rise to ambiguity of the geni-
talia because of the preservation of some Leydig cell function. 
There are generally Müllerian duct remnants, refl ecting inade-
quate Sertoli cell production of anti-Müllerian hormone (AMH). 
Histology shows a thin and loosely organized tunica albuginea, 
underdeveloped seminiferous tubules with wide intertubular 
spaces, abundant infantile Sertoli cells, scanty germ cells and a 
dense stroma containing calcifi ed psammoma bodies [22]. These 
appearances are not too dissimilar from those of an early develop-
ing testis so that the dysgenetic gonads in partial gonadal dysgen-
esis syndromes represent a failure in gonad maturation.

Steroidogenic factor 1 (SF1) is a nuclear receptor that regulates 
transcription of several genes involved in both gonadal and 
adrenal development. The expected phenotype of XY sex reversal 
and adrenal failure has been observed in rare patients with inac-
tivating SF1 mutations [23,24]. Heterozygous mutations in SF1, 

often inherited from the mother in a sex-limited dominant 
manner, are increasingly being identifi ed in patients with gonadal 
dysgenesis and normal adrenal function [25,26]. The mechanism 
is likely to be haploinsuffi ciency of SF1, the gonad being more 
sensitive than the developing adrenal to variations in gene–dosage 
effects. SF1 mutations are found in some males with bilateral 
anorchia or isolated micropenis [27].

A number of eponymous syndromes associated with gonadal 
dysgenesis should be considered in the assessment of an infant 
with ambiguous genitalia. Important examples are two related 
disorders, the Denys–Drash and Frasier syndromes [28–30], both 
caused by mutations in WT1, a gene essential for gonadogenesis 
and nephrogenesis. In the Denys–Drash syndrome, there are 
usually genital anomalies at birth in XY cases, a characteristic 
nephropathy caused by diffuse mesangial sclerosis and a predis-
position to Wilms tumor with a median age of onset by 12 months 
[31]. There is a relative ‘hotspot’ within exon 9 of the gene where 
most of the heterozygous mutations occur. A WT1 mutation can 
occur rarely in isolated hypospadias without evidence of a 
nephropathy or a Wilms tumor [32]. The rarity of this occurrence 
does not merit screening for WT1 mutations in all infants with 
hypospadias, although there may be a case for prospective screen-
ing for nephropathy (proteinuria) and Wilms tumor (renal ultra-
sound) in XY infants with ambiguous genitalia.

Frasier syndrome differs with respect to a more severe gonadal 
dysgenesis generally resulting in XY complete sex reversal, a 
nephropathy characterized by focal segmental glomerulosclerosis 
and a predisposition to gonadoblastoma rather than Wilms 
tumor. Unexplained proteinuria in an adolescent girl with 
primary amenorrhea should prompt analysis of the WT1 gene, 
particularly if the putative nephrotic syndrome is steroid-
resistant [33,34]. The characteristic WT1 abnormality in Frasier 
syndrome is caused by a donor splice site mutation in intron 9 
which leads to an alteration in the normal ratio of WT1 protein 
isoforms. The WAGR syndrome (Wilms’ tumor, aniridia, genital 
anomalies, mental retardation) is a contiguous gene deletion syn-
drome involving a chromosome 11p locus that includes the WT1 
and PAX6 genes.

SOX9, an SRY-related protein, is a transcription factor involved 
in both chondrogenesis and early testis determination. Heterozy-
gous mutations in the SOX9 gene can cause campomelic dyspla-
sia, a multiskeletal disorder, together with sex reversal in the 
majority of affected males [35]. Not all affected patients have both 
gonadal dysgenesis and genital anomalies which appears to be 
related to the function of the SOX9 protein binding to DNA 
either as a dimer or as a monomer [36] because dimerization is 
mandatory for chondrogenesis. Mutations in SOX9 do not lead 
solely to genital anomalies [37] so analysis of this gene is indi-
cated only in the investigation of XY gonadal dysgenesis associ-
ated with skeletal abnormalities.

ATRX syndrome comprises β-thalassemia, mental retardation 
and multiple congenital anomalies with genital anomalies caused 
by some form of gonadal dysgenesis [38,39]. Mutations in the 
ATR-X gene located on Xq13.3 and encoding for a protein which 
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belongs to the SNF2 family of proteins that have chromatin 
remodeling activity interfere with gene expression and DNA 
methylation. The clinical spectrum extends to eponymous syn-
dromes such as Juberg–Marsidi and Smith–Fineman–Myers.

The term mixed gonadal dysgenesis is used when there is asso-
ciated 45XO/46XY chromosomal mosaicism. In this syndrome, 
gonadal morphology is typically a testis on one side and a streak 
gonad on the other side. The condition is not brought about by 
mutations in the SRY gene [40,41]. A wide spectrum of pheno-
types can result from XO/XY sex chromosome mosaicism with 
varying degrees of sex reversal [42]. Abnormalities of the external 
genitalia may be in the form of a severe hypospadias with crypt-
orchidism but a penis of normal size. Alternatively, the degree of 
undermasculinization can be manifest solely as a hypertrophied 
clitoris. There is no correlation between the phenotype and the 
proportion of XO versus XY cell lines, whether this is determined 
in blood or fi broblasts. In later childhood, stigmata of Turner 
syndrome may appear.

A skewed population of XO/XY infants presents at birth with 
genital anomalies: >90% of fetuses with 45XO/46XY on prenatal 
cytogenetic studies have normal male genitalia [43,44]. There is 
little information about the longer term follow-up of these cases 
in relation to growth, puberty, fertility and risk of gonadal tumors. 
A set of monozygotic twins concordant for 45XO/46XY karyo-
type in peripheral blood but sex dimorphic for phenotype were 
followed to adult life [45]. The male twin had normal adult 
stature, genital development and Leydig cell function but was 
oligospermic. The female twin was short in adulthood and 
required pubertal induction with estrogens.

Ovotesticular DSD (true hermaphroditism) and other sex 
chromosome anomalies
The term ovotesticular DSD should be applied only to individuals 
possessing testicular and ovarian tissue that are both well differ-
entiated; the ovaries must contain follicles and ovotestis is the 
most common gonad. The most frequent karyotype is 46XX fol-
lowed by one-third of cases with 46XX/XY mosaicism and <10% 
with 46XY [46]. The prevalence of ovotesticular DSD is particu-
larly high in black South Africans. Most patients have ambiguous 
genitalia with perineal hypospadias, bifi d scrotum and, usually, a 
normal-sized phallus. The SRY gene is present in about one-third 
of cases with a 46XX karyotype; there is SRY mosaicism confi ned 
to the gonads in a minority of the SRY-negative cases [47]. In 
follow-up studies ovarian tissues remains normal while testicular 
tissue gradually becomes dysgenetic [48] but gonadal tumors are 
rare.

The XX male (1 in 20 000 male births) generally has normal 
differentiation of the external genitalia, although hypospadias 
may occur [49]. The testes are small and may be undescended; 
affected males are infertile; height is below average; gynecomastia 
is usual [50] and there is an increased risk of carcinoma of the 
breast. Most patients are SRY positive as a result of X–Y chromo-
somal interchange during paternal meiosis. SRY-negative XX 
males are more likely to have associated genital anomalies. The 

development of testes in these individuals may be the result of 
SRY expression confi ned only to the gonads or a mutation in a 
testis repressor gene that is autosomal or X-linked.

Coexistence of ovotesticular DSD and XX male within families 
and occurrence in 46XX SRY-negative monozygotic twins with 
genital anomalies suggests that these two conditions are varying 
expressions of the same underlying disorder in gonad determina-
tion [51]. The cause of XX sex reversal in SRY-negative 
DSD remains unknown in most cases but mutations in R-
spondin1 (RSPO1) have been reported in some cases [52,53]. The 
R-spondin family of proteins is involved in wnt/beta-catenin sig-
naling. It appears that RSPO1 is a specifi c ovarian-determining 
gene which results in female to male XX sex reversal, when 
mutated. This can be recapitulated in a Rspo1 (–/–) XX mouse 
model [54].

Klinefelter syndrome (47XXY) affects around 1 in 600 males 
and there is evidence that the birth prevalence may be increasing, 
based on newborn surveys, spontaneous abortions, perinatal 
deaths and prenatal diagnoses [55]. Genital anomalies occur in 
Klinefelter syndrome ranging in severity from mild anomalies 
such as chordee to complete sex reversal [56]. The technique of 
testicular sperm extraction combined with intracytoplasmic 
sperm injection permits some non-mosaic patients to father 
children [57].

Defects in androgen biosynthesis
The pathway for production of androgens by the fetal testis is 
shown in Figure 9.6. Fetal serum testosterone concentrations rise 
to the normal adult male range towards the end of the fi rst tri-
mester, a period when Wolffi an duct stabilization occurs, fol-
lowed later by growth of the external genitalia (Fig. 9.2). The 
timing and magnitude of the rise in androgen and AMH concen-
trations are critical determinants for normal male sex differentia-
tion. Abnormalities in a number of biosynthetic steps can result 
in inadequate androgen production and an undermasculinized 
male infant. Some of these abnormalities also affect adrenal 
steroidogenesis.

Fetal Leydig cell androgen synthesis is initially placental 
human chorionic gonadotropin (hCG) dependent but is 
dependent on luteinizing hormone (LH) stimulation from the 
fetal pituitary later in pregnancy. Both ligands bind to a common 
LH/hCG receptor, a member of the family of G-protein-
coupled receptors comprising seven transmembrane regions. 
Inactivating mutations in the LHR gene in XY individuals cause 
a wide range in severity of undermasculinization, including 
complete sex reversal, severe hypospadias with ambiguous geni-
talia, undescended testis, hypospadias or isolated micropenis 
[58,59].

The expected endocrine profi le is low testosterone and elevated 
LH concentrations and no testosterone response following hCG 
stimulation. Testicular histology shows Sertoli cells with no 
Leydig cells in the interstitium. These features are diffi cult to 
confi rm in the prepubertal child who may have an LHR mutation 
causing abnormal genital development. It is an intriguing obser-
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Figure 9.6 Pathways of testosterone synthesis in 
the human testis. The predominant pathway is 
indicated by the bold arrows. The enzymes encoded 
by their respective genes (italicized) are shown. LHR, 
LH receptor; P450ssc, cytochrome P450 side-chain 
cleavage; 17β-hydroxysteroid dehydrogenase; 
3βHSD, 3β-hydroxysteroid dehydrogenase.

vation that Wolffi an ducts are stabilized despite the apparent lack 
of normal fetal testosterone production.

The early steps of cholesterol-mediated steroidogenesis are 
common to both the adrenals and gonads. Thus, lipoid CAH 
resulting from StAR defi ciency and P450 side-chain cleavage defi -
ciency (CYP11A1 gene mutation) in an affected male manifest as 
almost complete XY sex reversal. In contrast, the genitalia are 
either ambiguous or severely hypospadic in 3β-hydroxysteroid 
dehydrogenase defi ciency (HSD3B2 gene mutation) and isolated 
17,20-lyase defi ciency (CYP17 gene mutation). Combined 17α-
hydroxylase/17,20-lyase defi ciency typically presents as a female 
phenotype with both XX and XY genotypes, lack of puberty, low 
renin hypertension and hypokalemic alkalosis. The P450 oxido-
reductase defi cient male may have ambiguous genitalia or iso-
lated hypospadias.

Testis-specifi c defects are 17β-hydroxysteroid dehydrogenase 
and 5α-reductase enzyme defi ciencies. A unique feature of both 

these enzyme defects is their presentation at birth with severe 
undermasculinization, often to the extent of complete sex rever-
sal, yet a remarkable degree of virilization of the external genitalia 
with the onset of puberty. This phenomenon of “double sex 
reversal” is not fully explained, other than the suggestion that 
peripheral production of testosterone and DHT at puberty occurs 
through utilization of alternative isoenzymes of the mutant 
enzyme. The penultimate step in testosterone synthesis is cata-
lyzed by the 17β-hydroxysteroid dehydrogenase type 3 enzyme 
using androstenedione as substrate.

A spectrum of mutations in the HSD17B3 gene generally result 
in complete XY sex reversal at birth [60,61]. The disorder may be 
mistaken for complete androgen insensitivity syndrome. Some 
affected infants are more masculinized and can be raised male. 
Gonadectomy must be performed before puberty when sex has 
been assigned as female. The uterus is absent as a result of normal 
testicular AMH action but Wolffi an ducts are stabilized, perhaps 
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as a result of suffi cient androgenic effect from locally acting high 
concentrations of androstenedione. Females affected with this 
enzyme defi ciency are asymptomatic.

DHT is more potent than testosterone as an androgen 
because it binds more avidly to the androgen receptor. Type 2 
5α-reductase enzyme is expressed in the genital anlagen so that 
growth of the genital tubercle and fusion of the labioscrotal folds 
is preferentially a DHT-dependent process. The type 2 isoenzyme 
in adulthood is expressed in the prostate, epididymis, seminal 
vesicles and liver. Type 1 isoenzyme is expressed only in skin and 
the liver.

Mutations in the SRD5A2 gene have been reported worldwide, 
often in pockets within ethnic populations. These include the 
Dominican Republic, where the disorder was fi rst characterized, 
New Guinea, Turkey and Egypt [62]. Affected infants are rarely 
completely female at birth and may be suffi ciently masculinized 
to be sex-assigned as male. Those who are raised female but viril-
ize profoundly at puberty often change gender [63]. Fertility can 
occur following artifi cial reproductive techniques or even spon-
taneously [64,65].

Defects in androgen action
Failure of development of the external genitalia in a male 
with a normal 46XY karyotype and testes which produce age-
appropriate circulating concentrations of androgens defi nes a 
form of resistance to the action of androgens. This is the most 
common cause of XY DSD. Total resistance to androgens leads 
to complete XY sex reversal and no ambiguity of the external 
genitalia, the complete androgen insensitivity syndrome (CAIS), 
also previously known as the testicular feminization syndrome 
[66,67]. Some tissue response to androgens results in the partial 
androgen insensitivity syndrome (PAIS). The degree of response 
may manifest as mild clitoromegaly, true ambiguity of the geni-
talia, hypospadias alone or impaired fertility in an otherwise 
normal male [68]. The phenotypes of 17β-hydroxysteroid dehy-
drogenase and 5α-reductase defi ciencies and PAIS can be so 
similar as to pose severe problems in diagnosis (Table 9.4).

Hormone concentrations in CAIS and PAIS are consistent with 
the defi nition of target resistance; typically testosterone is mark-
edly elevated and LH concentrations are unsuppressed. Andro-
gens are aromatized to estrogens resulting in breast development 
in XY males unopposed by any androgen action. Thus, the patient 
with CAIS has a normal female phenotype at puberty except for 
absent or scanty growth of pubic and axillary hair. Clinical pre-
sentation typically occurs in adolescence for assessment of 
primary amenorrhea but the condition may present in infancy 
with inguinal herniae which are found to contain testes at the 
time of surgical repair so it is recommended that a karyotype be 
performed in female infants with an inguinal hernia [69]. Another 
screen recommended is the measurement of vaginal length in 
prepubertal girls undergoing inguinal hernia repair [70]. Of pre-
menstrual girls with inguinal hernias 1.1% have CAIS.

CAIS may present because of a mismatch between prenatal 
sexing and birth outcome. The patient with PAIS and a more 

male phenotype may develop gynecomastia at puberty and breast 
cancer has been reported [71]. Breast cancer does not seem to 
occur in CAIS, although there is one report of a juvenile fi bro-
adenoma of the breast developing after estrogen replacement was 
started following gonadectomy in a young adult [72]. Breast 
cancer is common in women so its apparent absence in women 
with CAIS might indicate some protective effect associated with 
a mutant androgen receptor.

The pathophysiology of CAIS and PAIS is related to a defect 
in the intracellular action of androgens (Fig. 9.7). The androgen 
receptor (AR) is located in the cytoplasm of androgen target cells 
complexed to heat shock proteins until bound to testosterone or 
DHT, when the hormone-receptor complex translocates to the 
nucleus. Acting as a transcription factor, this complex binds as a 
homodimer together with co-regulator proteins to promote 
expression of androgen-responsive genes. It is possible to postu-
late a number of steps in this pathway that may result in resistance 
to androgens. The best characterized involves the AR itself, where 
mutations either affect androgen binding or disrupt interaction 
of the hormone receptor complex with DNA [73,74].

The AR is a member of a large family of nuclear hormone 
receptors that comprise four general functional domains: an N-
terminal transactivation domain, a central DNA binding domain, 
a hinge region and a C-terminal domain to which the ligand 
binds (Fig. 9.8). Subdomains are involved in dimerization, 
nuclear localization and transcriptional regulation. The AR gene 
is located on chromosome Xq11-12. Numerous mutations have 
been identifi ed throughout this 90  kb gene that cause either CAIS 
or PAIS. They are recorded on an international database (http://
www.mcgill.ca/androgendb). More than 500 mutations are 
described and a selection of some of the mutations recorded on 
the Cambridge DSD database is shown in Figure 9.9.

Severe mutations, such as deletions and premature stop codons, 
predictably result in no AR function and a CAIS phenotype but 
most mutations are missense and located in the ligand binding 
domain. The same mutation may cause CAIS in one family but 
be manifest as PAIS in another. The factors modulating receptor 
activity and androgen responsiveness that result in phenotype 
variability are unclear but may include somatic mosaicism [75] 
and variation in AR trinucleotide repeat lengths [76].

A mutation is identifi ed in the AR gene in about 90% of XY 
sex reversed females who have clinical, biochemical and histologi-
cal evidence of CAIS but only 15–20% of patients with PAIS have 
an AR mutation. It is possible that resistance to androgens is not 
the explanation of the genital abnormality in these patients; this 
proportion of cases is derived following thorough evaluation and 
exclusion of other known causes that can cause a similar pheno-
type. In PAIS cases with no identifi able AR mutation, there is an 
association with low birthweight.

The ligand-activation of the AR is but one of several molecular 
components to androgen action. Little is known about the iden-
tity of androgen-responsive genes expressed in the developing 
male reproductive tract. The AR contains a polymorphic trinu-
cleotide CAG repeat which encodes a polyglutamine tract in the 



Disorders of Sex Development

201

SHBG

HSP

HSP

AR

AR

ARAR

AR AR ARA70
GTA

DNA
binding

Androgen response
element

Co-activator
recruitment

Target gene activation

Biological responses

P P

P P

Dimerization and
phosphorylation

Testosterone

DHT

Ligand
binding

5a-reductase

Androgen
responsive cell

Figure 9.7 A schematic diagram of androgen 
action in a target cell. Circulating testosterone 
bound predominantly to sex hormone-binding 
globulin (SHBG) enters the cell in free form where it 
is converted to dihydrotestosterone (DHT), a more 
potent androgen. Both androgens bind to a single 
cytoplasmic androgen receptor (AR) complexed to 
heat-shock proteins (HSPs) and other co-chaperones 
such as FKBP52. Androgen binding dissociates the 
AR from HSPs where AR-bound androgen 
translocates to the nucleus, binding to DNA 
response elements as a homodimer. Co-activators, 
such as ARA70, bind to the AR complex to mediate 
interaction with the general transcription apparatus 
(GTA). This results in transcription of androgen-
responsive genes and pleiotropic biologic responses; 
examples of such responses would include male sex 
differentiation, growth, muscle and bone 
development, spermatogenesis and prostate growth. 
P, phosphorylation. (From Hughes & Achermann [1] 
with permission.)
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Figure 9.8 Functional domains of the androgen 
receptor. There are three primary domains together 
with the hinge region. AF1 and AF2 are subdomains 
and the multiple functions of the different domains 
are shown. (CAG)n indicates a polyglutamine tract 
in the N-terminal domain, which varies in length in 
the normal UK population within the range 11–31. 
Hyperexpansion of this glutamine tract causes 
spinobulbar muscular atrophy (Kennedy disease).

N-terminal domain. The range of repeats in the normal popula-
tion is about 11–31. The tract is hyper-expanded in spinal and 
bulbar muscular atrophy (SBMA, Kennedy disease) [77]. Affected 
males display signs of mild androgen insensitivity. Transcrip-
tional effi ciency of the AR in vitro is inversely proportional to the 
number of CAG repeats. This appears to be biologically relevant 

as variations in the number of CAG repeats within the normal 
range show associations with several androgen-related disorders 
(Table 9.5).

Gender assignment and sex of rearing is unambiguously female 
in CAIS. Gender-related development in adulthood indicates that 
gender identity is female. There is no consensus about the timing 
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of gonadectomy but it is generally delayed until young adulthood. 
When the gonads remain intact, puberty onset is similar to 
normal girls [78]. If gonadectomy is performed in infancy, low 
dose estrogen replacement is started at 10–11 years of age with 
replacement daily doses of 20  μg ethinyl estradiol reached by 
about 15 years of age. Delayed gonadectomy is associated with 
taller adult stature, the mean fi nal height resting between the 
normal male and female adult heights; bone mineral density is 
marginally decreased in CAIS as a result of the lack of androgen 
effect [79,80].

Some adults with CAIS opt not to undergo gonadectomy 
because they consider the presence of androgens conducive to 
improved well-being. Even those who have had earlier gonadec-
tomy have requested androgen replacement. The mechanism of 
this effect is biologically diffi cult to reconcile if one accepts the 
dogma that all androgens mediate their effect by ligand activation 

of a single AR ubiquitously expressed throughout the body, 
including the brain.

Gonadectomy is performed in CAIS because of the risk of 
gonadal tumor, the prevalence previously reported being as high 
as 25–30% in adulthood [81,82]. More recent analyses of larger 
series of cases indicate a prevalence of tumor development <5% 
for either CAIS or PAIS [83,84]. The precursor to a gonadal 
tumor in CAIS is the abundance of primordial germ cells in the 
tubules, a lesion previously labeled carcinoma in situ (CIS) but 
now referred to as intratubular germ cell neoplasia unclassifi ed 
(ITGNU) by histopathologists [85]. This may subsequently result 
in the formation of a gonadoblastoma. The cells characteristic of 
the ITGNU lesion, often referred to as gonocytes, express several 
immunohistochemical markers which include placental-like 
alkaline phosphatase (PLAP), c-KIT (a receptor for stem cell 
factor), AP-2γ, Oct-3/4 and NANOG [86]. Stem cell factor, the 
ligand for c-KIT, appears to be a more specifi c marker that dis-
tinguishes malignant germ cells from those germ cells displaying 
maturational delay [87].

The initiating events that underlie the pathogenesis of testicu-
lar cancer arising from a precursor lesion such as ITGNU are 
unknown. A plausible hypothesis centers on testicular cancer 
being one component of the testicular dysgenesis syndrome 
which has its origin in fetal life [88], the others being cryptorchi-
dism, hypospadias and defective spermatogenesis. The syndrome 
is initiated by environmental factors, such as hormone-disrupting 
chemicals, that act on the mother and developing fetus. The ini-
tiation of the process that results in delayed maturation of pri-
mordial germ cells and subsequent transformation to invasive 
malignant germ cells in adult life is against a genetic background 
of susceptibility. Thus, a polymorphism of the CAG repeat in the 
DNA polymerase gamma (POLG) gene is associated with germ 
cell tumors of the testis and may be a contributory factor in the 
pathogenesis [89].

CAIS

PAIS
MAIS
Total

28 

2
6
36

15

8
1

24

10

10
0

20

24

14
0

38

29

19
1

49

12

8
1

21

20

10
1

31

12

9
1

22

Large deletions (> 1 exon)
Splice site mutations

5
13

Total 259

Ligand-binding domainTransactivation domain DNA-binding domain

36 24 20 38 49 21 31 22

84 765321

Figure 9.9 Spectrum of AR gene mutations 
identifi ed in patients with androgen insensitivity 
syndrome. The frequency of mutations according to 
the functional domains is shown. The pattern is 
similar to that recorded on the international 
mutation database. CAIS, complete androgen 
insensitivity syndrome; MAIS, minimal androgen 
insensitivity syndrome (e.g. male factor infertility 
alone); PAIS, partial androgen insensitivity 
syndrome.

Table 9.5 Disease associations with variations in the AR glutamine repeat.

Shortened (CAG)n Increased (CAG)n

Prostate cancer Above normal range
Ovarian hyperandrogenism SBMA (Kennedy disease)
Androgenetic alopecia Hypospadias (one reported case)

Within normal range
Male infertility
Gynaecomastia
Hypospadias
Aspects of Klinefelter phenotype
Bone density
Breast cancer

Aspects of Klinefelter phenotype
Response to androgen treatment
Central obesity
Mental retardation
Endometrial cancer
Coronary artery disease severity

SBMA, spinal and bulbar muscular atrophy.
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The development of a gonadal tumor is rare before puberty in 
CAIS so it is reasonable to advocate later gonadectomy when the 
diagnosis is established in childhood. None of the aforemen-
tioned tumor markers have yet been analyzed in the circulation 
so, for those adults who opt not to have gonadectomy, monitor-
ing for tumor development has to rely on ultrasound.

Management of DSD

Table 9.6 lists problems in a newborn infant that merit investiga-
tion as a possible DSD. It has been estimated that the frequency 
of deviation of the genital anatomy from the “ideal” male or 
female newborn is as high as 2% of live births [90]. The “ideal-
ized” male infant was defi ned as one with a penile size 
between 2.5 and 4.5  cm in length, normal position of the urethral 
meatus, testes in the scrotum and an XY karyotype. The “ideal-
ized” female infant had a clitoris ranging in size 0.2–0.85  cm, a 
normal female reproductive tract and an XX karyotype. Included 
in the “deviations” from normal were conditions such as sex 
chromosome aneuploidies, simple hypospadias and undescended 
testes.

Table 9.7 provides reference anthropometric data from the 
literature that provide some useful markers as to the borders of 
normality for undermasculinization in a male and excessive mas-
culinization in a female [4]. There are also data available for 
measurements of the external genitalia in normal women, such 
as clitoral size, labial length and length of perineum [91]. This is 
important information when planning for reconstructive surgery 
in disorders such as CAH.

Examination
The clinical assessment of an infant born with ambiguous geni-
talia requires a history and physical examination. Family history 
and exposure to potential reproductive tract teratogens are par-
ticularly relevant. Examination of the external genitalia should 
record:
• Phallus: size and presence of chordee, is it a micropenis or 
clitoromegaly?
• Site of urethral opening: has a urine stream been observed?
• One or two external orifi ces on the perineum?
• Development of labioscrotal folds: whether there is a bifi d 
scrotum, fused labia, rugosity and pigmentation of skin.
• Whether gonads are palpable and their position.

Table 9.6 Newborn problems that merit disorders of sex development (DSD) 
investigation.

Ambiguous genitalia
Apparent female genitalia with:
 Enlarged clitoris
 Posterior labial fusion
 Inguinal/labial mass
Apparent male genitalia with:
 Non-palpable testes
 Isolated perineoscrotal hypospadias
 Severe hypospadias, undescended testes, micropenis
Genital anomalies associated with syndromes
Family history of DSD, such as CAIS
Discordance between genital appearance and prenatal karyotype

CAIS, complete androgen insensitivity syndrome.

Table 9.7 Anthropometric measurements of the external genitalia.

Sex Population Age Stretched penile length (PL)
Mean (cm) ± SD

Penile width 
Mean (cm) ± SD

Mean testicular 
volume (cc)

M USA 30 week GA 2.5 ± 0.4
M USA Full term 3.5 ± 0.4 1.1 ± 0.1 0.52 (median)
M Japan Term – 14 years 2.9 ± 0.4 – 8.3 ± 0.8
M Australia 24–36 week GA    PL = 2.27 + (0.16 GA)
M Chinese Term 3.1 ± 0.3 1.07 ± 0.09
M India Term 3.6 ± 0.4 1.14 ± 0.07
M N America Term 3.4 ± 0.3 1.13 ± 0.08
M Europe 10 years 6.4 ± 0.4 0.95–1.20
M Europe Adult 13.3 ± 1.6 16.5–18.2

Sex Population Age Clitoral length
Mean (mm) SD

Clitoral width
Mean (mm) ± SD

Perineum length
Mean (mm) ± SD

F USA Full term 4.0 ± 1.24 3.32 ± 0.78
F USA Adult 15.4 ± 4.3

Nulliparous
F USA Adult 19.1 ± 8.7 5.5 ± 1.7 31.3 ± 8.5

GA, gestational age.
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A number of grading systems have been devised to assess the 
degree of undermasculinization as applied to the androgen insen-
sitivity syndrome [66] or the degree of masculinization by the 
Prader score as applied to female infants with CAH (Fig. 9.10a). 
An alternative method of assessing the degree of undermasculin-
ization is to assign a score in relation to the presence or absence 
of micropenis, the position of the urethral opening (normal, 
glanular, penile shaft, perineal), scrotal sac fused or not and the 
position of the gonads (scrotal, inguinal, abdominal, absent) (Fig. 
9.10b) [92].

Micropenis has been defi ned as a stretched penile length that 
is >2.5  SD below the mean for age. This equates to a lower limit 
of 1.9  cm for an infant up to 5 months of age [93]. A value of 
2.5  cm or less for stretched penile length is often used to defi ne 
micropenis, although it may be necessary to consider ethnic 
variations in penile size [94]. A normal range for penile length in 
preterm infants 24–36 weeks’ gestation is available [95]. Applying 
some quantitative system to characterize the degree of undermas-
culinization in XY infants with ambiguous genitalia seems desir-
able, particularly if treatment with androgens is to be tried. The 
remainder of the assessment should include evidence of adrenal 
insuffi ciency and consideration of any congenital malformation 
syndromes associated with genital anomalies.

Investigation
Many schedules have been suggested for the investigation of a 
newborn infant with ambiguous genitalia but each unit must 
formulate a protocol determined by local practice and facilities 
[96,97]. Many centers are equipped to perform screening inves-
tigation but more detailed investigations to establish a defi nitive 
diagnosis may have to be undertaken at another center. Table 9.8 
lists a range of investigations that should lead to a functional 
diagnosis in most newborns with ambiguous genitalia and allow 
early sex assignment. In reality, the leading causes are CAH, PAIS 
and XO/XY mixed gonadal dysgenesis. The karyotype result will 
be the steer to categorize the form of DSD according to the clas-
sifi cation outlined in Table 9.2.

A provisional indication of the sex chromosomes can be 
obtained rapidly by FISH analysis using X chromosome centro-
meric probes and Y-specifi c SRY probe. A full karyotype is 
required to confi rm the FISH result and a suffi cient number of 
mitoses analyzed to exclude mosaicism. Measurement of serum 
17OH-progesterone is a reliable test for CAH resulting from 21-
hydroxylase defi ciency. In a 46XX infant with ambiguous genita-
lia, elevated 17OH-progesterone (invariably >300  nmol/L) and a 
uterus visualized on pelvic ultrasound, the diagnosis is CAH. 
Ancillary biochemical tests should establish whether the infant is 
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Figure 9.10 (a) Prader staging for scoring the degree of androgenization of 
the external genitalia in a female infant with congenital adrenal hyperplasia 
(CAH). (b) External masculinization score (EMS) to assess degree of 
underandrogenization in an individual with 46XY disorders of sex development 
(DSD). The score is based on the presence or absence of a micropenis and bifi d 
scrotum, the location of the urethral meatus and the position of the testes.

Table 9.8 Investigating an infant with ambiguous genitalia.

Genetics
FISH (X centromeric and SRY probes)
Karyotype (high resolution; abundant mitoses)
Save DNA with consent

Endocrine
17OH-progesterone, 11-deoxycortisol (plus routine biochemistry; save serum) 

renin
ACTH, 24-h urinary steroids (also check proteinuria)
Testosterone androstenedione, DHT
LH, FSH, AMH, inhibin B
hCG stimulation test (defi ne dose, timing)

Imaging
Pelvic, adrenal, renal US
MRI
Cystourethroscopy and sinogram

Surgical
Laparoscopy
Gonadal biopsies
Genital skin biopsy (AR studies, extract DNA and RNA)

ACTH, adenocorticotropic hormone; AMH, anti-Müllerian hormone; 
DHT, dihydrotestosterone; FISH, fl uorescence in situ hybridization; 
FSH, follicle stimulating hormone; hCG, human chorionic gonadotropin; 
LH, luteinizing hormone; MRI, magnetic resonance imaging; US, ultrasound.
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also a salt-loser. It may be necessary to perform an ACTH 
stimulation test, especially if CAH is suspected in a preterm 
infant or there is a possibility of one of the rarer enzyme defects. 
Measurement of urinary steroid metabolites by gas chromatog-
raphy and mass spectrometry is the defi nitive test to defi ne the 
type of enzyme defect [98,99]. Male infants with non-palpable 
testes must have a karyotype; to miss a diagnosis of CAH 
in a female masculinized to a Prader score V degree is 
unacceptable.

In the XY or XO/XY infant with ambiguous genitalia, investi-
gations are aimed at establishing the presence and function of 
testicular tissue. The hCG stimulation test is pivotal in this situ-
ation, coupled with imaging and laparoscopy to identify gonad 
site and histological nature. There is no uniform protocol for an 
hCG stimulation test. One in common use is 1500 units/day IM 
for 3 days, with a post-hCG blood sample collected 24  h after the 
last injection. Occasionally, a longer test is needed using a twice-
weekly injection regimen for 3 weeks. Pre- and post-hCG blood 
samples should be analyzed for androstenedione, testosterone 
and DHT. Concomitant 24-h urine collections can be performed 
for urinary steroid analysis but, surprisingly, this is often not 
reliable in the newborn for the diagnosis of disorders such as 
5α-reductase defi ciency and 17β-hydroxysteroid dehydrogenase 
defi ciency. Expressing the ratio of testosterone to androstenedi-
one following hCG stimulation is a useful screen for 17β-
hydroxysteroid dehydrogenase defi ciency in the differential 
diagnosis of XY DSD [100]. A ratio less than 0.8 is consistent with 
this enzyme defi ciency; by contrast this is seldom the case with 
PAIS. Making such distinctions on biochemical criteria is an 
important prelude to molecular studies.

Sertoli cell function can be assessed by measurement of AMH 
and inhibin B. Circulating concentrations of AMH remain high 
until puberty when they fall in response to the effect of testoster-
one. AMH concentrations are elevated in DSD associated with 
androgen insensitivity but low in gonadal dysgenesis [101]. An 
undetectable value suggests anorchia, so this is a useful test in the 
investigation of an XY infant with ambiguous genitalia with no 
palpable gonads [102]. Inhibin B is also undetectable in anorchia 
and the concentrations correlate with the increment in testoster-
one following an hCG stimulation test in boys with gonadal dys-
genesis and androgen insensitivity [103]. Basal measurements of 
AMH and inhibin B alone may be suffi cient for confi rming anor-
chia but baseline LH and FSH measurements together with a 
suitably performed hCG stimulation test should not be omitted 
from the protocol of investigations required in the XY infant with 
ambiguous genitalia.

Imaging with ultrasound and magnetic resonance imaging 
(MRI) is used to delineate the internal genital anatomy, including 
localizing the site and, possibly, the morphological nature of the 
gonads. Urogenital imaging techniques are identifying early 
organotypic patterns that, coupled with knowledge of genetic and 
hormonal pathways, can contribute to an improved understand-
ing of phenotypic manifestations of DSD [104]. Only histology 
will provide precise details of the gonads and many infants with 

ambiguous genitalia require a laparoscopy to obtain as much 
detail to reach a diagnosis.

Clinical management
Ambiguous genitalia of the newborn is one of the greatest chal-
lenges a clinician has to manage. Information imparted to the 
parents at this early stage must be accurate, based on fact and not 
speculation: misinformation may be a lifelong burden for the 
family. Gender assignment may not be possible until a number 
of investigations are completed. No single professional should 
carry the onus of assigning gender in concert with the parents. 
This is a multidisciplinary team (MDT) activity which includes 
specialists in endocrinology, surgery, gynecology, genetics, psy-
chology and, where appropriate, a medical ethicist, legal adviser 
and social worker. Each member of the team has to be competent 
in conveying information in a consistent manner to the parents 
as it becomes available.

There is consensus that all individuals with a DSD should be 
assigned a gender once the MDT is satisfi ed that suffi cient infor-
mation has been gleaned from an orderly set of investigations. 
It is not unreasonable that a short course of androgens (e.g. 
Sustanon 25  mg IM monthly for three injections) may be needed 
for an XY DSD before coming to a decision on gender assign-
ment. Surgical procedures needed to make the genitalia concor-
dant with gender assignment can be deferred until later, even to 
the extent of involving the child, if necessary, in the decision-
making. There has certainly been a change in what may be 
regarded as the threshold for initiating clitoral reductoplasty in 
virilized girls with CAH. Rarely would surgery now be under-
taken for less than Prader stage III clitoromegaly. This trend has 
been infl uenced by results of outcome studies in adult women 
with CAH showing impaired genital sensitivity and adverse effects 
on sexual function in those who underwent feminizing cosmetic 
genitoplasty [105].

Management of XY DSD is more complex and hinges on the 
decision reached about gender assignment. For example, an early 
diagnosis of 5α-reducatase defi ciency in a severely undermascu-
linized infant may guide the MDT and family towards male 
assignment in the knowledge that marked virilization of the 
external genitalia is expected at puberty. Gender role changes in 
those raised as female occur in about 60% of cases of 5α-reduca-
tase defi ciency, raising the question that prenatal androgen expo-
sure in this DSD is a major contributor to gender identity 
development [106].

Such gender role changes are not so common in 17β-hydroxys-
teroid dehydrogenase defi ciency, an XY DSD also characterized 
by a predominant female phenotype at birth and profound viril-
ization at puberty [106,107].

The infant with an XO/XY karyotype and ambiguous genitalia 
also poses a dilemma about gender assignment. The typical 
phenotype with microphallus, perineal hypospadias, unilateral 
descended gonad, contralateral abdominal streak gonad, the 
presence of a uterus and a Fallopian tube raises cogent arguments 
for either sex of rearing. That most XO/XY individuals are normal 
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males may be a factor in infl uencing decisions towards male 
assignment in the minority of cases presenting with newborn 
ambiguous genitalia.

Transitional care
The complexity of DSD management is the result of the input of 
a diversity of disciplines:
• Does a single gene disorder establish a diagnosis?
• How can endocrine tests be interpreted in the newborn 
period?
• What options does the surgeon have for reconstructive 
surgery?
• What does the psychologist consider to be relevant prenatal 
androgen programing?
• What does the family consider to be important social and cul-
tural issues?
• How does the MDT cope with the relative lack of outcome data, 
particularly in XY DSD?
Puberty and adolescence may be the time when many of these 
questions are resolved.

Transitional care clinics are now becoming well established in 
many areas of endocrinology such as pituitary disease, Turner 
syndrome and the multiple endocrine neoplasias. DSD, par excel-
lence, is a template for such clinical care. Indeed, the professionals 
can be involved from the outset; the specialist gynecologist who 
will be caring for the adolescent girl with CAH or CAIS should 
be joining the pediatric urologist at the outset of any surgery for 
genitoplasty or gonadectomy.

Underpinning an MDT approach to the care of DSD patients 
from childhood to adulthood must be the registration of cases in 
a systematic manner which details a diagnosis, the phenotype and 
any identifi ed genotype. Only then can a suffi cient number of 
DSD cases be collated to improve diagnosis (e.g. the identifi cation 
of new candidate genes in gonadal dysgenesis), the endocrine 
assessment of gonadal function, histological and immunohisto-
chemical predictors of gonadal tumor risk, the optimal surgical 
intervention and timing and, above all, adult outcome in terms 
of gender identity, quality of life and reproductive potential.

A retrospective questionnaire-based study in one pediatric 
endocrine clinic has shown that the majority of adults with DSD 
seemed satisfi ed with their outcome in terms of gender and 
genital status [108]. Nevertheless, more work is needed to evalu-
ate these parameters in larger studies conducted in several coun-
tries. To that end, a promising start has been made through the 
establishment of a EURO-DSD international European consor-
tium funded through the 7th EU Framework program (http://
cordis.europa.eu/fp7/home_en.html). Other resources that pro-
vided a catalyst for this international venture include the Scottish 
Genital Anomaly Network (http://www.sgan.nhsscotland.com), 
the German registry for rare diseases [109] and the Cambridge 
DSD Database [110]. One must also be aware that management 
of DSD may be infl uenced by criteria dictated by cultural infl u-
ences in other countries. The idealized MDT and comprehensive 
clinical facilities may just not be available [111].

The pressing issues that need addressing in the evaluation and 
management of DSD include:
• An improvement in the current low success rate in establishing 
a diagnosis in XY DSD;
• Clearer guidelines on the weighting of the diverse factors that 
contribute to decision-making on gender assignment;
• How profound are the effects of prenatal androgens on gender 
behavior and gender identity in the DSD mosaic?
• How should the genitoplasty surgeon now function in a climate 
of increased frankness as to possible adverse consequences in later 
life of procedures undertaken in infancy?
• What is the risk of gonadal tumors where current management 
is tempered by a greater reluctance to perform gonadectomy?
Such issues will be addressed adequately only when DSD patients 
are managed in MDT settings that participate in sharing knowl-
edge at a national and international level.

Other examples of XY DSD

A number of relatively common abnormalities of male sex devel-
opment come under the generic umbrella of DSD but do not 
present with ambiguous genitalia. These include hypospadias and 
cryptorchidism, the latter occasionally associated with the rare 
disorder, persistent Müllerian duct syndrome (PMDS).

Hypospadias
Hypospadias, incomplete fusion of the penile urethra defi ned by 
an arrest in development of the urethral spongiosum and ventral 
prepuce, has a birth prevalence of 3–4 per 1000 live births [112]. 
There is penile chordee in the more severe cases. A simple classi-
fi cation includes glanular, penile (mid-shaft) and perineoscrotal 
hypospadias (the most severe form). The etiology in most cases 
of isolated hypospadias is unknown.

The CXorf6 gene located on chromosome Xq28 encodes a 
protein which functions as a co-activator in canonical Notch 
signalling [113]. Mutations of this gene have been identifi ed in 
isolated hypospadias, including a series of more than 40 cases 
where an incidence of nearly 10% was reported [114,115].

Activating transcription factor 3 (ATF3), an estrogen respon-
sive gene, is expressed in the genital tubercle and is upregulated 
in hypospadic genital skin [116]. Analysis of the ATF3 gene in 
the foreskin of boys with hypospadias compared with controls 
revealed an association with a number of SNPs in intron1 and a 
number of nucleotide variations [117]. It is possible that ATF3 
gene variants infl uence the risk of hypospadias, perhaps modu-
lated by the effects of environmental endocrine disrupters [118]. 
This has raised the question that hypospadias may be preventable 
[119]. In a genetic context, a new susceptibility locus for hypo-
spadias on chromosome 7q32.2-q36.1 has been identifi ed as a 
result of a genome-wide linkage analysis in a three-generational 
family with autosomal dominant inheritance of hypospadias 
[120]. This chromosome region contains many gene loci, some 
of which may be putative candidate genes for hypospadias.
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Urogenital anomalies associated with apparent isolated hypo-
spadias are suffi ciently common to recommend screening of all 
asymptomatic hypospadias patients with urinary tract ultra-
sound, cystogram, urinalysis and urine culture [121]. General 
associations observed with hypospadias include increased mater-
nal age, maternal vegetarian diet, maternal smoking, paternal 
subfertility, paternal exposure to pesticides, assisted reproductive 
techniques and fetal growth restriction [122].

The techniques of the surgical procedures required to relocate 
the urethral opening on to the glans and correct any chordee 
which enable satisfactory cosmetic and functional outcomes to 
be achieved are continuing to evolve [123]. A Pediatric Penile 
Perception Score has been devised based on the assessment of the 
meatus, glans, skin and general appearance as judged by patients, 
their parents and the urologist [124]. The method appears to be 
a reliable instrument to assess penile self-perception in children 
after hypospadias repair, who generally report high satisfaction 
with penile appearance comparable to age-matched controls. 
There are few outcome data on sexual function and fertility in 
adults who had hypospadias during childhood but a recent review 
provides evidence of some disturbance in psychosocial function-
ing during adolescence, delayed initiation of sexual activity, dif-
fi culties with ejaculation and a higher incidence of abnormal 
spermatogenesis [125].

Cryptorchidism
Cryptorchidism, which includes some cases of anorchia, is the 
most common congenital anomaly in boys, affecting 2–9% male 
live births [126]. A strong association with low birthweight, as 
well as associations with maternal smoking and alcohol use, ges-
tational diabetes and possible exposure to environmental chemi-
cals are factors to consider in etiology. A higher prevalence in 
hypogonadotropic hypogonadism and androgen insensitivity 
syndrome underwrites the role of androgens in testicular descent, 
particularly during the second inguinoscrotal phase. The initial 
transabdominal phase of testis descent is under the control of 
insulin-like factor 3 (INSL3) and its receptor (LGR8/GREAT), as 
evidenced by the effects on mouse gene knockout models [127]. 
By contrast, mutations in the human homologs of these two genes 
are found in only around 10% of boys with cryptorchidism 
[128].

It is apparent that an interrelationship between hormones, 
genes and the environment (critical fetal exposure to antiandro-
genic and estrogenic compounds) underlies the multifactorial 
etiology of cryptorchidism [129].

Anogenital distance, a sensitive marker of androgen effect used 
by reproductive toxicologists in rodent experiments, is sexually 
dimorphic in humans; the distance is approximately twice as long 
in male than female infants and is inversely related to prenatal 
phthalate exposure [130]. Preliminary studies report a reduced 
anogenital distance in boys with hypospadias and cryptorchi-
dism, perhaps suggestive of the fi rst evidence of a direct link 
between environmental factors and male reproductive tract 
disorders [131].

Orchidopexy is generally the treatment of choice for un-
descended testis that is clearly distinguishable from a retractile 
testis. The link between testicular cancer in adulthood and previ-
ous testicular maldescent is well established and there is unequiv-
ocal evidence that performing orchidopexy before puberty 
signifi cantly decreases the risk of testicular cancer [132,133]. The 
effect of the timing of treatment on subsequent fertility is less 
clear-cut but it is recommended that orchidopexy be performed 
before the age of 1 year in order to maximize future fertility 
potential [134,135].

Bilateral non-palpable testes may be the result of their maldes-
cent and abdominal location or because they are absent (bilateral 
anorchia or the vanishing testis syndrome). The latter can be con-
fi rmed by a combination of endocrine tests showing elevated 
gonadotropins (particularly FSH), an absent testosterone response 
to hCG stimulation and a low or undetectable serum AMH.

The cause of this syndrome is unknown but postulated to be 
an intrauterine testicular torsion occurring after testis determina-
tion and the action of testosterone and AMH on internal and 
external genital development. Bilateral anorchia with a normal 
differentiated but small phallus is a recognized variant of the 
syndrome [136].

Surgical exploration typically shows a vas deferens disappear-
ing into the internal inguinal ring at the end of which are nubbins 
of non-testicular fi brous tissue containing hemosiderin-laden 
macrophages and dystrophic calcifi cation [137,138]. This has led 
some surgeons to consider whether laparoscopic exploration for 
testicular tissue is necessary if the endocrine tests are consistent 
with absent testes. Viable germ cell remnants and seminiferous 
tubules may be found occasionally [139]: because such remnants 
may have the potential for malignant transformation, it is gener-
ally recommended that surgical exploration be undertaken for 
their removal.

Persistent Müllerian duct syndrome
Maldescent of the testis in this syndrome is mechanical in nature 
by virtue of its attachment to a fallopian tube and uterus, retained 
in the male because of lack of AMH effect. This is the result of 
either a mutation in the AMH gene or the gene that encodes for 
the AMH type II receptor [140,141]. The range of mutations 
affecting these two genes is summarized in Figure 9.11. They 
contribute equally to cause the PMDS phenotype, a mutation 
being identifi ed in more than 80% of cases. Serum AMH is low 
or undetectable, whereas it is in the normal range with an AMH 
type II receptor mutation. External male genital development is 
normal in this syndrome. The diagnosis may be established only 
at orchidopexy for an undescended testis or during an inguinal 
hernia repair when the sac is found to contain a uterus or fallo-
pian tube. Sometimes the sac also contains the contralateral testis 
and tube. Such transverse testicular ectopia is, de facto, a diagnosis 
of PMDS.

Surgical management endeavors to resite the testis in the 
scrotum but there is a risk of compromising the blood supply and 
damaging the vas deferens. Conservative treatment may be more 
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Figure 9.11 Mutations that cause persistent 
Müllerian duct syndrome. The numbered solid boxes 
depict the exons. The three-letter abbreviation for 
amino acids is used to indicate the position of 
missense mutations; X indicates a nonsense (stop) 
mutation; insertions and deletions resulting in 
frameshift and splice site mutations are shown by 
fi lled arrowheads and open arrowheads, 
respectively. (a) AMH gene mutations. (b) AMHR2 
gene mutations. D27nt (open box) is a 27-
nucleotide deletion, the most common AMHR2 
mutation causing persistent Müllerian duct 
syndrome. (After Hughes & Achermann [1] with 
permission.)

appropriate in the case of transverse testicular ectopia when both 
testes are already sited ipsilaterally in the scrotum. There appears 
to be no contraindication to leaving the uterus in situ.
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Puberty is a complex biological process that can be infl uenced by 
genetic, nutritional, environmental and socioeconomic factors. 
The physical and psychological changes occur because of orderly, 
sequential changes in endocrine activity. These commence 
towards the end of the fi rst decade of life but it is important to 
realize that the axis has already been active in utero and during 
the fi rst year of life [1]. After the fi rst year of life, there is reduced 
gonadotropin secretion (restraint) until the reactivation, or rather 
increased amplitude, of gonadotropin pulsatility occurs at an age 
dictated by genetic factors determining the tempo of secondary 
sexual development in that individual and presumably modifi ed 
by gene–environment interaction.

Normal puberty

Secular trends
The age of puberty in girls is now earlier than in past centuries, 
as defi ned by a decrease in the age of menarche in industrialized 
European countries and in the USA of 2–3 months per decade 
over the past 100–150 years [2]. This trend has generally ceased 
in Western Europe, at least when puberty is defi ned by the age of 
menarche. If pubertal onset is defi ned by the development of 
breast buds (breast stage 2), the secular trend is probably ongoing 
but because age at menarche remains constant, the duration of 
puberty has lengthened [3]. Unfortunately, most studies examin-
ing secular changes in puberty are susceptible to the problems 
inherent in the recording of the timing of puberty, not least 
observer variability and referral bias. As such it may be better, 
from an epidemiological viewpoint, to focus on menarche as the 
determinant because it is more robust. These observations in the 
Western world contrast with cultures in which the standard of 
living has changed little and where no trend towards earlier men-

arche has been documented [4], or where the standard of living 
has improved and events are accelerated [5].

The interaction between nutritional status and puberty is 
extremely important in areas of the world where food supply is 
limited. Chronic disease and malnutrition are common causes of 
delayed puberty. Strenuous physical activity in girls can also delay 
puberty, especially when associated with thin habitus [6]. Moder-
ate obesity is associated with earlier menarche and advanced 
physical development but pathological obesity is associated with 
delayed menarche [7]. This may explain the current trend to 
earlier puberty, in that a rapid early increase in body size above 
that expected for parental size and secular trend does not lead to 
an increase in fi nal height because of an earlier puberty.

Figure 10.1 illustrates this in Japanese children [8]. Mean 
length at birth has not changed in 40 years but there has been an 
appreciable trend of 10  mm/decade at age 2, identical to that seen 
in adulthood. This means that, on average, Japanese children 
aged 2 were 4  cm taller in 1990 than in 1950, and the same was 
true of young adults, in other words, the increase in height from 
age 2 years to adult was no different in 1950 from 1990. The 
secular trend occurred during the fi rst 2 years of life and was 
restricted to this period.

Further support for the impact of early weight gain, either in 
utero or in early childhood infl uencing age at menarche or entry 
into puberty, comes from a series of observational studies [9–11], 
which imply that infant feeding practices may have an important 
role in determining the timing of the pubertal process and pos-
sibly impact upon size in later life [9].

The age of onset and completion of puberty in boys is less 
well-defi ned and documented than the age of menarche in girls. 
Overall, there has been little change with respect to the timing of 
onset of puberty in boys [12,13].

Genetic factors play an important part in the onset of puberty. 
African-American girls achieve menarche at a mean age of 12.2 
years, while Caucasians do so at an average age of 12.9 years [5]. 
The ethnic differences in the age of secondary sexual develop-
ment remain even when the effects of social or economic factors 
are eliminated. Further evidence for the genetic infl uence is 
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provided by the concordance of the age of menarche between 
mother–daughter pairs.

Physical changes of puberty
The physical changes of puberty in individuals are defi ned by the 
Tanner stages [14,15]. Figure 10.2 demonstrates the components 
and consonance of the process for girls and boys.

Breast development is controlled by ovarian estrogen secre-
tion. It may be unilateral for several months, which may cause 
unfounded concern. Even though the growth of pubic and axil-
lary hair is mainly under the infl uence of androgens secreted by 
the adrenal gland, the stage of breast development usually corre-
lates well with the stage of pubic hair development in normal 
girls. However, because different endocrine organs control these 
two processes, the stages of each phenomenon should be classi-
fi ed separately. Peak height velocity is attained some 6–9 months 
after the appearance of breast stage 2 development.

In boys, an increase in testicular volume to 4  mL is usually the 
fi rst sign and this can be easily assessed using the Prader orchidom-
eter. Most of the increase is caused by enlargement of the Sertoli 
rather than the Leydig cells. In gonadotropin-independent preco-
cious puberty (GIPP, testotoxicosis), the testes remain small in 
relation to the growth of the phallus and pubic hair, because the 
condition is caused by constitutive activation of the luteinizing 
hormone (LH) receptor with consequent hyperplasia of Leydig 
rather than Sertoli cells.

The growth of the penis and genitalia usually correlate well 
with pubic hair development, because both features are regulated 
by androgen secretion but stages of pubic hair and genital devel-
opment should be determined independently because valuable 
clinical information can be accrued. For example, pubic hair 
growth without testicular enlargement suggests an adrenal rather 
than a gonadal source of androgens.

Peak height velocity occurs later in puberty in boys than girls, 
and usually coincides with a testicular volume of 10–12  mL. 
Voice changes in boys can be noted at 8  mL testicular volume, 
and become obvious by 12  mL volume.

Ovarian development in puberty
Oogonia arise from the primordial germ cells in the wall of the 
yolk sac near the caudal end of the embryo [16]. By the sixth 
month of fetal life, the cells have migrated to the genital ridge and 
progressed through suffi cient mitoses to reach a complement of 
6–7 million oogonia, which represents the maximal number of 
primordial follicles the individual will have throughout life. 
Meiosis begins but is not completed as the nucleus and chromo-
somes persist in prophase to mark the conversion of the oogonia 
to primary oocytes. Primordial follicles are composed of the 
primary oocyte surrounded by a single layer of spindle-shaped 
cells that will develop into granulosa cells and a basal lamina that 
will be the boundary of the theca cells later in development. As a 
result of apoptosis, 2–4 million primordial follicles are left at birth 
but only 400 000 remain at the onset of menarche [16].

At the time of the fi rst ovulation, the fi rst meiotic metaphase 
converts the primary oocyte into the secondary oocyte, which is 
extruded into the fallopian tubes [17]. The ovum does not form 
until sperm penetration, when the second polar body is elimi-
nated. While some follicles in the fetus and child progress to the 
large antral stage, all developing follicles undergo atresia before 
puberty and few large follicles develop in the child. However, the 
presence of more than six follicles with a diameter of more than 
4  mm indicates the presence of pulsatile gonadotropin secretion 
and may be seen in normal prepubertal girls, in pubertal girls 
before menarche and in patients recovering from anorexia 
nervosa. This “multicystic” appearance is considered characteris-
tic of a phase of (mainly) nocturnal pulsatile gonadotropin secre-
tion before positive feedback [18].

Standards for ovarian and uterine size and shape are available 
for normal girls and those with Turner syndrome [19–21]. The 
uterus lies in a craniocaudal direction in childhood without the 
adult fl exion. The myometrium enlarges during early puberty, 
thereby enlarging the corpus leading to the adult corpus to cervix 
ratio. The cervix develops its adult shape and size just before 
menarche and the cervical canal enlarges.

Testicular development in puberty
The prepubertal testes consist mainly of Sertoli cells but adult 
testes are mostly composed of germ cells in the seminiferous 
tubules. The seminiferous tubules enlarge during puberty and 
form tight occlusive junctions leading to the development of the 
blood testicular junction [22]. Leydig cells are present in small 
numbers in prepuberty, although the interstitial tissue is mainly 
composed of mesenchymal tissue. At puberty, the Leydig cells 
become more apparent.

Spermatogenesis can be detected histologically between the 
ages of 11 and 15 years and sperm is found in early morning urine 
samples by 13.3 years of age (spermarche) [23]. Ejaculation 
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PUBERTAL DEVELOPMENT TIME COURSE – BOYS 

Boys: genital development

Stage 1: Preadolescent. The testes, scrotum and penis are of about the
 same size and proportions as in early childhood.
Stage 2: Enlargement of the scrotum and testes. The skin of the scrotum
 reddens and changes in texture. Little or no enlargement of the penis.
Stage 3: Lengthening of the penis. Further growth of the testes and
 scrotum.
Stage 4: Increase in breadth of the penis and development of the glans.
 The testes and scrotum are larger; the scrotum darkens.
Stage 5: Adult.

Boys: pubic hair

Stage 1: Preadolescent. No pubic hair.
Stage 2: Sparse growth of slightly pigmented downy hair chiefly at the
 base of the penis.
Stage 3: Hair darker, coarser and more curled, spreading sparsely over the 
 junction of the pubes.
Stage 4: Hair adult in type, but covering a considerably smaller area than
 in the adult. No spread to the medial surface of the thighs.
Stage 5: Adult quantity and type with distribution of a horizontal pattern
 and spread to the medial surface of the thighs. Spread up linea alba
 occurs late, in about 80% of men, after adolescence is complete, and is
 rated Stage 6.

2
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Figure 10.2 Pubertal assessment is an important component of the assessment of gondal function. Staging of each of the components is separate and should be 
recorded as such to allow discordance in development to be identifi ed. The fi gures show the relationship in time of each of the components and each should be related 
to other parts of the puberty process. Note that the peak height velocity in girls takes place some 2 years before that in boys.



CHAPTER 10

216

PH
V

9 10 11 12 13

Age (years)

14 15 16

9 10 11 12 13
Age (years)

14 15 16

M
en

ar
ch

e

5+

4+

3+

2+

1+

Pu
b

ic
 h

ai
r

97 90 75 50 25 10 3

97 90 75 50 25 10 3

97 90 75 50 25 10 3

97 90 75 50 25 10 3

97 90 75 50 25 10 3

97 90 75 50 25 10 3

97 50 3

97 90 75 50 25 10 3

5+

4+

3+

2+

1+

B
re

as
t 

st
ag

in
g

PUBERTAL DEVELOPMENT TIME COURSE – GIRLS 

Girls: breast development

Stage 1: Preadolescent. Elevation of the papilla only.
Stage 2: Breast bud stage. Elevation of the breast and papilla as a small
 mound. Enlargement of the areola diameter.
Stage 3: Further enlargement and elevation of the breast and areola,
 with no separation of their contours.
Stage 4: Projection of the areola and papilla above the level of
 the breast.
Stage 5: Mature stage, projection of the papilla alone due to recession of
 the areola.

Girls: pubic hair

Stage 1: Preadolescent. No pubic hair.
Stage 2: Sparse growth of slightly pigmented downy hair chiefly along
 the labia.
Stage 3: Hair darker, coarser and more curled, spreading sparsely over
 the junction of the pubes.
Stage 4: Hair adult in type, but covering a considerably smaller area than
 in the adult. No spread to the medial surface of the thighs.
Stage 5: Adult quantity and type with distribution of a horizontal
 pattern and spread to the medial surface of the thighs. In about
 10% of women, after adolescence is complete pubic hair spreads
 up the linea alba and is rated Stage 6.
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Figure 10.2 Continued
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occurs by a mean age of 13.5 years without consistent relationship 
to testicular volume, pubic hair development or phallic enlarge-
ment. While adult morphology, motility and concentration of 
sperm is not found until the bone age advances to 17 years [24], 
immature-appearing boys can be fertile.

Gynecomastia
Breast enlargement occurs to some degree in 39–75% of boys, 
usually during the fi rst stages of puberty [25] because of an imbal-
ance between free estrogen and free androgen actions on the 
breast tissue. During mid- to late puberty, more estrogen may be 
produced by the testes and peripheral tissues before testosterone 
secretion reaches adult concentrations. Other causes may include 
secretion of excessive estradiol from a Leydig or Sertoli cell tumor, 
excessive aromatization to estrogen, increased responsiveness to 
estrogen or the severely impaired secretion of testosterone by the 
testes, as in primary or secondary hypogonadism.

A number of drugs are associated with the devlopment of 
gynecomastia in boys, such as spironolactone and various anti-
psychotic agents (Table 10.1). In most cases, the tissue regresses 
within 2 years but occasionally in normal, often obese, boys, 
and frequently in pathological conditions such as Klinefelter 
syndrome or partial androgen insensitivity where the effective 
amount of bioactive testosterone is reduced, gynecomastia 
remains permanent. Surgery, usually through a peri-areolar inci-
sion, is the only effective mode of therapy at present, although 
non-aromatizable androgens or aromatase inhibitors are under 
study as potential treatments [25].

Bone mineral density
The most important phases of bone accretion occur during 
infancy and puberty. Girls reach peak mineralization between 14 
and 16 years of age while boys reach a peak at 17.5 years 
(Fig. 10.3) [26]. Both peaks are attained after peak height velocity 
has been achieved in either sex. Bone mineral density (BMD) is 
infl uenced not only by sex steroids but also by genetics [27], 
exercise [28] and GH secretion.

There is a poor correlation between calcium intake and BMD 
during puberty or young adulthood, suggesting that the normal 
age of puberty is the most signifi cant factor in achieving peak 
bone mineralization [29]. It seems prudent none the less to 
ensure adequate calcium intake in patients with delayed or absent 
puberty or those treated with gonadotropin releasing hormone 
(GnRH) analogs to hold up puberty, until more is learned about 
the biology of the control of bone accretion in puberty.

Body composition
Percentages of lean body mass, skeletal mass and body fat are 
equal between prepubertal boys and girls but total body bone 
mass and fat-free mass continue to increase as boys go through 
puberty while only body fat and fat-free mass increase in girls 
[30]. The increase in lean body mass starts at 6 years in girls and 
9.5 years in boys and is the earliest change in body composition 
in puberty [31]. At maturity, men have 1.5 times the lean body 
mass and almost 1.5 times the skeletal mass of women, while 
women have twice as much body fat as men.

Growth in puberty
The pubertal growth spurt encompasses the most rapid phase of 
postnatal growth after the neonatal period and follows the 
decreasing growth rate of the late childhood phase. It can be 
detected in girls before the onset of secondary sexual character-
istics. In boys, the growth spurt starts on average 2 years after that 
in girls. Peak height velocity occurs at a mean of 13.5 years in 
boys and 11.5 years in girls [32], corresponding to genitalia stage 
3–4 with 10–12  mL testicular volumes in boys and breast stage 
2–3 in girls.

The mean difference in adult height between men and women 
of 12.5  cm is mainly because of the taller stature of boys at the 
onset of the pubertal growth spurt and also the increased height 
gained during the pubertal growth spurt in boys compared with 
girls [33]. A girl who has experienced menarche usually has no 
more than 2–3% of her growth remaining, because menarche 
closely accords to a bone age of 13 years, the only event of puberty 
more closely related to skeletal than chronological age. A post-
menarcheal girl has 5–7.5  cm of growth remaining before adult 
height is reached, although the range of post-menarcheal growth 
extends to 11  cm.

The pubertal growth spurt is mediated by many endocrine 
infl uences. Sex steroids exert a direct effect upon the growing 
cartilage as well as an indirect effect mediated by increasing 
growth hormone (GH) secretion. Increasing sex steroid 
production at puberty stimulates increased amplitude (but not 

Table 10.1 Drugs that may cause gynecomastia.

Hormonal Estrogens
Aromatizable androgens
Antiandrogens, e.g. cyproterone

Cardiac Calcium channel blockers
Angiotensin converting enzyme inhibitors
Digoxin
Amiodarone
Spironolactone

CNS Dopamine receptor antagonists (phenothiazines and 
metoclopramide)

Tricyclic antidepressants
Benzodiazepines
Opiates
Marijuana

Gastrointestinal Omeprazole
Cimetidine

Anti-infective Isoniazid
Metronidazole
Ketoconazole

Cytotoxic Busulfan
Nitosureas

Alcohol
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Figure 10.3 Spinal bone mineral density determined in 423 males and females showing effect of puberty in (a) Hispanic male; (b) Asian/white male: (c) black male; 
(d) non-black female; (e) black female.
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frequency) of spontaneous GH secretion [34] as well as peak 
stimulated GH, and this in turn stimulates increased production 
of insulin-like growth factor type 1 (IGF-1).

Estrogen, either from the ovary or aromatized from testicular 
testosterone, is the factor that mediates the increased GH response 
during puberty [35]. A prepubertal child given an androgen that 
can be aromatized to estrogen, such as testosterone, will have 
augmented GH secretion whereas non-aromatizable dihydrotes-
tosterone will not increase GH secretion. An estrogen-blocking 
agent such as tamoxifen will reduce GH secretion [36].

Thyroid hormone is necessary to allow the pubertal growth 
spurt to proceed. The rapid growth rate is accompanied by an 
increase in markers of bone turnover such as serum alkaline 
phosphatase, serum bone alkaline phosphatase, osteocalcin, Gla 
protein and the amino-terminal propeptide of type III procolla-
gen; thus normal adult values of these proteins are lower than 
concentrations found in puberty [37].

Estrogen has a biphasic effect on growth: low concentrations 
stimulate growth while higher concentrations lead to cessation of 
growth [38]. Estrogen has a major role in the fi nal stages of 
epiphyseal fusion. Patients with either estrogen receptor defi -
ciency or aromatase defi ciency have tall stature, continued growth 
into the third decade because of lack of fusion of the epiphyses 
of the long bones, increased bone turnover, reduced bone mineral 
density, osteoporosis and absence of a pubertal growth spurt [39]. 
Thus, estrogen is the main factor that fuses the epiphyses of the 
long bones and causes cessation of statural growth. These obser-
vations have raised the possibility of the use of aromatase inhibi-
tors for the further management of short stature associated with 
a variety of conditions, with the rationale that this might allow 
more time for growth before epiphyseal fusion [40].

Genetic and endocrine background to the changes 
of puberty
Hypothalamic GnRH
The activation of pulsatile hypothalamic GnRH secretion marks 
the onset of puberty. Secretion arises from a network of GnRH-
containing neurons which need to integrate their fi ring rates to 
generate an appropriate burst of GnRH release into the portal 
system [41].

Puberty arises as a result of the activation of the system after a 
period of quiescence from approximately 2 years of age to 8–9 
years. This activation takes two forms: fi rst, the generation of 
bursts of GnRH and, secondly, the orchestration of these bursts 
into regular events occurring on average once every 90  min. It 
appears that the pulse frequency changes little and that amplitude 
modulation of GnRH release is the predominant determinant of 
the activation of the pituitary-gonadal axis and progression into 
and through puberty. Although this is generally the situation, 
alterations in pulse frequency probably do take place during the 
menstrual cycle so that, for example, when GnRH pulse fre-
quency is slow, follicle stimulating hormone (FSH) secretion is 
dominant and, as the frequency increases, LH comes to the fore. 
FSH concentrations are higher than LH in mid-childhood [42], 

and this may refl ect alterations in the frequency of neuronal fi ring 
at this stage.

The “silencing” of the GnRH pulse generator until the end of 
the fi rst decade of life allows synchronization of sexual matura-
tion with somatic growth and maturation of sexual and social 
behaviors in humans. Given the pivotal role that this activation 
has in human reproduction, single-gene mutations associated 
with disordered gonadotropin secretion and action are 
uncommon.

GnRH is a 10 amino acid peptide generated from a large 69 
amino acid prohormone precursor. The gene encoding GnRH is 
located on chromosome 8p21-11.2 [43]. Neurons producing 
GnRH originate in the primitive olfactory placode early in the 
development of mammals and migrate to the medial basal hypo-
thalamus [44]. The control of this migration is related to the KAL 
gene located at Xp22.3. Absence of the KAL gene, or rather the 
gene product ANOSMIN-1, causes Kallman syndrome, a decrease 
or lack of gonadotropin secretion with hyposmia caused by dis-
ordered development of the olfactory bulb [45].

A series of genes are also implicated in the development, migra-
tion and networking of GnRH neurons and the regulation of 
GnRH secretion, including FGFR1 (fi broblast growth factor 
receptor 1), GNRHR (GnRH receptor), GPR54 (G protein-
coupled receptor 54), LEP (leptin) and its receptor, SF-1 (ste-
roidogenic factor 1), DAX-1 (nuclear receptor subfamily 0, group 
B, member 1 [also known as NR0B1]), and NELF (nasal embry-
onic luteinizing hormone releasing hormone factor) [46–48].

The kisspeptin-GPR54 signaling complex has been proposed 
as a gatekeeper of pubertal activation of GnRH neurons 
(Fig. 10.4). The Kiss1 gene encodes a family of peptides called 
kisspeptins, which bind to the G protein-coupled receptor GPR54. 
Kisspeptin(s) and its receptor are expressed in the forebrain 
and the discovery that mice and humans lacking a functional 
GPR54 fail to undergo puberty and exhibit hypogonadotropic 
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hypogonadism implies that kisspeptin signaling has an essential 
role in reproduction [49–51]. The converse, that activating muta-
tions lead to precocious puberty, has not been as well docu-
mented [52].

Studies in several mammalian species have shown that kiss-
peptins stimulate the secretion of gonadotropins from the pitu-
itary by stimulating the release of GnRH after the activation of 
GPR54, which is expressed by GnRH neurons [53]. Kisspeptin is 
expressed abundantly in the arcuate (Arc) and the anteroventral 
periventricular nuclei (AVPV) of the forebrain. Estradiol and 
testosterone both regulate the expression of the Kiss1 gene in the 
Arc and AVPV but the response of the Kiss1 gene to these steroids 
is exactly opposite between these two nuclei. Estradiol and tes-
tosterone downregulate Kiss1 mRNA in the Arc and upregulate 
its expression in the AVPV. Thus, kisspeptin neurons in the Arc 
may participate in the negative feedback regulation of gonado-
tropin secretion, whereas kisspeptin neurons in the AVPV may 
contribute to generating the pre-ovulatory gonadotropin surge in 
the female.

GnRH is localized mainly in the hypothalamus and to a degree 
in the hippocampus, cingulate cortex and the olfactory bulb. 
There is no discrete nucleus that contains all the GnRH neurons, 
although the arcuate nucleus has a key role. Gonadotropins are 
normally released into the bloodstream in a pulsatile manner 
because of the pulsatile nature of GnRH secretion (Fig. 10.5). 
Episodic secretion appears to be an intrinsic property of the 
hypothalamic neurons that produce and secrete the stimulatory 

peptide GnRH [54]. This GnRH pulse generator, which is the 
basis of the CNS control of puberty and reproductive function, 
is also affected by biogenic amine neurotransmitters, peptidergic 
neuromodulators, neuroexcitatory amino acids and neural path-
ways; for example, epinephrine and norepinephrine increase 
GnRH release while dopamine, serotonin and opioids decrease 
GnRH release.

Testosterone and progesterone inhibit GnRH pulse frequency 
but the decrease in gonadotropin secretion during childhood 
before the onset of puberty appears to be mediated by the central 
nervous system (CNS). Gamma aminobutyric acid (GABA) is 
probably the major cause of the suppression of GnRH secretion 
that occurs physiologically during mid-childhood [55]. Damage 
to the CNS from increased intracranial pressure or tumor 
may release the inhibition and bring about premature pubertal 
development.

GnRH stimulates the production and secretion of LH and FSH 
from the gonadotropes by binding to a cell-surface receptor 
[56,57], which triggers increased intracellular calcium concentra-
tion and phosphorylation of protein kinase C in a manner similar 
to other peptide-receptor mechanisms. There appear to be readily 
releasable pools of LH which lead to a rise in serum LH within 
minutes after a bolus of GnRH, as well as other pools of LH which 
take longer to mobilize. While episodic stimulation by GnRH 
increases gonadotropin secretion, continuous infusion of GnRH 
decreases LH and FSH secretion and downregulates the pituitary 
receptors for GnRH. This phenomenon is utilized in the treat-
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ment of central precocious puberty. Estrogens increase and 
androgens decrease GnRH receptors. These alterations in the 
GnRH receptor have an important role in regulating gonadotrope 
function.

Pituitary gonadotropins
FSH and LH are glycoproteins composed of two subunits, an α-
subunit identical for all the pituitary glycoproteins and distinct 
β-subunits that confer specifi city (Fig. 10.6). The β-subunits are 
115 amino acids long with two carbohydrate side-chains. Human 
chorionic gonadotropin (hCG) produced by the placenta is 
almost identical in structure to LH, except for an additional 32 
amino acids and additional carbohydrate groups. The LH β-
subunit gene is on chromosome 19q13.32, close to the gene for 
β-hCG, while the FSH gene is located at 11p13.

There are rare cases of mutations in the β-subunit of gonado-
tropin molecules which cause pathological effects: a single case of 
an inactivating mutation of β LH caused absence of Leydig cells 
and lack of puberty, while two cases of inactivating mutations of 
β FSH led to lack of follicular maturation and amenorrhea and, 
in two males, azoospermia [58,59]. More recently, a woman with 
a homozygous mutation in a 5′ splice-donor site in the non-
coding region of β LH displayed impaired LH secretion, normal 
pubertal development, secondary amenorrhea and infertility 
[60]. The mechanism for this is unclear. LH secretion could not 
be detected by two separate immunoassays suggesting that the 
mutant LHβ protein might be translated but unable to associate 
with the α-subunit, was translated but rapidly degraded or was 
not translated at all.

What is important from these observations is that normal 
pubertal maturation in women, including breast development 
and menarche (which indicate estrogen production suffi cient for 
breast development and at least some tropic action on the endo-

metrium), can occur in a state of LH defi ciency, although normal 
LH secretion is obligatory for ovulation. Thus, LH is essential for 
the normal maturation of Leydig cells and steroidogenesis in men 
and its primary role in women is to induce ovulation.

The same gonadotrope cell produces both LH and FSH. The 
complex cascade of temporal and spatial events that lead to the 
formation of these cells is considered in Chapter 4. Gonadotropes 
are distributed throughout the anterior pituitary gland and abut 
upon the capillary basement membranes to allow access to the 
systemic circulation. Inactive gonadotrope cells that are not stim-
ulated, e.g. because of disease affecting GnRH secretion, are small, 
while the gonadotrope cells of castrate individuals or those with 
absence of gonads such as in Turner syndrome, which are stimu-
lated by large amounts of GnRH, are large and demonstrate 
prominent rough endoplasmic reticulum.

Serum gonadotropin concentrations change during pubertal 
development (Table 10.2). Because of the episodic nature of 
gonadotropin secretion, a single gonadotropin determination 
will be uninformative with respect to the secretory dynamics of 
these hormones but third-generation assays are suffi ciently sensi-
tive to indicate the onset of puberty in single basal unstimulated 
samples.

GnRH must stimulate gonadotropin release before other 
factors can affect gonadotropin secretion but, in the presence of 
GnRH stimulation, sex steroids and gonadal peptides can change 
gonadotropin secretion. Negative feedback occurs when sex ste-
roids decrease pituitary LH and FSH secretion at the hypotha-
lamic and pituitary levels and is exemplifi ed in individuals with 
gonadal dysgenesis who have very high concentrations of LH and 
FSH during infancy and puberty. Inhibin, a product of both ovary 
and testes, and follistatin, an ovarian product, also exert direct 
inhibitory effects upon FSH secretion at the pituitary level. Pro-
gesterone slows LH pulse frequency.
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Estradiol decreases gonadotropin secretion at low concentra-
tions but higher values lead to positive feedback. The latter pre-
dominates in females at mid-cycle [61] when a rising concentration 
of estradiol greater than 200–300  pg/mL persisting for more than 
48  h [62] triggers the release of a burst of LH from the pituitary 
gonadotropes, which stimulates ovulation about 12  h later. 
Several steps must prepare the hypothalamic-pituitary-gonadal 
axis for positive feedback, including an adequate pool of LH to 
release and priming of the ovary to produce adequate estrogen. 
Estradiol also increases pituitary gland sensitivity to GnRH which, 
in addition to an increase in GnRH pulse frequency, increases LH 
secretion. Thus, a follicle must be of adequate size to produce 
adequate estrogen to exert the positive feedback effect, the pitu-
itary gland must have suffi cient readily releasable LH to effect a 
surge of LH release and the hypothalamus must be able to secrete 
adequate GnRH to cause the stimulation of pituitary release. The 
increase in estrogen also suppresses FSH to allow luteinization of 
the follicle in the presence of LH.

Sex steroids
Leydig cells synthesize testosterone through a series of enzymatic 
conversions for which cholesterol is the precursor (Fig. 10.7). 
When LH binds to Leydig cell membrane receptors, the ligand–
receptor complex stimulates membrane-bound adenyl cyclase to 
increase cyclic adenosine monophosphate (cAMP), which stimu-
lates protein kinase, which promotes conversion of cholesterol to 
pregnenolone by CYP11A (side-chain cleavage enzyme). After 
exposure to LH, the number of receptors for LH and the post-
receptor pathway decrease their responsiveness to LH for at least 
24  h which explains the insensitivity to LH after daily injections 
of LH compared to alternate day injections. When assessing the 
response of testes to LH, hCG or LH must be administered at 2–3 
day intervals to eliminate such downregulation.

When testosterone is secreted into the circulation, it is bound 
to sex hormone binding globulin and the remaining free testos-
terone is considered the active moiety. At the target cell, testos-
terone dissociates from the binding protein, diffuses into the cell 
and may be converted by 5α-reductase type 2 (a surface enzyme 
located on the genital skin and elsewhere and encoded by a gene 
on chromosome 2p23 [63]) to dihydrotestosterone or to estradiol 
by CYP19 (aromatase) [64]. Testosterone or dihydrotestosterone 

binds to an androgen receptor encoded by a gene on the X chro-
mosome (Xq11-q12) [65]. The testosterone–dihydrotestosterone 
receptor complex then attaches to the steroid-responsive region 
of genomic DNA to initiate transcription and translation.

The effects of testosterone are different from those of dihy-
drotestosterone because a fetus without dihydrotestosterone does 
not virilize fully. The androgen receptor has a greater affi nity for 
dihydrotestosterone than for testosterone. Testosterone sup-
presses LH secretion, maintains Wolffi an ducts and produces the 
male body habitus while dihydrotestosterone is mostly responsi-
ble for the virilization of the external genitalia and for much of 
the secondary sexual characteristics of puberty including phallic 
growth, prostate enlargement, androgen-induced hair loss and 
beard growth. Androgens exert other effects in the body: testos-
terone promotes muscle development, stimulates enzymatic 
activity in the liver and stimulates hemoglobin synthesis. Andro-
gens must be converted to estrogen to stimulate bone maturation 
at the epiphyseal plate [39].

Table 10.2 Serun concentrations of luteinizing hormone (LH), follicle 
stimulating hormone (FSH) and the sex steroids at different pubertal stages.

Tanner
stage

LH
(U/L)

FSH
(U/L)

Estradiol
(pg/mL)

Females
I 0.01–0.21 0.50–2.41 5–10
II 0.27–4.21 1.73–4.68 5–115
III 0.17–4.12 2.53–7.04 5–180
IV 0.72–15.01 1.26–7.37 25–345
V 0.30–29.38 1.02–9.24 25–410

Tanner
stages

LH
(U/L)

FSH
(U/L)

Testosterone
(ng/dL)

Males
I 0.02–0.42 0.22–1.92 2–23
II 0.26–4.84 0.72–4.60 5–70
III 0.64–3.74 1.24–10.37 15–280
IV 0.55–7.15 1.70–10.35 105–545
V 1.54–7.00 1.54–7.00 265–800
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FSH binds to specifi c receptors on the cell surface of Sertoli 
cells and initiates a sequence of events that culminates in increased 
protein kinase in a manner similar to the stimulatory effect of LH 
on Leydig cells. However, FSH causes an increase in the mass of 
seminiferous tubules, and supports the development of sperm.

Estrogen is produced mainly by the follicle cells of the ovary 
using the same initial steps as testosterone production with fi nal 
aromatization. LH binds to membrane receptors of ovarian cells 
and stimulates the activity of adenyl cyclase to produce cAMP, 
which stimulates the production of the low-density lipoprotein 
(LDL) receptor to increase binding and uptake of LDL cholesterol 
and the formation of cholesterol esters. LH stimulates the rate-
limiting enzyme CYP11A, which converts cholesterol to preg-
nenolone, initiating steroidogenesis. After the onset of ovulation, 
LH exerts major effects upon the theca of the ovary. FSH binds 
to its own cell-surface receptors on the glomerulosa cells and 
stimulates the conversion of testosterone to estrogen.

The main active estrogen in humans is estradiol. Estrogens 
circulate bound to sex hormone binding globulin (SHBG) and 
follow the same general pattern of action at the cell level as that 
described for testosterone. Estradiol affects breast and uterine 
development, the distribution of adipose tissue and bone mineral 
accretion. Low concentrations of estradiol are diffi cult to measure 
in standard assays but bioassays are sensitive enough to differenti-
ate between boys and girls in prepuberty, between prepuberty and 
puberty in girls and between normal girls and those with prema-
ture thelarche, who secrete only a small amount of estrogen above 
age-matched controls [66].

Activin and inhibin
Inhibin produced by the Sertoli cells in the male and by the 
ovarian granuloma cells and the placenta in the female is a 
heterodimeric glycoprotein member of the transforming growth 
factor β family [67]. Inhibin suppresses FSH secretion from the 
pituitary gland and provides another explanation for different 
serum concentrations of LH and FSH with only one hypotha-
lamic peptide (GnRH) stimulating them. Activin, a subunit of 
inhibin, has the opposite effect, stimulating the secretion of FSH 
from the pituitary gland. Inhibin B secretion rises in early puberty 
in both boys and girls and reaches a steady state [68]. The infant 
male has concentrations of inhibin B higher than those achieved 
in adult males for the fi rst 1–1.5 years after birth indicating the 
activity of the testes during this early period. Absence of inhibin 
because of gonadal failure causes a greater rise in serum FSH than 
LH in pubertal and adult subjects.

Anti-Müllerian hormone
Anti-Müllerian hormone (AMH) belongs to the same transform-
ing growth factor-β family as inhibin and is produced from the 
Sertoli cells of the fetal testes and the granulosa cells of the fetal 
ovary [69]. AMH is high in the male fetus and newborn but 
decreases thereafter with a further drop at puberty. Patients with 
dysgenetic testes have decreased serum AMH while values are 
elevated in males with Sertoli cell tumors or females with granu-

losa cell tumors. AMH assays may be used to differentiate a child 
with congenital anorchia who has no testicular tissue from one 
with undescended testes who has testicular tissue that can produce 
AMH. Girls have low concentrations of AMH in the newborn 
period.

Ontogeny of endocrine pubertal development
Fetal testosterone secretion in early pregnancy is caused by 
placental hCG stimulation. The fetal hypothalamus contains 
GnRH-containing neurons by 14 weeks’ gestation and the fetal 
pituitary gland contains LH and FSH by 20 weeks [70]. The 
hypothalamo-pituitary portal system develops by 20 weeks’ gesta-
tion, allowing hypothalamic GnRH to reach the pituitary 
gonadotropes. Stimulation by GnRH causes gonadotropin secre-
tion to rise to extremely high concentrations in mid-gestation 
with a decrease in responsivity thereafter. Initially unrestrained 
GnRH secretion by the hypothalamus comes under restraint 
from the CNS by mid-gestation and, probably also to some 
degree, from increased circulating sex steroid concentrations 
which exert a restraining effect upon gonadotropin secretion 
until after birth.

At term, gonadotropin concentrations are lower than mid-
gestation but still high. Gonadotropin values rise again in an 
intermittent pattern after birth with episodic peaks noted up to 
2–4 years after birth [71]. Estrogen and testosterone from the 
infantile gonads also rise episodically during this period but mean 
serum concentrations of gonadotropins and sex steroids during 
infancy remain much lower than those found in the fetus and 
the pubertal subject but higher than those found during mid-
childhood. Because sex steroids suppress gonadotropin secretion 
during the fi rst years after birth, agonadal patients, such as those 
with Turner syndrome, exhibit high (castrate) serum gonadotro-
pin concentrations while maintaining the same pattern of pulsa-
tile gonadotropin secretion as normal girls but with higher pulse 
amplitudes [72,73].

During the quiescent childhood phase, which reaches a nadir 
around 7 years of age [42], gonadotropin pulsatility and gonadal 
activity remain at a low level, restrained by the CNS [74]. Even 
in children without gonadal function, such as those with Turner 
syndrome, serum gonadotropin concentrations are low, demon-
strating that the presence of the gonads is not necessary to sup-
press gonadotropin secretion during this period. Changes in 
gonadotropin secretion arise as a result of alterations in pulse 
amplitude with pulse frequency unchanged [75]. Likewise, tes-
tosterone and estrogen are measurable in the circulation using 
sensitive assays, demonstrating low but defi nite activity of the 
prepubertal gonads.

During the peripubertal period, before physical changes, 
gonadotropin secretion increases fi rst at night (Fig. 10.5). Sequen-
tial sampling demonstrates a rise in sex steroid secretion during 
the late night–early morning, which follows by hours the pulses 
of the gonadotropins. As puberty progresses, the secretion of 
gonadotropins and sex steroids increases during the day until 
little circadian rhythm remains.
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During the peripubertal period there is also a change in the 
response of pituitary gonadotropes to exogenous GnRH admin-
istration. The pattern of LH release increases, so that the adult 
pattern of response to GnRH is achieved during puberty. The 
release of FSH shows no such change with development, although 
females have more FSH release than males at all developmental 
stages.

Leptin, a hormone produced in the adipose cells that sup-
presses appetite by attaching to its receptor in the hypothalamus, 
has a major role in puberty in mice and rats. The leptin defi cient 
mouse (ob/ob) will not commence puberty until leptin is replaced 
and leptin administration will push an immature but normal 
mouse through puberty. The leptin-defi cient human also has 
pubertal delay and the introduction of leptin treatment was asso-
ciated with the appearance of gonadotropin peaks [76]. These 
data suggest that leptin might trigger the onset of puberty but 
clinical studies show that leptin increases in girls during puberty 
in synchrony with the increase in fat mass while leptin decreases 
in puberty in boys with a decrease in fat mass and increase in lean 
mass. Leptin varies with body composition only and no sex dif-
ferences are noted [77,78] and, in otherwise normal adolescents, 
there is no evidence that it triggers pubertal development. It 
appears permissive of puberty but not the cause of its onset or 
progression.

Adrenarche
Dehydroepiandrosterone and androstenedione, produced by the 
zona reticularis, increase in concentration 2 years or more before 
the increase in the secretion of gonadotropins and sex steroids 
[79]. This process (adrenarche) begins by 6–8 years of age in 
normal subjects, and continues until late puberty. Adrenarche 
occurs as a result of increased adrenal CYP17 activity [80] and 
causes an increase in the height velocity (the mid-childhood 
growth spurt), excessive secretion of apocrine sweat, the develop-
ment of pubic and axillary hair and an advance in skeletal 
maturity.

The presence or absence of adrenarche does not infl uence the 
onset of puberty. Patients with Addison disease experience 
puberty at an appropriate, albeit delayed, age and children with 
premature adrenarche also enter gonadarche at a normal age. 
Thus, adrenarche is usually temporally coordinated with gonad-
arche during pubertal development in normal individuals but 
appears not to have an important role in the progression of 
gonadarche.

Abnormal puberty

Limits of normal pubertal development
Given the discussion on secular trends, care is needed in defi ning 
the limits of the normal timing of puberty. European data (Tables 
10.3 and 10.4) suggest that precocious puberty should be consid-
ered when secondary sexual characteristics appear under 8 years 
of age (breast stage 2) in girls and 9 years (genitalia stage 2) in 

boys [81,82]. Sexual precocity should probably more pragmati-
cally be defi ned in USA by the onset of secondary sexual develop-
ment before 6 years in Black girls and before 7 years in White 
girls. Given the fact that age at menarche remains effectively 
unchanged, a slightly wider defi nition as suggested by the US data 
seems reasonable but clinical evaluation outwith the European 
time limits probably remains the safest option [83] until sensitiv-
ity and/or specifi city analysis has been undertaken using different 
age limits.

The defi nitions for pubertal delay have not changed. Boys 
should enter the early stages of puberty by 13.5 years (14 years is 
usually used for convenience) and girls by 13 years to avoid the 
label of delayed puberty. Puberty does not often occur spontane-
ously after 18 years of age. English girls complete secondary 
sexual development in a mean of 4.2 years (range 1.5–6 years) 
and boys in 3.5 years (range 2–4.5 years) [14,15].

Precocious puberty
The premature secretion of gonadal steroids in children results 
in the paradox of tall stature during childhood due to an acceler-
ated rate of linear growth with eventual short stature as an adult 
due to early fusion of the epiphyseal growth plates. The psycho-
logical consequences of early puberty are considerable.

Table 10.3 Age at stage of puberty in girls.

Stage British girls Swiss girls US girls

Mean 
(years)

SD Mean 
(years)

SD Mean 
(years)

SD

Breast stage 2 11.50 1.10 10.9 1.2 11.2 0.7
Pubic hair stage 2 11.64 1.21 10.4 1.2 11.0 0.5
Breast stage 3 12.15 1.09 12.2 1.2 12.0 1.0
Pubic hair stage 3 12.36 1.10 12.2 1.2 11.8 1.0
Breast stage 4 13.11 1.15 13.2 0.9 12.4 0.9
Pubic hair stage 4 12.95 1.06 13.0 1.1 12.4 0.8
Menarche 13.47 1.12 13.4 1.1
Breast stage 5 15.33 1.74 14.0 1.2
Pubic hair stage 5 14.41 1.21 14.0 1.3 13.1

Table 10.4 Age at stage of puberty in boys.

Stage British boys Swiss boys US boys

Mean 
(years)

SD Mean 
(years)

SD Mean 
(years)

SD

Genitalia stage 2 11.64 1.07 11.2 1.5 11.2 0.7
Pubic hair stage 2 13.44 1.09 12.2 1.5 11.2 0.8
Genitalia stage 3 12.85 1.04 12.9 1.2 12.1 0.8
Pubic hair stage 3 13.90 1.04 13.5 1.2 12.1 1.0
Genitalia stage 4 13.77 1.02 13.8 1.1 13.5 0.7
Pubic hair stage 4 14.36 1.08 14.2 1.1 13.4 0.9
Genitalia stage 5 14.92 1.10 14.7 1.1 14.3 1.1
Pubic hair stage 5 15.18 1.07 14.9 1.0 14.3 0.8
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Etiology
The causes of early puberty can be divided into those with and 
without consonance of puberty (Fig. 10.8). The former include 
central or gonadotropin-dependent precocious puberty, in which 
there is premature activation of the hypothalamo-pituitary-
gonadal axis, and the latter include isolated early development of 
breast tissue (premature thelarche/thelarche variant) or pubic/
axillary hair (premature adrenarche, late-onset congenital adrenal 
hyperplasia, adrenal tumors). There may be activation of the 
ovaries or testes independently of gonadotropin secretion, 
so-called gonadotropin-independent precocious puberty 
(Table 10.5).

Precocious puberty is much more common in girls than boys 
[81–84] probably because activation of the hypothalamo-
pituitary-gonadal axis requires a lower dose of GnRH in girls than 
boys [85] and suppression of sexual precocity with a GnRH 
analog is more diffi cult in girls than in boys [86].

Gonadotropin-dependent precocious puberty
In central or gonadotropin-dependent precocious puberty 
(GDPP), the hypothalamo-pituitary-gonadal axis is prematurely 
activated, the pattern of endocrine change is the same as in 
normal puberty and the pubertal development is consonant. 
Idiopathic precocious puberty accounts for the majority (>90%) 
of cases in girls but only 10% of cases in boys and is a diagnosis 
of exclusion.

Secondary GDPP is brought about by CNS lesions that 
can provoke premature activation of the hypothalamo-
pituitary-gonadal axis, even if not in the region of the hypothala-
mus. These include tumors such as optic and hypothalamic 

No

Male: look for
central

precipitating
cause

Signs of early pubertal development

Consonant with puberty? i.e. breasts, genitalia, pubic hair and a growth spurt

Yes

Central precocious puberty
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GnRH pulse generator
(LH and FSH detectable)

Female: most
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Gonadotropin-independent
precocious puberty (GIPP)
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Androgen
excess with
virilization

Figure 10.8 Algorithm for evaluating early puberty.

Table 10.5 Causes of premature sexual development.

I Gonadotrophin-dependent precocious puberty
Idiopathic central precocious puberty – most common cause in females
Secondary central precocious puberty
 congenital anomalies, e.g. septo-optic dysplasia
 brain neoplasms, e.g. optic nerve gliomas, hamartomas
 cysts
 hydrocephalus
 post-infection
 post-trauma
 post-cranial radiotherapy
 neurofi bromatosis
 adoption
hCG-producing neoplasms, e.g. choriocarcinoma, hepatoblastoma, germ cell 
tumors of CNS or mediastinum

II Gonadotropin-independent precocious puberty
Ovarian cysts
Defects of LH receptor function: McCune–Albright syndrome, testotoxicosis

III Abnormal patterns of gonadotrophin secretion
Premature thelarche (isolated breast development)
Thelarche variant and slowly progressing variants of central precocious puberty
Hypothyroidism

IV Sexual precocity due to adrenal androgens
Steroid secretion by the normal adrenal gland – adrenarche
Adrenal enzyme defects – congenital adrenal hyperplasia
Adrenal tumors – Cushing syndrome and virilizing tumor

V Gonadal tumors secreting sex steroids

VI Exogenous sex steroids

hCG, human chorionic gonadotropin; LH, luteinizing hormone.
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gliomas (Fig. 10.9), astrocytomas, ependymomas and pineal 
tumors, rare craniopharyngiomas, hydrocephalus, trauma, radio-
therapy, post-CNS infection and neurofi bromatosis [87]. Ham-
artomas of the tuber cinereum are congenital tumors composed 
of a heterotopic mass of GnRH neurosecretory neurones, fi ber 
bundles and glial cells which are frequently associated with GDPP, 
often before 3 years of age. Gelastic epilepsy and developmental 
delay may be associated, and the characteristic appearance on 
neuroradiological imaging is that of a sessile or pedunculated 
mass usually attached to the posterior hypothalamus between the 
tuber cinereum and the mamillary bodies [88]. The tumor is 
thought to secrete GnRH, rather than stimulating secretion from 
a normal hypothalamus, and is associated with very high serum 
LH concentrations in response to GnRH administration.

The prevalence of GDPP is increased after cranial irradiation 
for local tumors or leukemia. Low dose cranial irradiation (18–
24  Gy), previously employed in the CNS prophylactic treatment 
of acute lymphoblastic leukemia, was associated with a down-
ward shift in the distribution of ages at pubertal onset and men-
arche in girls [89,90]. Moderate radiation doses (25–47.5  Gy) 
used for the treatment of brain tumors in children are associated 
with precocious puberty, with a direct relationship between ages 
at pubertal onset and therapy [90]. Higher doses are usually asso-
ciated with gonadotropin defi ciency.

Coexisting growth hormone defi ciency (GHD) in those chil-
dren who have received cranial radiotherapy, as well as those 
children with sexual precocity secondary to congenital anomalies, 
trauma or CNS infection, complicates the situation. Careful eval-
uation reveals that GH-defi cient children with GDPP grow at a 
rate between that of children who are GH-suffi cient with GDPP 
and that of children who have GHD without sexual precocity. 

Because children who have received cranial irradiation are often 
obese, and because obesity is associated with a reduction in GH 
secretion, tests of GH secretion can be misleading in this group 
of patients and need careful interpretation.

Children adopted from developing countries and moved to a 
more affl uent environment have an increased incidence of early 
and precocious puberty [3,5]. Sexual abuse has been reported as 
a precipitating cause of GDPP, and in these cases, the develop-
ment can regress with a change in environment [91]. Sex steroid 
exposure has a direct maturational effect on the hypothalamus 
and can accelerate the onset of centrally mediated puberty (Table 
10.6) [92,93].

Gonadotropin-releasing tumors (usually hCG) lead to sexual 
precocity. These tumors are mostly intracranial, such as pineal 
germ cell tumors and teratomas, or hepatoblastomas and 
teratomas. Tumor markers, such as α-fetoprotein and 
pregnancy-specifi c β1-glycoprotein, are often present. Pure 
gonadotropin-secreting tumors of the pituitary are rare.

Gonadotropin-independent precocious puberty
In gonadotropin-independent precocious puberty (GIPP), the 
secretion of sex steroids is autonomous and independent of the 
hypothalamic GnRH pulse generator. There is loss of normal 
feedback regulation and sex steroid concentrations can be very 
high with low gonadotropin secretion. These disorders are associ-
ated with an abnormally functioning LH receptor.

The LH receptor belongs to the G-protein coupled receptor 
super-family characterized by the presence of seven transmem-
brane α-helices. The LH receptor is linked to an associated G-
protein vital for signal transduction and the intracellular actions 
of the hormone. LH binding to its receptor activates the G-
protein leading to the conversion of guanosine diphosphate 
(GDP) to guanosine triphosphate (GTP). An increase in intracel-
lular cAMP follows which then sets off a chain of events culminat-
ing in the synthesis and secretion of sex steroids. Phosphorylase 
activity of the G-protein converts GTP to GDP which terminates 
the action of LH.

In boys, familial testotoxicosis or male-limited GIPP is associ-
ated with premature Leydig cell and germ cell maturation. It is 
inherited as an autosomal dominant condition which manifests 
only in males. Virilization occurs with very high concentrations 
of testosterone and enlargement of the testes to the early or mid-

Figure 10.9 Saggital magnetic resonance image from a 8-year-old boy with 
clinical features of gonadotropin-dependent precocious puberty showing a 
hypothalamic mass with the growth characteristics of a glioma.

Table 10.6 Conditions where earlier sex steroid exposure is associated with 
gonadotropin dependent precocious puberty.

Condition Exposure

Congenital adrenal hyperplasia Late diagnosis and/or poor treatment
Gonadotropin independent Autonomous sex steroid secretion
 precocious puberty
Exposure to xenoestrogens Environment
?? Premature adrenarche Adrenal androgen secretion
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pubertal range, although they seem smaller than expected in rela-
tion to the stage of penile growth. Premature Leydig and Sertoli 
cell maturation and spermatogenesis occur [94]. Unstimulated 
gonadotropin concentrations are prepubertal with a minimal 
prepubertal response to GnRH stimulation. There is a lack of the 
usual pubertal pattern of LH pulsatility. In adulthood, fertility is 
achieved and an adult pattern of LH secretion and response to 
GnRH is demonstrable.

Testotoxicosis is associated with a number of constitutively 
activating mutations of the LH receptor [95,96] mostly in the 
transmembrane domain of the receptor. Two boys have been 
described who have testotoxicosis with pseudohypoparathyroid-
ism [97]. Both had a mutation in the gene encoding the Gs α-
subunit of G-proteins resulting in the substitution of an alanine 
residue at position 366 with serine (Ala366Ser), a mutation that 
led to constitutive activation in the adenyl cyclase of the LH 
receptor. This mutation is stable at the lower temperature of 
the testes but degraded at 37°C, the temperature of the cAMP-
dependent receptor for parathyroid hormone, which leads to 
parathyroid hormone resistance.

McCune–Albright syndrome (MAS) is a multisystem disor-
der that occurs in both boys and girls and is characterized by 
the classic triad of irregularly edged hyperpigmented macules or 
café-au-lait spots, a slowly progressive bone disorder (polyos-
totic fi brous dysplasia) which can involve any bone with fre-
quent facial asymmetry and hyperostosis of the base of the 
skull, and, most commonly in girls, GIPP [98]. There is often a 
lack of consonance in pubertal development and menses may 
be observed with minimal breast development. Autonomous 
hyperfunction most commonly involves the ovary but other 
endocrine involvement includes thyroid (nodular hyperplasia 
with thyrotoxicosis), adrenal (multiple hyperplastic nodules 
with Cushing syndrome), pituitary (adenoma with gigantism, 
acromegaly or hyperprolactinemia) and parathyroid glands 
(adenoma or hyperplasia with hyperparathyroidism). Two of 
these features are required for the diagnosis. The condition is 
sporadic and is caused by a somatic activating missense muta-
tion in the gene encoding the α-subunit of the G-protein (Gsα) 
which stimulates cAMP production (see above). The mutation 
results in a failure of phosphorylation of GTP to GDP and 
therefore constitutive activation [99]. The mutation is somatic 
and individuals are chimeric for the condition, hence the vari-
ability of the phenotype.

The sexual precocity in girls with MAS is caused by autono-
mously functioning multiple luteinized follicular cysts of the 
ovaries with an occasional large solitary cyst. Estrogen 
production is associated with a prepubertal pattern of LH 
secretion with an absent LH response to GnRH. GnRH-
dependent puberty ensues later with ovulatory cycles. Sexual 
precocity is rare in boys with MAS. When it does occur, it is 
associated with asymmetric enlargement of the testes in addi-
tion to signs of sexual precocity. The seminiferous tubules are 
enlarged and exhibit spermatogenesis. Leydig cells may be 
hyperplastic.

Abnormal patterns of gonadotropin secretion
Premature thelarche
Premature thelarche describes the phenomenon of isolated, often 
fl uctuating, unilateral or bilateral breast development unaccom-
panied by other signs of puberty. Growth velocity is normal and 
bone age not advanced. Premature thelarche is often present from 
infancy, usually occurs by the age of 2 years, and onset is rare 
after the age of 4. Incidence is 20 per 100 000 patient years. Sixty 
percent of cases occur between 6 months and 2 years of age and 
most regress in the period 6 months to 6 years after diagnosis. 
Signifi cant nipple development is usually absent and estrogen-
induced thickening and dulling of the vaginal mucosa or enlarge-
ment of the uterus on ultrasonography is uncommon. Growth in 
stature is normal. It is usually benign and self-limiting, although 
some girls progress into early or precocious puberty.

Premature thelarche is typically associated with a degree of 
FSH secretion and antral follicular development and ovarian 
function that is greater than that of prepubertal controls. Unstim-
ulated and GnRH-stimulated plasma levels of FSH are increased, 
whereas those of LH are prepubertal [100].

Thelarche variant
Variations of premature thelarche occur on a spectrum towards 
precocious puberty. Most cases of premature thelarche present in 
the fi rst 2 years of life and regress before puberty. Children who 
present later may demonstrate breast development that may 
advance with growth acceleration and skeletal maturation. The 
name given to this condition is thelarche variant or “a slowly 
progressive variant of precocious puberty in girls” [101]. The 
condition may be caused by a disorder of ovarian follicular matu-
ration because mean ovarian volume exceeds the normal prepu-
bertal size. Cyclic breast growth may be seen which does not 
resolve spontaneously. The condition demonstrates considerable 
heterogeneity in terms of gonadotropin secretion – pulsatile FSH-
predominant gonadotropin secretion which is intermediate 
between premature thelarche and GDPP [101], LH secretory pro-
fi les more like those observed in normal puberty [102] and with 
a rapid but transient onset of estrogenization, suppressed respon-
siveness to GnRH in some girls.

Primary hypothyroidism
In primary hypothyroidism, FSH concentrations may also be 
increased. In vitro studies have demonstrated that TSH has weak 
agonist properties at the human FSH receptor [103]. Ovarian 
stimulation causes isolated breast development and testicular 
enlargement without other secondary sexual characteristics in 
boys [104]. There is no pubertal progression in the majority of 
cases, bone age is delayed and growth velocity poor. Nevertheless, 
in certain cases, normal gonadotropin-dependent puberty 
occurs at an inappropriately early age upon instigation of 
thyroxine treatment. The prognosis is excellent with reversal of 
puberty once treatment is commenced but fi nal height may be 
affected if diagnosis is delayed or if normal puberty occurs at an 
early age.
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Sexual precocity resulting from adrenal androgens
Adrenarche
The fetal adrenal gland secretes dehydroepiandrosterone sulfate 
(DHEAS) and this can manifest as pubic hair or clitoromegaly 
in infancy, especially in premature babies [105]. Congenital 
adrenal hyperplasia (CAH) and virilizing adrenal tumors need 
to be excluded. Adrenal androgen concentrations diminish as 
the fetal adrenal zone regresses and appearances return to 
normal.

When signs of adrenarche occur before the age of 8 years in 
girls and 9 years of age in boys, it is called premature adrenarche 
or pubarche and is more common in children from an Asian, 
Mediterranean or Afro-Carribean background. An association 
with low birthweight has been described [106]. In some popula-
tions, there appears to be an increased prevalence of minor defects 
of adrenal steroidogenesis in these children [107], particularly 
when genital enlargement is present. In spite of the increase in 
height velocity and advance in bone age, fi nal height is unaffected 
although there may be increased prevalence of functional ovarian 
hyperandrogenism in the mid-teenage years [108].

Congenital adrenal hyperplasia
The classic form of CYP21 defi ciency may present with salt loss 
and clitoromegaly in girls in the neonatal period. In boys who do 
not have the salt-losing form and in some very virilized girls who 
are not diagnosed because they are raised as boys, presentation 
may be with tall stature, increased height velocity, advanced bone 
age, clitoromegaly in girls, genital maturation in the absence of 
testicular enlargement in boys and the development of pubic and 
axillary hair in both sexes. Additionally, CYP11B1 defi ciency 
presents similarly but also with hypertension.

The non-classic or late-onset form of CAH may present in 
childhood or adolescence with early pubic hair and acne or in 
early adulthood with menstrual irregularities, hirsutism or infer-
tility. GDPP and the polycystic ovary syndrome are common 
sequelae. Final height is usually compromised. Virilization also 
occurs in undertreated children with CAH.

Of children with premature adrenarche, 5–10% are estimated 
to have late-onset CAH, although this estimate varies 
depending on the ethnicity of the population sampled [107]. The 
adrenocorticotropic hormone (ACTH) stimulation test can 
differentiate between children with late-onset CAH and preco-
cious pubarche or premature adrenarche. Unstimulated and 
stimulated concentrations of 17α-hydroxypregnenolone (17PGN) 
and 17PGN:17-OHP, DHEA and androstenedione concentra-
tions are higher in children with premature adrenarche than 
in control subjects or those with non-classic 21-hydroxylase 
defi ciency.

Adrenal tumors
The characteristic picture is a short history of virilization, acceler-
ated growth rate and advanced bone age. Cushing syndrome may 
be present if there is hypersecretion of cortisol. The diagnosis can 
be revealed by urinary steroid profi le analysis. Imaging of the 

adrenal glands should be performed. Treatment involves surgical 
resection of the tumor, with the option of adjuvant chemother-
apy. The prognosis is guarded and neither operative fi ndings nor 
histology help, the only factor infl uencing whether the lesion is 
likely to behave in a malignant manner or not being tumor size. 
Tumors less than 5  cm diameter are nearly always benign. An 
immediate fall in serum or urinary androgen markers of tumor 
secretion is encouraging and adjuvant chemotherapy or radio-
therapy has not been demonstrated to improve long-term 
prognosis in these children. Adrenal tumors may be associated 
with syndromes of increased cancer risk, e.g. Li–Fraumeni 
syndrome.

Gonadal sex steroids
Gonadal tumors can lead to pubertal development, which is not 
consonant, and high sex steroid concentrations. Leydig cell 
tumors are associated with virilization but conversion of testos-
terone to estradiol leads to gynecomastia. Granulosa cell and 
germ cell tumors can secrete both androgens and estradiol.

Exogenous sex steroids can occasionally be the cause of sexual 
precocity. Hormones used in chicken rearing are occasionally 
implicated as a cause of “epidemics” of premature thelarche, 
although the relationship is unproven.

Problems associated with sexual precocity
Growth
Because puberty occurs abnormally early, the growth spurt also 
occurs early. GH concentrations and the increase in growth 
velocity are similar to those observed in normally timed puberty 
but, because the growth spurt has occurred abnormally early, 
insuffi cient childhood growth will have taken place so adding the 
fi xed increment that comes with puberty (approximately 30  cm 
in males and 20–25  cm in females) leads to a restricted fi nal 
height. Sex steroid exposure results in rapid bone age advance, in 
turn diminishing adult height potential.

Psychological problems
These are often the major issue for children with sexual precocity 
and their families because sex steroid exposure in young children 
results in disruptive behavior and because the child looks much 
older than their chronological age [109]. Most children experi-
ence problems at school, which are compounded by the diffi cul-
ties that teachers and fellow pupils have in understanding them. 
The child and his/her family may later have problems dealing 
with normally timed pubertal development and are frequently 
apprehensive about stopping suppressive treatment. Menstrua-
tion at an early age presents practical diffi culties.

Girls may be subject to sexual advances with which they are 
unable to deal, while boys may have erections which may be an 
embarrassment. Children with special educational needs as a 
result of a cerebral lesion or hydrocephalus are particularly vul-
nerable to these problems. Early maturity within the normal 
range correlates to some extent with an earlier onset of sexual 
behavior [109].
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Clinical and diagnostic approach to sexual precocity
A careful history and clinical examination should be performed 
in the fi rst instance, height measured and Tanner pubertal stage 
recorded. Bone age should be estimated. Follow-up of height 
velocity and pubertal progress is important for the differentiation 
of potentially benign, non-progressing conditions, such as pre-
mature thelarche and adrenarche, from progressive conditions, 
such as GDPP, GIPP, CAH and gonadal tumors. Most children 
presenting with sexual precocity do not require extensive inves-
tigation, although sinister underlying causes for sexual precocity 
such as tumors should always be considered and excluded.

Imaging
In males with GDPP, neuroradiological imaging [either com-
puted tomography (CT) or magnetic resonance imaging (MRI)] 
is mandatory. In girls in the absence of neurological signs, the 
diagnostic return is low, with returns diminishing towards the 
normal timing of the onset of puberty. Interventional returns are 
increased in patients under 4 years of age.

At 6–8 years of age [110], intervention is not without resource 
implications and the closer the girl to the normal timimg of 
puberty the less likely is the chance of fi nding a lesion: under age 
6, the odds of fi nding an abnormality are about 1 in 5 and over 
age 6 years 1 in 50 [111]. In the absence of data that provide 
robust sensitivity and specifi city analysis, MRI scan should be 
undertaken [112–115].

All girls with early development of secondary sexual character-
istics warrant transabdominal pelvic ultrasound examination. In 
GDPP, the ovaries are active with multiple (>6) cysts that are 
greater than 4  mm in diameter (Fig. 10.10a). Larger cysts are 
sometimes seen in premature thelarche (<3 cysts), thelarche 
variant (3–6 cysts) (Fig. 10.10b) and MAS (Fig. 10.10c). In prac-

tice, ovarian appearances may overlap between GDPP and pre-
mature thelarche, although children with premature adrenarche 
have appearances similar to controls.

The fi rst signs of estrogenization of the uterus is a change in 
the shape of the uterus from a tubular structure, where the diam-
eter of the fundus and the cervix are similar, to a pear-shaped 
structure, where the fundus expands so that its diameter exceeds 
that of the cervix. In GDPP, the changes resemble those of normal 
puberty, whereas in premature thelarche or thelarche variant the 
uterus remains prepubertal in shape. Endometrial thickening 
suggests that pubertal concentrations of estrogen have been 
attained and an endometrium around 6–8  mm implies imminent 
menarche.

If an adrenal tumor is suspected in patients with virilization, 
CT or MRI scan of the adrenal glands is indicated. Ultrasound 
scan of the adrenal glands is of limited use. In cases where MAS 
is suspected a bone scan or skeletal survey is indicated.

Biochemistry
The combination of a GnRH stimulation test and measurement 
of serum concentrations of sex steroids is a useful starting point. 
This entails the administration of a single intravenous bolus of 
GnRH (2.5  μg/kg to a maximum of 100  μg) with measurement 
of plasma LH and FSH concentrations at 0, 20 and 60  min. 
Normal prepubertal children have an increment of 3–4  IU/L LH 
and 2–3  IU/L FSH. Regardless of age, the increment is greater in 
puberty, although the cut-offs vary depending upon the assay. 
In GDPP, a pubertal LH-dominant response is observed whereas 
in GIPP and sexual precocity secondary to gonadal tumors or 
ovarian cyst formation, gonadotropin concentrations are sup-
pressed by the autonomous sex steroid secretion. The response 
to GnRH in precocious adrenarche is prepubertal. In prematute 

Figure 10.10 Pelvic ultrasound examinations of 
girls with: (a) gonadotropin-dependent precocious 
puberty (GDPP) showing multicystic ovary 
characteristic of the effects of pulstaile gonadotropin 
secretion; (b) the ovary in thelarche variant with 
several large cysts; and (c) the large single cyst 
present in McCune–Albright syndrome (MAS). 
Arrows outline ovarian structure. Marker bar depicts 
1  cm intervals.



CHAPTER 10

230

thelarche FSH tends to be dominant while in thelarche variant 
response is intermediate between thelarche and GDPP with FSH 
predominating.

In children with virilization, elevated unstimulated plasma 
17OHP concentrations suggest CAH. The response to synacthen 
with measurement of plasma 17OHP and/or urinary steroids will 
confi rm the diagnosis. Rapid virilization suggests the presence of 
an endocrine-secreting neoplasm. Testosterone, dihydrotestos-
terone, DHEAS and androstenedione are all elevated by adrenal 
virilizing tumors. Plasma cortisol may also be elevated, with a loss 
of the normal circadian rhythm if Cushing syndrome is a feature. 
There is a failure of suppression in response to dexamethasone if 
an adrenal tumor is present, whereas, in premature adrenarche 
and CAH, dexamethasone administration will lead to suppres-
sion of adrenal steroids. A urinary steroid profi le is also of 
considerable diagnostic value if an adrenal tumor is suspected 
[116].

A raised serum hCG level suggests an hCG-secreting neoplasm. 
The response to GnRH is prepubertal. Thyroid function tests 
should be undertaken in a girl with premature thelarche or a boy 
with enlargement of the testes in the face of a lack of virilization 
combined with short stature, a poor growth velocity and delayed 
bone age to exclude primary hypothyroidism.

Delayed puberty
Assessment
A temporary delay in sexual maturation is not uncommon and 
resolves with time leading to normal development, optimum fi nal 
height and fertility but, in patients with an underlying organic 
pathology, early diagnosis and treatment is essential to ensure 
normal pubertal progress and adequate fi nal height. A useful 
algorithm is depicted in Figure 10.11.

Assessment should include a detailed history of symptoms of 
chronic illness, medications, symptoms suggestive of other 
hormone defi cit or excess, previous treatment or surgery, abnor-
mal eating patterns and a history of the family including parental 
heights and age at onset of puberty. Chronic illness is often asso-
ciated with delayed puberty particularly asthma (and/or its treat-
ment), eczema, cystic fi brosis and infl ammatory bowel disease. 
The majority of those who present with delayed puberty are boys, 
more often because of the short stature rather than the lag in 
sexual development. In girls, delay is unusual and should prompt 
a systematic search to include eating issues and intense exercise 
programs.

Examination should include details of present and past heights 
and weights with pubertal staging. Testicular size should be mea-
sured using the Prader orchidometer. Careful documentation for 
body disproportion, with estimation of the upper and lower body 
segments, may suggest Klinefelter syndrome. Patients with Turner 
syndrome are short, have a low hairline, webbing of the neck, 
prominent ears, broad chest, renal and cardiac abnormalities with 
streak gonads, although presenting features in many cases may 
be more subtle. Presence of other dysmorphic features may reveal 
multisystem syndromes such as CHARGE, Prader–Willi, Bardet–
Biedl or septo-optic dysplasia. Neurological examination should 
be performed to include visual fi eld defi cits, sense of smell and 
fundoscopy. Anosmia or lack of smell is suggestive of Kallmann 
syndrome.

Initial investigations should include a wrist radiograph to esti-
mate skeletal age. Based on the skeletal age, it is possible to cal-
culate a predicted adult height range and its relation to the genetic 
potential (mid-parental height). Further investigations and man-
agement should depend on the skeletal age, symptoms and extent 
of delay and stature. Laboratory measurement of serum FSH and 
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Figure 10.11 Algorithm for evaluating late puberty.
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LH concentrations will help differentiate patients with hypogo-
nadotropic and hypergonadotropic hypogonadism (Fig. 10.12). 
Serum gonadotropin concentrations are low in all normal chil-
dren before puberty and caution must be exercised in interpreta-
tion of low serum gonadotropin concentrations, especially below 
a bone age of 12 years. GnRH testing has been studied extensively 
in pubertal delay but may not clarify whether an individual will 
progress in puberty or has a permanent defect [117,118]. Over-
night sampling may demonstrate pulsatility but is unhelpful for 
prognosis. Pelvic ultrasound examination is helpful in girls, 
where it may reveal the multicystic pattern that is a classic feature 
of early puberty.

Differential diagnosis
Constitutional delay in puberty
This is the most common cause of delayed sexual maturation in 
males. The condition clusters in families and inheritance is 
complex. The presence of the condition equally in male and 
female relatives of subjects with the condition challenges the 
concept of male preponderance [119]. In addition to delayed 
puberty, it is characterized by short stature that is appropriate 
when skeletal age is taken into account. Growth velocity is normal 
for a prepubertal individual. As a rule, mean height velocity is 
5  cm/year at 12 years of age and declines at a rate of 1  cm/year 
for every year thereafter that puberty is not entered. The variance 
on this is ±1 cm/yr. These patients demonstrate low serum gonad-
otropins and may occasionally be diffi cult to distinguish from 
organic gonadotropin defi ciency. The rules on growth rate are 
important and can help prevent unnecessary investigation of the 
GH axis. Unless “priming” of the system is undertaken with sex 
steroids, low GH secretion may be documented and GH therapy 
instigated.

Hypogonadotropic hypogonadism
This is defi ned as a permanent absence of spontaneous pubertal 
development because of a lack of serum gonadotropin produc-

Basal FSH and LH

Low

Bone age delay
Constitutional delay of
growth and puberty

Investigations for reversible conditions
Thyroid function tests
Chronic illnesses
Eating pattern

Evaluate sense of smell
Kallman syndrome

LHRH test +/− HCG test (males)
MRI scan of pituitary gland
Trial of treatment

Elevated

Serum autoantibodies
Autoimmune disease

Karyotype
Turner syndrome
Klinefelter syndrome
XY gonadal dysgenesis
Androgen insensitivity syndrome

Figure 10.12 Conditions of pubertal delay 
associated with high and low gonadotropin 
concentrations.

tion or action, although there remains a group of individuals who 
appear to reverese in early adulthood (Table 10.7) [120]. The 
defi ciency may be isolated or associated with combined pituitary 
hormone defi ciencies, congenital or acquired [121].

Isolated gonadotropin defi ciency can be idiopathic or part of 
X-linked Kallmann syndrome (KS) associated with anosmia 
[122] or in association with X-linked adrenal hypoplasia [123] or 
X-linked ichthyosis [124]. Additionally, gonadotropin defi ciency 
may be associated with a number of syndromes, e.g. Bardet–Biedl 
and CHARGE syndrome.

Several genes have been linked to the pathogenesis of hypogo-
nadotropic hypogonadism (HH) including KAL1, FGFR1, GPR54, 
Kisspeptin, GnRHR, PROK2, PROKR2, NELF, LH and FSH β-
subunit genes, leptin, leptin receptor and prohormone 
convertase 1 (PC1), as well as a mechanism via digenic inheri-
tance [125].

KS is characterized by HH and olfactory dysfunction ranging 
from hyposmia to anosmia. It is clinically and genetically hetero-
geneous, with an estimated prevalence in males of 1 : 8000 to 
1 : 10 000 and 1 : 50 000 in females [45]. The olfactory dysfunction 
is related to olfactory bulb aplasia or hypoplasia, while the hypo-
gonadism is caused by GnRH defi ciency resulting from defective 
GnRH neuronal migration. Patients classically present with 
absent pubertal development, although it can occasionally be 
diagnosed in newborns on the basis of cryptorchidism, a micro-
penis and an absent postnatal gonadotropin and testosterone 
surge. Some individuals develop some spontaneous primary 
pubertal characteristics (testicular growth in males and a degree 
of breast development in females), suggesting the presence of 
endogenous GnRH secretion. Other variable features include 
high arched palate, manual synkinesia, renal aplasia/hypoplasia, 
sensorineural deafness, oculomotor abnormalities, dental agene-
sis, facial asymmetry and pes cavus.

KAL1 [126] was the fi rst gene to be associated with KS and to 
date 67 mutations of KAL1 have been described. The gene com-
prises 14 exons spanning approximately 210  kb on Xp22.3 and it 
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Table 10.7 Causes of hypogonadotropic hypogonadism.

Developmental and genetic causes
Kallmann syndrome (HH and anosmia): X-linked (KAL), AD, AR
Impaired GnRH release and action (e.g. leptin, leptin R, PC1, GnRHR)
Multiple pituitary hormone defi ciency (e.g. HESX1, LHX3, PROP1)
Isolated gonadotropin defi ciency
Isolated LH defi ciency/mutation
Congenital glycosylation disorders
Effects on multiple levels of the HPG axis (e.g. DAX1, SF1)
Midline defects

Chromosomal abnormalities
Deletions and rearrangements

Syndromic associations
Prader–Willi syndrome
Laurence–Moon syndrome
Gordon–Holmes spinocerebellar ataxia
CHARGE
Others

Physical causes
CNS tumors
 craniopharyngioma, germinoma, hypothalamic glioma, optic nerve glioma
 pituitary tumors
Langerhans cell histiocytosis
Post infection
Granulomatous disorders
Vascular malformations
Trauma/pituitary stalk transection
Cranial irradiation

Functional causes
Chronic renal disease
Chronic gastrointestinal disease/malnutrition
Sickle cell disease/iron overload
Chronic lung disease/cystic fi brosis/asthma
AIDS
Poorly controlled diabetes mellitus
Hypothyroidism
Cushing disease
Hyperprolactinemia
Metabolic conditions (e.g. Gaucher disease)
Anorexia nervosa
Bulimia nervosa
Psychogenic/stress
Extreme exercise
Drugs

dose-dependent binding to negatively charged heparan sulfate. 
Heparan sulfate proteoglycan interactions have a vital role in 
neuronal navigation during neural development. During devel-
opment, anosmin-1 confers GnRH neurons with cell-specifi c 
chemotactic responsivity as well as branch promoting and guid-
ance functions

FGFR1 (KAL2) is the fi rst gene described in association with 
autosomal dominant KS [127]. It is estimated that 5–10% of 
individuals with autosominal dominant HH have mutations in 
FGFR1 [128]. The gene comprises 18 exons on chromosome 
8p11.2 region and encodes the fi broblast growth factor receptor 
1, a member of the FGFR family. The full length protein is a 
120  kDa protein, with 822 residues. FGFR1 and anosmin-1 inter-
act in olfactory bulb development. Sixty-four loss-of-function 
mutations in FGFR1 have been described in patients with KS. 
There is little genotype–phenotype correlation and wide hetero-
geneity is found in kindreds harboring the same mutation ranging 
from complete absence of pubertal development to normal 
reproduction or even isolated anosmia [129]. This wide pheno-
typic variability suggests that variable degrees of endogenous 
GnRH release may occur. In addition, the KAL2 phenotype fre-
quently includes cleft lip or palate [126] and dental agenesis. Men 
with KAL1 gene mutations have a more severe reproductive phe-
notype than those with KAL2 gene mutations and the latter tend 
to have a broader spectrum of pubertal development patterns and 
less severe impairment of gonadotropin secretion [130].

Mutations in Prokineticin receptor-2 (PKOKR-2, KAL3) and its 
ligand Prokineticin-2 (PROK-2, KAL4) were described in patients 
with KS in a series of 192 patients with HH [131]. Prokineticins 
1 and 2 (PROK1, PROK2) were originally described as regulators 
of gastrointestinal motility and genes encoding these proteins are 
expressed in the testes, ovaries, placenta and adrenal glands. 
PROK2 signaling regulates olfactory bulb morphogenesis and 
reproduction as shown in mice. Pkok2–/– mice have abnormal 
olfactory bulbs, GnRH neuron migration and hypoplasia of 
reproductive organs [132].

The PROK2 gene is located on chromosome 3 (3p21.1), con-
sists of four exons and encodes a protein of 81 amino acids in its 
mature form [131] sharing approximately 44% amino acid 
homology with PROK1. It contains two structural features: a 
cysteine-rich domain and a N-terminal hexapeptide sequence 
(AVITGA). Both PROK1 and PROK2 activate the receptors 
PROKR1 and PROKR2 with PROK2 showing moderately higher 
affi nity [132]. PROKR2 is expressed in the central nervous system 
while PROKR1 is found in peripheral tissues. PROKR2 has been 
mapped on chromosome 20 (20p12.3), consists of two exons and 
plays a role in the development of the olfactory bulb [133]. Five 
mutations in PROK2 and 12 mutations in PROKR2 have been 
reported.

The phenotype varies from idiopathic hypogonadotropic 
hypogonadism (IHH) to KS or isolated anosmia, even amongst 
members of same pedigree with an identical genotype. Although 
individuals do not manifest synkinesis, renal agenesis, cleft palate 
and dental agenesis are observed in patients with KS due to muta-

escapes inactivation. KAL1 encodes a protein, anosmin-1, a 100-
kDa extracellular matrix N-glycosylated protein [126] consisting 
of 680 residues. Several components contribute to its role in 
axonal migration, a whey acidic protein-like (WAP) four disul-
fi de core motif found in several protease inhibitors known to 
participate in axonal elongation and cell migration and large 
positively charged FnIII type domain essential for high-affi nity 
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tions in KAL1 or FGFR1, of note is the observation that certain 
individuals with PROK2 mutations are also obese.

Because by defi nition HH is related to gonadotropin defi -
ciency, it would follow that the GnRH gene would be a suitable 
candidate gene for HH. To date, no human mutations have been 
described but 23 mutations in the gene encoding its receptor 
(GnRHR) have been reported.

The GnRHR gene is located on the long arm of chromosome 
4 (4q21.2) and spans over 18.9  kb. The phenotype may be vari-
able and associated with a marked delay in puberty as well as HH 
[49,134]. The GnRHR gene comprises three exons and encodes 
the receptor for type 1 GnRH, a 328 amino acid protein. In a 
cohort of 108 patients with IHH, GnRHR mutations were found 
to account for approximately 16.7% of all normosmic patients 
(as evaluated in a subgroup of 18 patients) and 40% of presumed 
autosomal recessive IHH [135]. Most of these GnRHR mutations 
are compound heterozygous changes that reduce GnRH binding 
and/or activation of IP3 or PLC signaling pathways [136]. There 
is wide phenotypic variability in GnRHR mutations even within 
the same kindred.

Kisspeptin and its receptor [GPR54 (KISS1R)] have been noted 
already to have an important role in the control of puberty [47]. 
GPR54 is located on chromosome 19 (19p13.3) and encodes a 
protein of 396 amino acids. GPR54 was previously thought to be 
an orphan receptor until the isolation of metastin, a 54 amino 
acid peptide with metastasis suppression properties. Metastin, 
also known as kisspeptin-54, is encoded by KISS-1 and is pro-
cessed to various smaller peptides (kisspeptins 14, 13, 10) [137]. 
Mutations in KISS1R have been described in patients with IHH 
[49–51]. No human mutations in KiSS1 have yet been reported.

Nasal embryonic LHRH factor (NELF) was isolated in olfac-
tory sensory cells and GnRH cells during embryonic development 
in the mouse [138]. NELF is a 530-residue protein encoded by 
NELF, located on chromosome 9 (9q34.3) and consisting of 16 
exons. Five alternative splice variants have been detected; one 
variant (NELF-v1) is 93–94% similar at the amino acid level to 
mouse and rat and the other four are highly conserved amongst 
those three species. The NELF protein is a guidance molecule for 
the GnRH and olfactory neurons. Two mutations have been iden-
tifi ed in patients with HH. The Y376X mutation was found in a 
patient heterozygous for an FGFR1 mutation as well [125] and 
the other (Thr480) is highly conserved and is likely to be impli-
cated in the pathogenesis of HH [139].

Table 10.7 depicts acquired forms of gonadotropin defi ciency. 
Some are associated with other anterior pituitary hormone devel-
opmental abnormalities or structural problems of the brain. In 
addition, acquired gonadotropin defi ciency may be brought 
about by intracranial trauma, tumors, surgery or radiotherapy. 
Hemochromatosis associated with transfusion can result in per-
manent gonadotropin defi ciency [140,141].

The condition in boys is best diagnosed, or rather excluded, 
with a GnRH test in combination with an hCG test to stimulate 
the testicular release of testosterone [142]. In girls consideration 
needs to be given to the use of FSH to test ovarian function and 

Table 10.8 Causes of hypergonadotropic hypogonadism.

Girls

Chromosomal abnormalities
Turner syndrome and variants (e.g. 45X; 46XX/45X; X chromosome 

abnormalities)
Mixed gonadal dysgenesis (e.g. 46XY/45X)
Deletions and rearrangements (e.g. Xq22, Xq26-28)

Abnormalities in gonadal development
Ovarian dysgenesis

Syndromic associations
Perrault, Maximilian, Quayle and Copeland, Pober, Malouf syndromes
Ataxia telangiectasia, Nijmegen, Cockayne, Rothmund–Thompson, Werner 

syndromes
Bletharophimosis-ptosis-epicanthus syndrome (BPES, FOXL2)

Disorders of steroid synthesis and action
LH resistance
FSH resistance
Pseudohypoparathyroidism 1a
SF1, StAR, CYP11a, HSD3B2, Cyp17, aromatase (CYP19)
 (46XX karyotype)
HSD17B2, AIS, SRD5A2 (46XY karyotype)

Other causes of primary ovarian failure
Autoimmune (e.g. AIRE)
Metabolic (e.g. galactosemia, storage disorders)
Hyperandrogenism/polycystic ovarian syndrome
Pelvic/spinal irradiation
Chemotherapy

Boys
Chromosomal causes
Klinefelter syndrome and variants (e.g. 47XXY; 46XY/47XXY)
Mixed gonadal dysgenesis (e.g. 46XY/45X)
Deletions and rearrangements

Abnormalities in gonadal development
Testicular dysgenesis (e.g. loss of functional Sry, Sox9, SF1, WT1, DMRT)

Syndromic associations
Noonan syndrome
Robinow syndrome
Others

Disorders of steroid synthesis and action
LH resistance (e.g. LHR, GNAS)
SF1, StAR, CYP11a, HSD3B2, HSD17B2, PAIS

Other causes of primary testicular (Leydig cell) failure
Anorchia
Cryptorchidism
Sertoli cell only syndrome
Testicular irradiation
Chemotherapy
Infection (e.g. mumps)

AIRE, autoimmune regulator; GNAS, guanine nucleotide protein alpha-
stimulating activity polypeptide 1; LHR, luteinizing hormone receptor.
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further work in this area is needed [143]. More defi nitive studies 
include the use of repeated pulses of GnRH to test more fully 
gonadotrope secretory potential [144]. In many cases, it is neces-
sary also to rule out other pituitary hormone defi ciencies and 
perform neuroimaging of the pituitary gland. In some cases the 
interpretation of the GnRH test is not straightforward and endo-
crine re-assessment may be necessary at a later time after comple-
tion of growth and puberty to ascertain the need for long-term 
replacement [120].

Hypergonadotropic hypogonadism
Elevated serum gonadotropin concentrations in the absence of 
pubertal signs at the appropriate age for puberty suggest gonadal 
insuffi ciency (Table 10.8). Radiotherapy, chemotherapy and 
surgery, particularly orchidopexy for very high placed testes, can 
all result in gonadal failure [145].

Turner syndrome (1 in 2500 live female births) should be 
considered in all short girls, even in the presence of pubertal 
signs. Patients with Turner syndrome may show markedly ele-
vated serum gonadotropin concentrations from as early as 8–9 
years of age [72,73] because of lack of negative feedback and the 
GnRH test is not usually needed. Pure XX and XY gonadal dys-
genesis both present with delayed puberty, raised serum gonado-
tropins and low sex steroid concentrations. The XY gonadal 
dysgenesis group who are reared as females have a high risk of 
gonadal tumors and need early surgery for the removal of their 
gonads. Gonadal failure in females is also associated with auto-
immune ovarian failure (which may be associated with autoim-
mune polyendocrinopathy syndrome) [146] and galactosemia 
[147].

In boys, tall stature, pubertal delay and learning diffi culties are 
the classic features associated with Klinefelter syndrome 
(47XXY). Learning diffi culties may be quite mild and the stature 
not excessive [148]. Many of the boys do enter puberty but rarely 
progress beyond 8  mL testicular volumes so there is a lack of 
consonance between the genital and pubic hair stages and small 
testes [149]. Other causes in boys include anorchia, torsion or 
infection.
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Management of disordered puberty includes any variant of 
normal pubertal development (Table 11.1).

Precocious puberty

Precocious puberty is categorized as central, which is physiologi-
cally the same as normal puberty with early activation of the 
hypothalamo-pituitary-gonadal (HPG) axis and peripheral, in 
which the sex steroid stimulation of development has a source 
other than the HPG axis.

Central precocious puberty
Precocious puberty is the onset of secondary sexual development 
before the normal age range [1]. The early activation of the HPG 
axis characteristic of central precocious puberty (CPP) results in 
gonadotropin-mediated gonadal activation leading to develop-
ment of secondary sexual characteristics. Therapy, which involves 
interference with the episodic stimulation of the pituitary by 
gonadotropin-releasing hormone (GnRH) by continuously ele-
vating concentrations of GnRH analog (GnRHa), should be con-
sidered after CPP has been differentiated from peripheral 
precocious puberty. Before deciding if treatment is warranted, 
distinction must be made between early progressive, non-
progressive and normal puberty because the latter entities do not 
warrant treatment [2]. Pelvic ultrasound, including ovarian and 
uterine size, may be used as an aid in differentiating CPP.

General considerations of treatment
Once the most compelling clinical criterion for verifying CPP 
[premature breast development in girls (Fig. 11.1) and increase 
of testicular size in boys (Fig. 11.2)] is documented, it must be 
considered that not every child diagnosed requires treatment but 
only those with evidence of progression. GnRHa therapy should 

prevent unwanted consequences of CPP, which include progres-
sion of physical changes, menstruation, the psychological impact 
of being physically more developed and taller than peers during 
childhood and diminished adult height. One factor in deciding 
whether or not to treat is to prevent loss of growth potential or 
to attempt to reclaim lost growth potential as indicated by a 
skeletal age which is excessive in relation to height [3]. Even 
though psychosexual development is generally consistent with 
age rather than physical maturity among children with preco-
cious puberty, withdrawal behavior, anxiety, depression and 
somatic complaints may occur. Hence, therapy to preclude or 
ameliorate psychological problems is rarely the primary indica-
tion for therapy although enabling the child to experience 
pubertal changes at a similar age to peers is often a major 
consideration.

GnRHa therapy should therefore be considered when the 
natural history is leading to undesired consequences. Among 
families with a history of precocious puberty and normal adult 
height, as well as those with slowly progressive puberty, GnRHa 
therapy is generally not indicated.

Criteria for the diagnosis of progressive CPP and treatment 
include:
1 Documentation of pubertal gonadotropin secretion, either 
with basal concentrations above the prepubertal range using a 
third generation assay or a pubertal response to GnRH or GnRHa 
stimulation testing;
2 Documented acceleration of growth velocity;
3 An accelerating rate of skeletal age maturity or signifi cantly 
advanced skeletal age;
4 Progression of early pubertal development; and
5 A need expressed by the parents or child to halt and delay 
further pubertal development. Parents need to comprehend what 
is being proposed and why and what treatment involves.

GnRHa is the only effective therapy for progressive CPP [4]. A 
decision not to treat may be reached if the child and parents agree 
that the extent of early puberty does not merit interruption. If 
height, growth rate and skeletal maturity all indicate that target 
height is likely to be realized without therapy, therapy is not 
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Table 11.1 Forms of disordered puberty for treatment consideration.

1 Precocious and early puberty
(a) Central (GnRH-dependent) precocious puberty
 (i) Early maturation of the HP axis, formerly called “true precocious puberty”
 (ii)  Progressive precocious puberty, which may be idiopathic, the consequence of CNS abnormality, secondary to chronic exposure to sex steroids and may be 

reversible if increased intracranial pressure is relieved
(b) Peripheral (GnRH-independent) precocious puberty
 (i) Resulting from hormonal stimulation from other than the HP axis, formerly called “precocious pseudopuberty”
 (ii) Numerous etiologies include genetic mutations such as LH-receptor-activating mutations, McCune–Albright syndrome and steroid producing tumors
 (iii) Partial forms are associated with primary hypothyroidism, exogenous hormones and autonomous functional ovarian cysts
(c) Partial forms of precocious puberty
 (i) Premature thelarche – may progress to CPP
 (ii) Premature pubarche, commonly a consequence of premature adrenarche (peripubertal increased adrenal androgen secretion)

2 Delay or lack of pubertal development
(a) May occur with the potential for normal puberty
 (i) Constitutional delay – may be treated temporarily
 (ii) Chronic systemic illness, other endocrinopathies, drug abuse, excessive energy expenditure, associated with malnutrition and psychiatric illness:
  therapy aimed at correction of underlying problem
  response to sex steroid therapy may be limited unless underlying condition under control
(b) Permanent defect with gonadal failure – hypergonadotropism
 (i) May be associated with numerous syndromes and genetic mutations or acquired
 (ii) Sex steroid therapy to stimulate physical pubertal development:
  titered doses to mimic gradual rise with puberty to full replacement doses
 (iii) Fertility generally not possible except among those with viable germ cells that may be retrieved using assisted fertility techniques:
  Females with uterine development may carry pregnancy using donated ova. Attempts should fully consider risks, such as cardiovascular risks in Turner syndrome
(c) Hypogonadotropic hypogonadism
 (i) Associated with hypothalamic and pituitary disorders and syndromes
 (ii) Physical puberty development can be stimulated with:
  sex steroids, gradually increasing doses to full adult replacement
  GnRH intermittent therapy or gonadotropin therapy can stimulate gonadal sex steroid response among those with adequate gonadal potential
 (iii) Fertility may be possible, such therapy limited to point of desired parenthood:
  among males with long-term gonadotropin stimulation of sperm maturation among those with adequate spermatogonia
  among females, with ovulation induction therapy

3 Inappropriate development for sex of individual
(a) Formerly called heterosexual pubertal development
(b) May occur early, at normal pubertal age, or late
(c) Among males, primary manifestation is gynecomastia
 (i) Underlying abnormality, including hypogonadism, drugs, systemic illness, must be ruled out
 (ii) If therapy required, defi nitive therapy is surgical
 (iii) Pharmacologic therapy partially effective
(d) Among females, hyperandrogenism
 (i) May manifest with acne, hirsutism, lack of menses, clitoromegaly
 (ii) Consequence of excessive ovarian or adrenal androgens
 (iii) Adrenal causes including CAH treated with glucocorticoid suppression and tumors treated with surgical resection if possible
 (iv) Ovarian hyperandrogen – PCOS treated with estrogen–progesterone suppression; rare causes: teratoma, arrhenoblastoma

CAH, congenital adrenal hyperplasia; CPP, central precocious puberty; GnRH, gonadotropin releasing hormone; HP, hypothalamic-pituitary; LH, luteinizing hormone; PCOS, 
polycystic ovarian syndrome.

indicated. A height prediction >155  cm in girls is evidence of a 
slowly progressing form of early puberty with preservation of 
adult height [5]. Such patients grow normally and progress slowly 
through puberty with early menarche.

When CPP results from a CNS abnormality that will be treated 
but, in most instances, the disruption of the inhibitory infl uences 

upon the hypothalamus resulting in pubertal hormone secretion 
is not reversible. Among those who have CPP as a consequence 
of successful treatment of malignancies, particularly leukemia, 
management involves monitoring patients for tumor recurrence, 
for the increased risk of developing concomitant growth hormone 
defi ciency and subsequent gonadal failure.
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(a) (b)

Figure 11.2 Precocious puberty in males: (a) 7-
year-old with central precocious puberty; (b) 3-year-
old with activating LH-receptor mutation 
(male-limited gonadotropin independent precocious 
puberty); (c) 6-year-old with 21-hydroxylase 
congenital adrenal hyperplasia; (d) 11-year-old with 
Leydig cell tumor.

(a)

(b)

(c)

(d)

Figure 11.1 Early pubertal changes in girls: (a) 6-year-old with central precocious 
puberty; (b) 5-year-old female with premature pubarche.
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GnRHa options
There are several synthetic decapeptides with amino acid substi-
tutions of GnRH available for therapy. Different analogs have 
different effi cacy and hence different regimens. Rapid acting for-
mulations are listed in Table 11.2 and depots in Table 11.3. Depot 
formulations are generally preferred because they provide sus-
tained suppression with decreased frequency of administration 
providing more assurance of compliance. Formulations used in 
CPP include injectable leuprolide depot and triptorelin, effective 
when administered subcutaneously or intramuscularly and 
implantable histrelin. The implant is effective for at least a 
year [6], while depot injections can be used at 4 or 12-week 
intervals.

While depot injections of leuprolide acetate are only approved 
for every 28 days by the Food and Drug Administration (FDA) in 
the USA, studies have been reported for 3-month formulations. 
The subcutaneous implantation of histrelin acetate may be effec-
tive for several years and a single placement will potentially be 
adequate for the entire therapeutic course [7]. Short-acting daily 
subcutaneous injections of aqueous leuprolide acetate are effec-
tive when given in adequate doses and the nasal spray is effective 
when applied twice daily.

GnRHa regimen
There is no consensus concerning the degree of gonadotropin 
suppression for the best treatment of CPP. It can be argued that 
suppression of gonadotropins into the normal range of childhood 
rather than into the hypogonadotric range is more physiologic 
and benefi cial. Such benefi t may induce a prepubertal growth rate 
while not creating a hypogonadotropic status which may impact 
the gonad and other systems in the prepubertal child, especially 
growth hormone secretion, but it is very diffi cult to monitor 
therapy to attain such an endpoint.

Further, because of the stimulatory property of GnRHa, 
unless there is constant downregulation, inadequate doses may be 
accompanied by intermittent stimulation of gonadotropin release. 
Thus, most patients are markedly suppressed, particularly those 
with an implant, so they do not risk inadequate therapy. Full 
suppression of gonadotropin secretion is the best method of veri-
fying that intermittent stimulation will not occur and requires 
less frequent monitoring. Gonadotropin secretion is then below 
that characteristic of prepubertal status.

As noted in Table 11.3, recommended doses for the depot form 
of leuprolide differ and products are packaged differently in dif-
ferent countries: depot Lupron is supplied for pediatric use in 
quantities of 7.5, 11.25 or 15  mg in the USA, 1.88 and 3.75  mg in 
Japan and 3.75  mg in Europe. Recommended doses in the USA 
are weight-based: 7.5  mg designed for those weighing <25  kg, 
11.25  mg for those weighing more up to 37.5  kg and 15.0  mg 
being the recommended doses for those >50  kg. Rarely is there 
evidence of lack of suppression using the US recommended 
doses.

In Japan, the initial dose recommended is 30  μg/kg/4 weeks, 
increasing to 90  μg/kg/4 weeks to achieve suppression because 
many patients are not suppressed on the lowest doses. It is likely 
that the US doses are excessive while doses in Japan and Europe 
are adequate for a signifi cant proportion of patients. While there 
may be racial and/or ethnic differences, it is likely that ideal doses 
are somewhere between these recommendations. Higher doses in 
the USA continue to be used partly because suppression is virtu-
ally assured and partly because much less monitoring is necessary 
at a time of limited medical resources. There appears to be no 
increased risk with excessive doses. When doses are increased, it 
is common to increase the frequency of administration, for 
example to 3 weeks rather than 4. Limited experience suggests 
that 3-month dosing intervals are effective.

It is possible that an initially larger dose is needed for suppres-
sion with lower doses required for maintenance. Switching 
patients to a 3-month formulation may be appropriate, reducing 
the number of injections and the intensity of medical care. Trip-
torelin 11.25  mg depot injection 3-monthly is adequate to sup-
press the pituitary-gonadal axes in most children with CPP [8] 
and give results comparable to monthly triptorelin depot injec-
tions [9]. Long-acting goserelin 10.8  mg depot injections at 3-
month intervals showed adequate gonadotropin suppression in a 
majority of patients, although a subset of study patients had less 
inhibition before 3 months [10].

Table 11.2 Rapid acting formulations of gonadotropin releasing hormone 
analog (GnRHa).

Administration GnRHa Starting dose

Subcutaneous Leuprolide acetate 50  μg/kg/day
Buserelin 1200–1800  μg/day
Histrelin 8–10  μg/kg/day
Deslorelin 4–8  μg/kg/day
Triptorelin 20–40  μg/kg/day

Nasal spray Nafarelin acetate 1600  μg/day
Buserelin 20–40  μg/kg/day

Table 11.3 Depot gonadotropin releasing hormone analog (GnRHa) 
formulations [4,49,50].

Depot preps Brand name Starting dose

Goserelin Zoladex LA 3.6  mg every months or
10.8  mg every 3 months

Buserelin Superfact depot 6.3  mg every 2 months

Leuprolide Enantone or Lupron-depot 3.75  mg every months or
11.25  mg every 3 months

Prostap SR 4–8  μg/kg/day
Lupron-depotPed 7.5  mg (0.2–0.3  mg/kg/months) or

11.25  mg every 3 months

Triptorelin Decapeptyl, Gonapeptyl 3 or 3.75  mg every months or
11.25 every 3 months

Histrelin Supprelin LA 50  mg implant every year
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A direct comparison of three depot leuprolide doses (7.5  mg 
monthly, 3.75  mg monthly and 11.25  mg every 3 months) found 
signifi cantly higher stimulated gonadotropin concentrations 
among those treated with 3.75  mg monthly or 11.25  mg every 3 
months [11], while changes in gonadotropin concentrations did 
not correlate with those in sex steroid measurements or pubertal 
progression. Even though the use of every 3-month dosing of 
GnRHa is increasing, further dosing studies are needed.

For effective therapy, suppression of the HPG axis should 
occur within 2 weeks. Implantation of a 50-mg histrelin acetate 
implant designed to deliver 65  μg/day is followed by such sup-
pression. Suppression was found to be greater among patients 
previously suppressed with depot leuprolide [6]. With this prepa-
ration, therapy involves complete suppression and using lower 
doses is not possible.

Monitoring GnRHa therapy
Individual monitoring of the effi cacy of GnRHa is needed to 
ensure that goals of therapy are being met and to exclude incom-
plete suppression of the HPG axis, which can exacerbate CPP by 
intermittent stimulation of luteinizing hormone (LH) and follicle 
stimulating hormone (FSH) release. The initial indicator of ade-
quacy of suppression is basal or stimulated LH concentrations, 
together with use of sensitive steroid assays for estradiol in girls 
or testosterone in boys, if available.

When suppression based on basal LH concentrations below the 
pubertal range using a third generation assay with defi ned stan-
dards occurs, GnRH or GnRHa stimulation testing is not neces-
sary. Measurement of FSH is unnecessary because measurement 
of LH is more reliable. GnRH stimulation with concentrations of 
LH at 20 and 40  min below the pubertal response ranges is indica-
tive of suppression. Although the peak response occurs later, sub-
cutaneous GnRHa at a standard doses (20  μg/kg) produces a 
signifi cantly lower 30-min response in the suppressed than the 
pubertal or non-suppressed patient. Suppression can be moni-
tored among those receiving leuprolide acetate IM therapy by 
measuring LH concentration at 30–60  min after receiving their 
therapeutic dose [12].

Estradiol measurements in girls are generally unnecessary to 
verify suppression and basal concentrations are less helpful 
because of limits of most available assays but concentrations 24  h 
after GnRH or GnRHa stimulation can be used to demonstrate 
suppression. Basal testosterone concentrations in boys verify sup-
pression without gonadotropin concentrations when below the 
usual limits of detection (<15  ng/dL). When higher concentra-
tions are found, estimation of adrenal androgens using dehydro-
epiandrosterone sulfate (DHEAS) may be helpful.

Long-term suppression can be verifi ed clinically by lack of 
progression or regression of physical sexual characteristics. Mon-
itoring at 4 or 6-monthly intervals includes history of changes, 
including vaginal bleeding in girls and observed morning erec-
tions in boys; height, weight, growth velocity, body mass index 
(BMI), Tanner stages and testicular volumes, which may be static 
or regress, are also recorded. Sexual hair development, and hence 

Tanner pubic hair staging, may advance slowly from increasing 
adrenal androgen secretion. This can be verifi ed by the value or 
relative increase of DHEAS concentrations and the profi le of 
androstenedione and testosterone.

Skeletal maturity is monitored after 6 months of therapy and 
thereafter annually. Deceleration, which may not be apparent at 
6 months, should occur thereafter. Skeletal age should progress 
at an annual rate of 12 months per year until skeletal age associ-
ated with puberty is attained (approximately 10.5–11 years for 
females and 12.5 for boys). After this concentration of maturity, 
advancement should be very slow in the absence of sex steroids. 
Whenever skeletal age is checked, projected adult height can be 
determined to track changes with therapy. For the patient started 
on treatment before growth potential was lost, expected adult 
height should be within the target height range. For the child with 
loss of growth potential due to skeletal age being advanced beyond 
concomitant height, therapy should result in gradual increase in 
growth potential.

Changes in weight and body composition are not helpful in 
monitoring adequacy of therapy, although there is a shift in body 
composition toward relatively less lean body mass and more fat 
tissue during therapy, as is characteristic of childhood and 
expected as a consequence of decreasing the sex steroid concen-
trations. Children with precocious puberty typically have 
increased weight for age, related to sex steroid effects causing an 
increase in lean body mass. Approximately 25% of girls have 
increased BMI at presentation with early puberty, although the 
relative relationship to early puberty or the current increased 
incidence of childhood obesity is unclear. During and after 
therapy, mean BMI does not further increase and usually decreases 
into the normal range [13,14].

Growth rate should decelerate to an average childhood rate if 
bone age is prepubertal. Rate of skeletal maturity with suppres-
sion slows to that expected with removal of the sex steroid stimu-
lus. If the skeletal age is pubertal, growth rate continues to slow 
to <5  cm/year. Among those with advanced skeletal age approach-
ing epiphyseal fusion, growth rates become very slow.

Discontinuation of therapy
The decision to discontinue therapy should include consideration 
of chronologic age, skeletal age, height, growth rate, psychological 
profi le and the patient’s and family’s desires. This decision should 
be individualized. Discontinuation should be discussed when the 
age of puberty has been reached, when data suggest that adult 
height will be normal or when growth rate is so slow that poten-
tial for further growth is limited. If emotional maturity or attained 
height is an issue, discontinuation can be earlier or later.

Long-term outcome of GnRHa therapy
Long-term experience has shown GnRHa to be effective and safe. 
The available data suggest that gonadal function in both sexes 
treated with GnRHa is not different after cessation of therapy and 
completion of puberty than the general population [15,16]. Sug-
gestions of increased BMI as a consequence of GnRHa therapy 
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have not been substantiated in a population in which obesity is 
prevalent [14]. Bone mineral density during GnRHa treatment 
may be slowed but bone mass accumulation after cessation of 
therapy occurs similar to peers, indicating that GnRHa therapy 
at this age results in no overall negative effect [17,18]. Available 
evidence suggests that adults who were treated with GnRHa for 
CPP have normal fertility [19].

Peripheral precocious puberty
Treatment of peripheral precocious puberty (PPP), the conse-
quence of sex steroid stimulation from causes other than early 
activation of the HPG axis, is considerably more challenging 
than treatment of CPP: there is no clearly effective treatment. 
GnRHa are ineffective but, as a consequence of continued expo-
sure to progression, PPP may lead to activation of the HPG 
axis resulting in CPP. When this occurs, GnRHa should be 
considered.

If PPP is a consequence of a treatable underlying defect, therapy 
initially involves treatment of that defect. Examples include resec-
tion of tumors, such as Leydig cell tumors of the testes, and glu-
cocorticoid treatment of congenital adrenal hyperplasia (CAH). 
Androgen excess in untreated or inadequately treated classic or 
non-classic CAH in males and females resulting in PPP should be 
treated to enhance fertility, maximize growth potential and, 
among females, avoid secondary ovarian hyperandrogenism. 
Although effi cacy has not been verifi ed, growth hormone or aro-
matase inhibitors (AIs) are being used to stimulate linear growth. 
If secondary CPP has occurred, GnRHa therapy is indicated.

A variant of early puberty that can be included as a form of 
PPP is primary hypothyroidism associated with pubertal changes, 
breast development in girls and testicular enlargement in boys. 
Treatment with thyroxine alone is suffi cient to reverse pubertal 
changes. The pituitary thyrotrope hyperplasia presenting with 
increased sellar volume will regress and requires no specifi c 
therapy.

Functional ovarian cysts may stimulate breast development 
and, after fl uctuating concentrations, withdrawal vaginal 
bleeding. The cysts should be identifi ed and followed using ultra-
sound. Because spontaneous regression is expected within weeks, 
no other therapy is indicated unless surgical intervention is 
needed because the cyst is so large that torsion or rupture may 
occur.

McCune–Albright syndrome
McCune–Albright syndrome (MAS) is a consequence of an acti-
vating mutation in exon 8 of the gene encoding Gsα (GNAS), at 
the codon for Arg201. Constitutive ligand-free activation of affected 
cells in the ovary results in fl uctuating autonomous estradiol 
secretion [20]. Endocrinopathies are just one part of the syn-
drome, most frequently precocious puberty, and, together with 
fi brous dysplasia of the bone and café-au-lait skin pigmentation, 
form the classic triad (Plate 11.1) [21]. Treatment involves block-
ing the estrogen effect to ameliorate pubertal progression and 
slow skeletal maturation to preserve adult stature.

Treatment in girls
Most treatments of MAS are only partially effective. Medroxypro-
gesterone has most frequently been used: it stopped vaginal bleed-
ing but had no effect on skeletal maturation [22] and bone lesions. 
Ketoconazole, a P450 cytochrome inhibitor may decrease estro-
gen effect [23] but decreased cortisol production or caused hepa-
totoxicity [24].

AI, compounds that attach to the cytochrome P450 portion of 
the aromatase enzyme and prevent conversion of androgens to 
estrogens reducing the serum concentrations of estrogens, are 
being tried. A fi rst generation AI, testolactone, trial suggested 
positive results [25] but a larger trial among girls did not consis-
tently show cessation of vaginal bleeding, delay skeletal matura-
tion or improve growth parameters [26]. A second generation AI, 
fadrozole, was ineffective and caused adrenal suppression [27]. A 
potent third generation AI, letrozole, slowed skeletal maturation 
but ovarian volumes increased [28]. Another third generation AI, 
anastrozole, failed to halt vaginal bleeding or slow skeletal matu-
ration rates [29].

The selective estrogen receptor modulator, tamoxifen, stops 
pubertal progression [30] but is associated with unexplained 
uterine volume increase [31]. A pure estrogen receptor antago-
nist, fulvestrant, is currently being investigated for effi cacy. 
Hence, there is presently no effective and safe treatment for PPP 
in girls with MAS.

Laparoscopic cystectomy is temporarily effective [32] but 
should be reserved for extreme cases of signifi cant abdominal 
pain or risk of ovarian torsion. Surgical removal of the affected 
ovary is not a treatment option because fertility is possible and 
recurrence of hyperfunctioning cysts in the contralateral ovary is 
common [33]. As with other forms of PPP, progression to sec-
ondary CPP occurs. After this HPG activation, addition of GnRHa 
is benefi cial [34].

Treatment in boys
MAS is less frequent in boys than in girls and tends to present at 
an older age, usually with enlarged testes and pubertal testoster-
one concentrations [35]. Current treatment options aim to slow 
precocious puberty and preserve adult stature and include com-
binations of AIs and an antiandrogen; testolactone and spirono-
lactone effectively decreased skeletal maturation rates, thereby 
increasing adult height predictions [36].

Familial male-limited precocious puberty
Previously called testotoxicosis, familial male-limited precocious 
puberty (FMPP) results from an activating mutation of the LH 
receptor in males stimulating increased serum testosterone con-
centrations independently of gonadotropin secretion. This form 
of PPP may become manifest by 2 years of age (Fig. 11.2b). 
Therapy may impact the condition but none is completely effec-
tive. Ketoconazole, AIs such as testolactone, and spironolactone 
have been used together with GnRHa when secondary CPP occurs 
[37,38]. Ketoconazole is frequently associated with decreased tes-
tosterone, partial regression and good growth. Initial dosage is 
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often 200  mg/day with increases to total doses up to 800  mg 
without morbidity. Testosterone, cortisol and liver function tests 
should be monitored in the morning at intervals of at least every 
6 months. Treatment with the non-steroidal antiandrogen, 
bicalutamide, and the third generation AI, anastrozole, decreased 
growth velocity and skeletal maturation [39].

Treatment of gonadal tumors
Pediatric gonadal tumors are rare. Ovarian tumors include dys-
germinomas secreting chorionic gonadotropin and granulosa cell 
and lipoid cell tumors secreting estrogens or androgens. Tumors 
of the adrenal cortex, either adenoma or carcinoma, cause puber-
tal changes in girls refl ecting the magnitude and duration of 
androgen or estrogen secretion. Among boys, autonomous 
androgen secretion may result from Leydig cell tumors or 
androgen-secreting adrenal tumors that may be associated with 
glucocorticoid excess. Activating mutations of the LH receptor 
may cause Leydig cell tumors [40]. Rarely, tumors may secrete 
inappropriate sex steroids for the sex of the child, causing femi-
nization in boys or masculinization among girls. If such tumors 
are untreated for long periods of time, secondary CPP may occur 
for which GnRHa therapy is the treatment of choice. Surgical 
resection of tumors is the treatment of choice.

Chorionic gonadotropin-producing tumors in males originat-
ing in the testes or liver may be associated with precocious 
puberty, treatment being that indicated for the tumor.

Delayed puberty

Therapy for pubertal delay may be appropriate before it can be 
determined whether the delay is caused by temporary or perma-
nent lack of function of the HPG axis. When an underlying cause 
of the delay is identifi ed, the cause, such as systemic illness, exces-
sive physical activity, limitation of nutrition intake or weight loss, 
should be treated. If resolution occurs, puberty usually follows. 
Sex steroid therapy may be used if the underlying condition 
cannot be effectively treated or if the patient is beyond the age of 
normal puberty.

While assessment can identify hypergonadotropic hypogonad-
ism, differentiating constitutional delay of puberty (Fig. 11.3a) 
from hypogonadotropic hypogonadism is not possible until the 
patient is old enough to demonstrate permanent failure to secrete 
gonadotropins. Constitutional delay is more frequent in males 
than females [41], with the majority of boys with pubertal delay 
having this condition.

Therapy with sex steroids should begin if there are no signs of 
puberty by age 14 in boys and 13 in girls in order to induce physi-
cal pubertal changes, accelerate growth and improve bone mineral 
density in an age and gender-appropriate fashion. Initial doses 
should be low to avoid unwanted side effects (e.g. unpleasant 
dreams and unwanted erections in boys, nausea in girls and mood 
changes in both) and rapid skeletal maturation, with gradual 

increases of doses as needed to stimulate pubertal maturation at 
a normal pace to eventual adult replacement.

Therapy should be interrupted at least twice a year to allow 
assessment of endogenous sex steroid and gonadotropin secre-
tion. LH, FSH and estradiol or testosterone should be measured 
after exogenous hormones have been metabolized and endoge-
nous secretion resumed, which may take 2 months off therapy, 
particularly if depot injections have been used. If pubertal con-
centrations of sex steroids and gonadotropins are found, this 
indicates the onset of puberty and excludes permanent hypogo-
nadotropism. Therapy can be discontinued or, if concentrations 
are still low enough so that puberty does not progress (e.g. tes-
tosterone <275  ng/dL, <10  nmol/L), be continued for a further 
4–6 months until another interruption. There is no evidence of 
detrimental effect on subsequent health or reproductive function 
after use of sex steroids to stimulate pubertal development.

Among patients with permanent hypogonadism, whether 
because of gonadotropin defi ciency or gonadal failure (e.g. 
Klinefelter syndrome; Fig. 11.3b), it is important to use regimens 
adequate to maintain a eugonadal state for general and sexual 
health.

Males
Delay of puberty may be benefi cial in a child who is neither 
emotionally nor socially ready for puberty or if short stature is 
greater than appropriate for the delay of skeletal age but, for the 
majority presenting with lack of development and testicular 
volume <4  mL by age 14, therapy is appropriate. When there are 
early signs of puberty indicating a high probability of constitu-
tional delay, the patient should be given the choice of therapy or 
waiting for spontaneous development.

Testosterone preparations (Table 11.4) are designed to provide 
for adult testosterone replacement. Initial therapy to induce 
puberty commonly involves testosterone enanthate or cypionate 
50  mg IM every 4 weeks. A dose of 25  mg may be appropriate if 
there is concern about lack of previous androgen exposure and 
75  mg can be used if early changes are present and the patient is 
anxious for progression.

(a) (b)

Figure 11.3 Males with delayed or incomplete pubertal development: (a) 14-
year-old boy with delayed puberty; (b) 20-year-old with Klinefelter syndrome, 
small testes and scant pubic hair.
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Pubertal changes with genital and sexual hair growth and an 
increase in linear growth rate should be monitored but because 
only gonadotropin, particularly FSH, stimulates testicular growth, 
an increase in volume is evidence of pubertal gonadotropin 
secretion.

If a second course of therapy is needed or when hypogonadism 
is permanent, the dosage can be increased by 25–50  mg at 6–12 
month intervals over 2.5–4 years to the full adult replacement 
(equivalent of 100  mg/week). Administration at 4 or even 3 week 
intervals results in low circulating concentrations after 2 weeks 
after peak concentrations at day 3–9. Dosage can be increased by 
increasing the frequency of injections, rather than increasing the 
quantity. Intervals may be decreased to every 3 weeks and eventu-
ally to the appropriate interval for adult replacement (200  mg 
every 2 weeks or 100  mg/week). When adult dosage levels are 
reached, the preparation can be changed to the transdermal 
route.

Normal adult gonadotropin secretion may occur very late, 
even into the third decade of life. Patients diagnosed during child-
hood with panhypopituitarism and the rare patient with hypogo-
nadotropic hypogonadism may acquire a eugonadal state after 
treatment with testosterone [42]. Such patients should be aware 
of the possibility of fertility. An increase in testicular volume 
during testosterone treatment merits a trial off therapy.

Gel and skin patches have been used to induce puberty but are 
not recommended because doses for induction of puberty have 
not been determined and preparations are designed to provide 
full adult replacement. Disadvantages of testosterone therapy 

include the need for injections which is why lower dose transder-
mal forms would be desirable. Side effects of excessive doses 
include priaprism and fl uid retention manifest by weight gain and 
ankle swelling. The skin patch also contains absorption enhancers 
that may cause pruritus or erythema at the application site.

Therapy should be monitored at 4–6 month intervals. An 
increase in testicular volume is an indication of gonadotropin 
secretion. Measuring testosterone concentrations is unhelpful: 
adequacy of treatment can be judged only by physical examina-
tion. If the gel or patch were used, testosterone concentrations 
can be measured after 2–3 weeks of therapy and be used to guide 
dosage adjustment. Monitoring concentrations can be in morning 
if the gel or patch is applied at bedtime. Doses are gradually 
increased so that eventually adult circulating concentrations are 
attained.

If short stature is an issue because of diminished predicted 
adult height in relation to target height, aromatase inhibitors are 
being used concomitantly with testosterone with the goal of 
slowing skeletal maturation while allowing more time for linear 
growth [43]. Studies with measured adult heights may confi rm 
the usefulness of AIs as adjunctive therapy [44]. Growth hormone 
has also been used for idiopathic short stature.

For the patient with known hypogonadotropic hypogonadism, 
human chorionic gonadotropin (hCG) can be used to stimulate 
testosterone production, thereby stimulating pubertal changes. 
With this therapy there is also increase in testicular volume, 
although there is no evidence that such therapy increases the 
likelihood of spermatogenesis over that attained with gonadotro-
pin therapy later when fertility is desired. Because such therapy 
has to be administered at least every other day (at doses ranging 
200–500 units), this modality is seldom used. It results in a dis-
proportionate increase in estradiol production, which accelerates 
skeletal maturation and may cause gynecomastia.

When paternity is desired, gonadotropins can be given to 
stimulate spermatogenesis, beginning with hCG with later addi-
tion of human menopausal gonadotropin (hMG). Testes are more 
likely to function if their volume is >4  mL and in patients who 
do not have congenital hypogonadotropism. Because 3 months 
are required for maturity of sperm, many months of therapy are 
needed to attain a sperm density adequate for insemination. 
Assisted fertility can be used by taking sperm from the ejaculate; 
when oligospermia is present or if azoospermia persists after 
stimulation, germ cells can be taken from the testis without 
gonadotropin. Episodic delivery of GnRH stimulates pituitary 
gonadotropin secretion but this is time-consuming and compli-
cated and should probably only be carried out as part of research 
studies.

Females
Therapy with estrogen causes development of pubertal physical 
characteristics and growth acceleration, all of which are moni-
tored. In patients with Turner syndrome, height is a factor in 
determining the age of introduction of estrogen therapy, aiming 
for a balance between attaining greater height-for-age before the 

Table 11.4 Testosterone preparations.

Oral
Unmodifi ed testosterone (rapidly metabolized)
17α-alkylated – hepatotoxic
Undecanoate – 17β-ester, variability in absorption, frequent dosing
Oxandrolone – non-aromatizible, too weak for replacement therapy

Transdermal
Scrotal patch – good absorption into tissue with high concentrations of 5α-

reducatase, daily application leads to stable concentrations of T, DHT & E2

Skin patch – supplied in 2.5 and 5  g patches that deliver 12.2 and 24.3  mg 
testosterone; contains enhancers to skin passage, skin irritation for enhancer 
frequent

Gel packets and pumps – hydroalcoholic gel packets to deliver 25 and 50  mg 
from 2.5 and 5.0  g packets, each pump should deliver 12.5  mg, attains 
physiologic concentrations of T, DHT & E2 into lower, middle and upper 
physiologic range

Injectable
Enanthate or cypionate
Indistinguishable from each other. Approximately 200–250  mg every 2 weeks 

leads to virtually physiologic concentrations of T with peaks slightly above the 
upper limit of normal and nadirs slightly below the lower limit of normal

DHT, dihydrotestosterone; E2, estradiol; T, testosterone.
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onset of therapy and growth stimulation that follows estrogen 
and growth hormone therapy. Estrogen therapy used to be 
delayed to improve adult height but early administration of 
physiologic doses of estrogen do not to have detrimental effects 
on adult heights in Turner girls simultaneously treated with 
growth hormone [45,46].

When the diagnosis of hypogonadism is known, therapy is 
begun between ages 10.5 and 12 years. Although constitutional 
delay of puberty is less common in girls, development is not 
considered to be delayed until 13 years of age. Therapy can be 
begun as soon as delay is documented. Causes of delay include 
chronic diseases (e.g. cystic fi brosis), anorexia nervosa and other 
disorders of nutrition and energy expenditure, including the ado-
lescent triad of amenorrhea, osteoporosis and disordered eating 
characteristic of some girls who participate excessively in sports 
and fi tness training. The underlying conditions must be treated, 
with those involving food intake and exercise expenditure requir-
ing a multidisciplinary approach, before hormone replacement 
therapy is attempted. With resolution of the underlying condi-
tion, puberty may proceed spontaneously. Without amelioration 
of the underlying problem, therapy can be tried but there is often 
minimal response to treatment.

Hormone replacement therapies (Table 11.5) are designed for 
adults, with a lack of preparations appropriate for initiating 
pubertal change. Estradiol can be given orally or transdermally. 
Commonly available initial doses include 0.3  mg conjugated 
estrogens or 5  μg ethinyl estradiol orally every other day or trans-
dermal estrogen at 12.5–25  μg/day or 25  μg twice weekly. The 
dosing equivalents of various estrogen preparations vary 
signifi cantly: 0.1  mg transdermal 17β-estradiol equates to 2  mg 
oral 17β-estradiol, 20  μg oral ethinyl estradiol or 1.25  mg oral 
conjugated estrogen. Transdermal patches have been used 
overnight.

Beginning therapy with such dosage stimulates the prolifera-
tion of the endometrium. While the response varies, a progesta-
gen should be added after a year of therapy, after substantial 
breast development or after breakthrough bleeding has occurred. 
At this point, estrogen and progesterone regimens can be given 
separately, adding progesterone for 10–12 days of each monthly 
cycle, or as combination estrogen-progesterone preparations. 
The latter (effectively oral contraception) should be used with 
forethought because of the psychological effects of giving such 
medication to patients who are destined to be infertile. Once 
withdrawal bleeding has been established, an option is to admin-
ister replacement therapy allowing withdrawal bleeding as infre-
quently as 3–4 times a year if the patient desires less frequent 
menses.

Doses are increased at 6–12 month intervals to attain full adult 
replacement by 3–4 years. While the dosage needed to attain and 
maintain adult normal bone mineral density is unknown, it 
would appear to be greater than that needed to maintain female 
sexual and physical characteristics, including appropriate with-
drawal bleeding. Full replacement doses are generally considered 
to be 0.625  mg for conjugated estrogen and 20  μg for ethinyl 

estradiol, 5–10  mg medroxyprogesterone or 200–400  mg micron-
ized progesterone.

While constitutional delay is more uncommon among females 
than males, ovulatory cycles may not become manifest until late 
in the teenage years. Hence, discontinuing therapy for intervals 
up to 4 months should be considered unless a diagnosis of hypo-
gonadism is clear. Hormonal assessment or spontaneous menses 
may verify normal ovarian function.

Among patients with hyper- or hypogonadotropic hypogonad-
ism and a developed uterus, fertility may be possible using 
donated ova. In those with ovarian follicles, stimulation with 
gonadotropins may lead to ovulation and fertility.

Table 11.5 Estrogen preparations.

Oral
Conjugated estrogens: supplied as 0.3, 0.45. 0.625, 0.9 or 1.25  mg tablets. 

15  mg/day appears to be within range for pubertal induction, greater doses 
resulting in excessive skeletal age advance

Ethinyl estradiol: supplied as 10, 20 or 50  μg tablets
Estradiol tablets: supplied as 0.5, 1 or 2  mg micronized estradiol

Transdermal
Estradiol patches: supplied as 0.014, 0.025, 0.037.5, 0.050, 0.060, 0.075 or 

0.100  mg/day patches
Alora®, Estraderm® & Vivelle-Dot® require 1 patch 2x per week; Climara®, 

Menostar® & generic require 1 patch per week
Estradiol gels
Divigel® supplied as 0.25, 0.50 or 1  g packets of 0.1% gel, 1  g of gel provides 

1  mg estradiol
Estrasorb® supplied as 1.7  g packets, 3.48  g emulsion provides 0.05  mg estradiol

Oral combination therapy
Monthly preparations (monthly bleeding)
Low doses preparations can deliver as little as 0.020  mg/day estrogen with 

various available doses and variation of progestagens
Typical dosing preparations usually range 20–50  μg estrogen with various 

available doses and variations of progestagens
Ninety day preparations (infrequent bleeding)
Seasonale® & Seasonique® both deliver 0.030  mg ethinyl estradiol and 0.150  mg 

levonorgestrel per tablet for 84 days, followed by 7 inert tablets or 7 tablets 
with 0.010  mg ethinyl estradiol, respectively

Dermal combination therapy
Low dosing
Ortho Evra® delivers 0.020  mg estradiol and 0.150  mg norelgestromin per day; 

1 patch per week
Typical dosing
Combipatch® delivers 0.050  mg estradiol and 0.140 or 0.250  mg norethindrone 

per day; 1 patch 2x week
Climara Pro® delivers 0.045  mg estradiol and 0.015  mg levonnorgestrol per day; 

1 patch per week

Injectable
Estradiol
Cypionate: induction dose = 0.2  mg/month, adult dose = ∼2.5  mg/month given 

as a monthly injection
Valerate: adult dose = 10–20  mg/month given as a monthly injection
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Treatment of other forms of disordered puberty

Girls with premature thelarche (Plate. 11.1b) require no inter-
ventional therapy, although the management must involve peri-
odic assessment to assure there is not progression to CPP.

Premature pubarche resulting from premature adrenarche is 
usually benign unless it heralds the onset of a progressive andro-
gen disorder, such as polycystic ovarian syndrome, CAH or an 
adrenal neoplasm. The screening test for adrenarche is the mea-
surement of DHEAS to demonstrate concentrations in the early 
adrenarchal or early pubertal ranges. Management should involve 
periodic reassessment at 6-monthly intervals until it is verifi ed 
that adrenal or gonadal androgen secretion is not excessive for 
stage of pubertal development. CAH should be excluded by mea-
surement of 17-hydroxyprogesterone (17-OHP). To assess evi-
dence of ovarian hyperandrogenism, LH, FSH, estradiol and 
testosterone can be monitored.

When gynecomastia is present in a pubertal male, evaluation 
should consider primary hypogonadism, systemic illness, recov-
ery from malnutrition, interfering drugs and, rarely, estrogen-
secreting tumors. When the gynecomastia is determined to be the 
variant of normal puberty but is signifi cant in volume and has 
persisted without evidence of regression for more than 18 months, 
the defi nitive therapy is surgical resection using plastic surgery 
techniques with minimal scarring (Plate 11.2).

Pharmacologic therapy using agents that block estradiol action 
have been tried for pubertal gynecomastia but have not been 
shown to be effective [47]. A randomized double blind placebo-
controlled study of 80 boys demonstrated no benefi t using anas-
trozole, a third generation aromatase inhibitor, over placebo [48]. 
Future pharmacologic agents more effective at lowering estrogens 
in males might prove useful in treatment of gynecomastia.

Patients with Klinefelter syndrome or absent testes should be 
treated early with testosterone in order to prevent development 
or progression of gynaecomastia.

Acne may be a part of normal puberty or related to ovarian 
and/or adrenal androgen secretion. Most common is the develop-
ment of ovarian hyperandrogenism, generally categorized as 
polycystic ovarian syndrome, which presents with hirsutism and 
oligomenorrhea or, less commonly, primary amenorrhea. Ovarian 
cysts may or may not be excessive in size and number. The rela-
tive roles of excessive LH secretion and hyperinsulinism are 
unclear. Treatment for ovarian hyperandrogenism usually 
involves suppression of the hypothalamic-pituitary-ovarian 
axis with combined estrogen and progesterone, sometimes, if 
hyperinsulinism is present, with an insulin sensitizer such as 
metformin.
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Plate 11.1 Early pubertal changes in girls: (a) 1-year-old with McCune–
Albright syndrome with breast development and pigmented stimulated areolae 
and nipples and café-au-lait skin hyperpigmentation; (b) 1-year-old with 
premature thelarche.

Plate 11.2 Surgical removal of gynecomastia in 15-year-old male: (a) breast 
tissue removed through a semicircular incision at the areolar–skin border; (b) 
postoperative hair-line scar barely visible.

Plate 17.1 Macroscopic appearance of an adreno-cortical tumor of orange–tan 
color demarcated by capsule and partly replacing the adrenal gland, surrounded 
by mature adipose tissue. (Courtesy of Dr George Kokai.)



(a) (b)

(a) (b)

Plate 17.2 (a) Histology of encapsulated adreno-cortical tumor (below) next to normal adrenal gland (above). (b) Lobulated tumor showing variety of tumor cell 
population and arrangement ranging from large cells with multilobar nuclei (above) and trabecular pattern of small uniform cells (below). (Courtesy of Dr George Kokai.)

Plate 17.3 Histology of papillary carcinoma: predominantly papillary (a) and clear follicular pattern (b). Note almost entirely uniform tumour cell nuclei show 
characteristic “clearing” and “overlap” – regarded as diagnostic features of papillary thyroid cancer. (Courtesy of Dr George Kokai.)



(a) (b)

Plate 17.4 Capsular and vascular invasion in follicular carcinoma. Arrows point to 
the lumen of a capsular vein plugged by tumour cells. (Courtesy of Dr George Kokai.)

Plate 17.5 Focus of a medullary carcinoma of 
thyroid gland in a patient with MEN2A. (a) Ill-
defi ned tumour nodule consisted of small elongated/
spindle cells surrounded by normal-looking follicles. 
(b) All tumour cells are positive with 
immunohistochemical labeling for calcitonin (dark 
brown reaction). (Courtesy of Dr George Kokai.)

Plate 17.6 Left thyroid mass in a 12-year-old boy with papillary thyroid cancer.



(a) (b)

(a) (b)

(c) (d)

Plate 17.7 Macroscopic appearance of the mature ovarian teratoma with tense intact capsule (a) and showing different areas on cut surface refl ecting wide variety of 
tissues present (b). (Courtesy of Dr George Kokai.)

Plate 19.1 Immunohistochemical appearance of: (a) focal disease, with islet cells occupying >40% of the lobule (neuron-specifi c enolase stain, ×200); (b) diffuse 
disease, characterized by enlarged β-cell nuclei (hematoxylin and eosin stain, ×400); (c) diffuse disease at ×100. (d) Control showing, in contrast, the normal distribution 
of islets in the pancreatic lobules.
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12 The Thyroid

Rosalind S. Brown
Endocrine Division, Childrens’ Hospital Boston, Boston, MA, USA

Thyroid dysfunction in infancy and childhood results in the 
metabolic abnormalities found in adults but also affects growth 
and development. Because thyroid hormone-dependent effects 
on tissue maturation are developmentally regulated and organ- 
or tissue-specifi c, the clinical consequences depend on the age of 
the infant or child.

Untreated hypothyroidism in the fetus or newborn infant 
results in permanent abnormalities in intellectual and/or neuro-
logical function, refl ecting the pivotal role of thyroid hormone 
on brain development. After the age of 3 years, when most thyroid 
hormone-dependent brain development is complete, hypothy-
roidism results in slow growth and delayed skeletal maturation 
but there usually is no permanent infl uence on cognitive or neu-
rological development.

Thyroid hormonogenesis

The thyroid is composed of follicles that secrete thyroid hormone. 
They contain two types of cells that surround a central core of 
colloid. Thyroid hormone-secreting follicular cells, the major cel-
lular constituent of the follicle, are interspersed with calcitonin-
secreting parafollicular C cells of neurogenic origin. A basal 
membrane surrounds the follicle and separates it from surround-
ing blood and lymphatic vessels as well as nerve terminals. The 
major constituent of colloid is thyroglobulin (Tg), a large iodin-
ated, dimeric glycoprotein that functions as a thyroid hormone 
precursor and permits storage of iodine and of iodinated tyrosyl 
residues covalently bound within its protein structure.

The synthesis and secretion of thyroid hormone includes a 
complex series of events, each proceeding simultaneously in the 
same cell (Fig. 12.1). Dietary iodine, I2, is converted to iodide in 
the gut and concentrated 20–40 times in the thyroid by an active 
transport mechanism involving the Na+/I− symporter (NIS), 

located within the basal plasma membrane. At the apical border, 
iodide transport into the lumen is facilitated by pendrin (PDS), 
an anion transporter encoded by SLC26A4/PDS, a gene on chro-
mosome 7q22-31 with sequence homology to several sulfate 
transporters [1].

At the same time, Tg, synthesized within the follicular cell, 
undergoes a number of post-translational steps to attain the 
proper tertiary and quaternary structure. These steps include gly-
cosylation and folding, the latter with the aid of chaperone mole-
cules. Tg is transported by exocytosis into the follicular lumen 
(colloid) where, at the colloid–apical cell membrane interface, it 
forms the backbone for a series of reactions that result in the oxi-
dation of I2 to an active intermediate and the iodination of tyrosyl 
residues (organifi cation) to form monoiodotyrosine (MIT) and 
di-iodotyrosine (DIT). Iodide oxidation and organifi cation are 
both catalyzed by thyroid peroxidase (TPO), a membrane-bound 
glycosylated hemoprotein enzyme. TPO also catalyzes the cou-
pling of iodotyrosines within the Tg molecule to form the thyroid 
hormones, triiodothyronine (T3) and tetraiodothyronine or thy-
roxine (T4). T3 is formed by the coupling of one DIT and one 
MIT molecule; the coupling of two molecules of DIT results in 
T4. Iodination requires hydrogen peroxide, the generation of 
which is regulated in part by the enzymes thyroid oxidase 
(DUOX1, formerly called THOX1) and DUOX2 which are 
inserted in the apical membrane of the thyroid follicular cell [2].

Thyroid hormones stored in the colloid are released into the 
circulation by a series of steps that result initially in their incor-
poration into the apical surface of the follicular cell by a process 
known as endocytosis. The ingested colloid droplets fuse with 
apically streaming proteolytic enzyme-containing lysosomes to 
form phagolysosomes, in which Tg hydrolysis occurs. Free MIT, 
DIT, T3 and T4 within the phagolysosomes are then released into 
the follicular cells. T3 and T4 released in this way diffuse from 
the thyroid follicular cell into the thyroid capillary blood. The 
released MIT and DIT are largely deiodinated by iodotyrosine 
deiodinase, the iodide re-entering the intracellular iodide pool to 
be reutilized for new hormone synthesis. Deiodination of T4 to 
generate T3 is a second source of T3 within the thyroid.
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Figure 12.1 Synthesis (left) and secretion (right) of 
thyroid hormones in thyroid follicular cells. These 
processes, which proceed simultaneously in the 
same cell, are drawn separately for clarity. Iodide 
(I−), amino acids (tyrosine, Tyr and others) and 
sugars, concentrated by follicular cells, are 
assembled into thyroglobulin (Tg), packaged into 
apical vesicles and released into the lumen. At the 
apical membrane, Tyr residues on the Tg backbone 
interact with reactive iodine (Io) species to form the 
iodotyrosines monoiodotyrosine (MIT) and di-
iodotyrosine (DIT), a reaction catalyzed by thyroid 
peroxidase (TPO). MIT and DIT couple to form 
triiodothyronine (T3) and thyroxine (T4). These 
products are stored in extracellular colloid. Secretion 
involves invagination and formation of intracellular 
colloid droplets which fuse with enzyme-laden 
lysosomes to form phagolysosomes. Here Tg is 
hydrolyzed to release MIT, DIT, T3 and T4. MIT and 
DIT are deiodinated and the iodide reutilized; T3 
and T4 are released into the circulation. Not 
pictured are the pendrin gene, PDS, an apical I− 
transporter and DUOX1 and DUOX2, apical 
membrane-associated enzymes important in 
peroxidase generation. ER, endoplasmic reticulum; 
Go, Golgi apparatus; NIS, Na+/I− symporter.

Cloning of an increasing number of genes has permitted a 
greater understanding of the specifi c events involved in thyroid 
hormonogenesis and of their regulation at both a molecular and 
cell biological level. Cloning the genes has elucidated the molecu-
lar basis for many of the inborn errors of thyroid hormonogene-
sis. Tg, TPO and, to a lesser extent, NIS also serve as targets of 
immune attack in patients with autoimmune thyroid disease. In 
view of the location of TPO and Tg in the interior of the cell, 
these proteins are unlikely to be the primary trigger of immune 
attack but are accessible to the immune system after the cell has 
been injured.

Regulation of thyroid function

Thyrotropin
Thyrotropin (TSH), a glycoprotein hormone secreted by the pitu-
itary gland is the major regulator of thyroid function. Like other 
pituitary glycoprotein hormones with which TSH shares struc-
tural homology, the TSH molecule is composed of a common α 
subunit and a TSH-specifi c β subunit. TSH stimulates both 
thyroid gland function and growth by binding to a specifi c recep-
tor located on the basal plasma membrane [3]. The TSH receptor, 
which is a member of the G-protein coupled receptor superfam-
ily, is composed of a large extracellular domain, seven 
hydrophobic transmembrane spanning regions and a short intra-
cytoplasmic tail (Fig. 12.2). The N-terminal extracellular domain 
appears to be suffi cient for binding of hormone whereas the 

cytoplasmic loops and C-terminal tail are important in signal 
transduction.

Through effects mediated primarily by the cyclic adenosine 
monophosphate (cAMP) signal-transduction pathway, TSH 
exhibits transcriptional control of the genes for Tg, TPO and NIS 
and stimulates an array of cellular events, including iodine uptake 
and organifi cation, as well as thyroid hormone synthesis and 
secretion. TSH also stimulates follicular cell proliferation and 
growth. Although the effects of TSH are mediated primarily 
through the adenyl cyclase-protein kinase A signal transduction 
pathway, TSH at higher concentrations also stimulates the phos-
phoinositol-protein kinase-C pathway.

In view of the importance of the TSH receptor in regulating 
thyroid function, it is not surprising that both germline and 
somatic mutations can lead to abnormalities of thyroid growth 
and function in patients (Fig. 12.2) [4]. In addition, unlike Tg 
and TPO, the TSH receptor is accessible to immune attack as it 
is located not in the interior of the cell but at the basal plasma 
membrane adjacent to both the blood and lymphatic vessels. 
Both stimulatory and blocking TSH receptor antibodies (Abs) 
may occur in patients and result in stimulation and/or inhibition 
of TSH-induced thyroid cell growth and function.

The secretion of TSH is under positive feedback control by 
hypothalamic TSH releasing hormone (TRH), a small tripeptide 
synthesized in the hypothalamus and transported to the pituitary 
through the pituitary portal vascular system. TSH secretion is 
under negative feedback control by thyroid hormone, the latter 
acting both at the level of the hypothalamus and the pituitary 
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respectively. The daily iodine intake (RDA) recommended by the 
Food and Nutrition Board of the Institute of Medicine, USA, is 
150  μg for adults, 110  μg for infants 0–6 months of age, 130  μg 
for infants 7–12 months of age, 220  μg for pregnant women and 
290  μg for lactating women. Premature infants require 30  μg/kg/
day [5].

In iodine defi ciency, there is increased trapping of iodide by 
the thyroid gland as a result of both TSH-independent and TSH-
dependent mechanisms. In addition, increased TSH secretion 
results in a stimulation of thyrocyte proliferation and hormono-
genesis. Tg secretion is increased but, because of the reduced 
iodine content, there is preferential synthesis and secretion of the 
less iodinated compounds MIT and T3 compared with DIT and 
T4. Iodine defi ciency also results in increased peripheral conver-
sion of T4 to T3. The reverse is true in iodine excess.

Excess iodine inhibits a number of different steps in thyroid 
hormonogenesis, including organifi cation of iodide and subse-
quent hormone synthesis (the Wolff–Chaikoff effect), Tg synthe-
sis, hormone release and thyroid growth. Fortunately, under 
normal circumstances, the iodide-induced inhibition is transient 
and normal hormone synthesis resumes (adaptation to or escape 
from the Wolff–Chaikoff effect). The escape from the Wolff–
Chaikoff effect appears to be caused, at least in part, by a decrease 
in NIS mRNA and protein expression, with resultant decreased 
iodide transport into the thyroid [6]. This adaptation lowers the 
intrathyroidal iodine content below a critical inhibitory threshold 
allowing organifi cation of iodide to resume.

Other
Many other extracellular stimulatory signals bind to thyroid 
membranes and affect thyroid function and/or growth in vitro 
but their importance in vivo is not known. They include adren-
ergic agents, growth factors such as insulin-like growth factor 
type 1 (IGF-1) and epidermal growth factor (EGF) and purinergic 
agents. Thyroid cells contain thyroid hormone receptors so that 
thyroid hormone itself could function as a regulator of thyroid 
function by a short loop feedback mechanism. In addition, cyto-
kines, produced by infi ltrating lymphocytes in patients with auto-
immune thyroid disease and even by the thyroid follicular cells 
themselves, can directly modulate both thyroid function and 
growth.

Thyroid hormone transport

T4 and T3 released into the circulation are transported to their 
target cells in non-covalent linkage with carrier proteins. These 
binding proteins produced in the liver include thyroxine-binding 
globulin (TBG), transthyretin and the secondary carrier protein, 
albumin. TBG, although the least abundant, is the most impor-
tant carrier protein for T4. Transthyretin binds T4 but not T3 
and appears to have a role in T4 transport into the brain. In the 
euthyroid steady state, almost all circulating thyroid hormone is 
bound to protein. This is especially true for T4, 99.97% of which 
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Figure 12.2 Schematic representation of the human TSH receptor and the site 
of some disease-causing mutations. Like other members of the subgroup 2, G-
protein coupled receptor superfamily, the TSH receptor is composed of a large 
extracellular domain, seven hydrophobic transmembrane spanning regions and a 
short intracytoplasmic tail. The white symbols refer to loss-of-function mutations 
while the black symbols refer to gain-of-function mutations. Note the 
transmembrane location of the loss-of-function Pro556Leu mutation in the hyt-/hyt 
mouse. (From Van Sande et al. [4] with permission.)

gland. Dopamine, somatostatin and high doses of corticosteroids 
also inhibit pituitary release of TSH. Decreasing environmental 
and/or body temperature increases TRH release.

Iodide
Adequacy of dietary iodine is a critical regulator of thyroid gland 
function through adaptive mechanisms that respond to both defi -
ciency and excess. This is understandable because the major 
thyroid hormones T4 and T3 are 65% and 59% iodine by weight, 
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is bound, compared to 99.7% of T3. Transport proteins function 
as an extrathyroidal storage pool of thyroid hormone that enables 
the release of free hormone on demand while at the same time 
protecting tissues from excessive hormone but they are not essen-
tial for normal thyroid function. Thus, the importance of thyroid 
hormone binding proteins clinically lies in an appreciation of 
how abnormalities secondary to genetic defects, drugs or illness 
may impact on the assessment of thyroid function.

Thyroid hormone metabolism

Thyroid hormone synthesized and secreted by the thyroid gland 
is activated and inactivated primarily by a series of monodeiodin-
ation steps in target tissues. Sulfation is an additional method of 
thyroid hormone metabolism of particular importance in the 
fetus. In contrast to T4, the sole source of which is the thyroid 
gland, only 20% of circulating T3 is derived by coupling of tyrosyl 
residues within the thyroid gland itself. The remainder (approxi-
mately 80%) of T3 is derived from the peripheral conversion of 
T4 to T3 in peripheral tissues, especially the liver, kidney, brain 
and pituitary gland. In certain tissues (e.g. brain), T3 is generated 
intracellularly from T4.

T4 and T3 are thyronine molecules, which consist of an inner 
(tyrosyl or α ring) and outer (phenolic or β) ring (Fig. 12.3). 
Monodeiodination of the outer ring of T4 results in T3 which is 
three or four times more metabolically active than T4 in vivo. 
Monodeiodination of the inner ring produces reverse T3 (rT3), 
a metabolically inactive metabolite. Nearly all rT3 is derived from 
peripheral conversion and only 2% from the thyroid gland. Pro-
gressive tissue monodeiodination results in a series of diiodin-
ated, monoiodinated and non-iodinated forms of thyronine, all 
of which are metabolically inactive.

Three selenoprotein iodothyronine monodeiodinase enzymes 
have been described. Two, deiodinase (D)l and D2, are activating 

enzymes because they deiodinate the outer ring; there is one 
inactivating deiodinase, D3, which deiodinates the inner ring 
(Fig. 12.3) [7]. Dl is also capable of inner-ring monodeiodination, 
particularly of sulfated iodothyronines.

The deiodinases are developmentally regulated and differ in 
both their tissue distribution and properties. In the cerebral 
cortex, for example, >50% of the intracellular T3 is derived from 
the intracellular conversion of T4 to T3. In contrast, in liver, only 
25% of the intracellular T3 is generated from T4, the remainder 
being derived from plasma. As a consequence of these variations 
in deiodinase activity, the relative amounts of T4 and T3 in the 
serum do not necessarily correspond to their intracellular 
proportions.

D1, responsible for much of the circulating T3, is expressed 
predominantly in liver and kidney. The highest concentration of 
D2 is in brain, pituitary, placenta and brown adipose tissue. D3 
is present predominantly in fetal tissues and the utero-placental 
unit, emphasizing the importance of protecting the fetus from the 
effects of thyroid hormone excess. Adaptive mechanisms in the 
activity of the deiodinases at a cellular level is an important pre-
receptor level of control that results in the preferential shunting 
of thyroid hormone to areas of need. For example, increased 
conversion of T4 to T3 by the fetal brain in the presence of hypo-
thyroidism is a protective mechanism that accounts, in part, for 
the normal or near-normal cognitive outcome of babies with 
congenital hypothyroidism as long as postnatal therapy is early 
and adequate.

Thyroid hormone action

Thyroid hormone has multiple effects in cells, including stimula-
tion of thermogenesis, water and ion transport and acceleration 
of substrate turnover and amino acid and lipid metabolism. 
Thyroid hormone also potentiates the action of catecholamines, 
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Figure 12.3 Structure of the major thyroid 
hormones and the action of the monoiodothyronine 
deiodinase enzymes. The type I and II deiodinases 
deiodinate the outer (phenol) ring, while the type III 
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an effect responsible for many of the clinical manifestations seen 
in patients with hyperthyroidism. Unique to infants and children 
is the stimulation of growth and development of various tissues, 
including the brain and skeleton.

Thyroid hormone is actively transported into the cell with a 
number of families of solute carriers, including organic anion 
transporting polypeptides, amino acid transporters and mono-
carboxylate transporters (MCTs) [8]. Within the cell, thyroid 
hormone initiates its action by binding to specifi c receptors 
located in the cell nucleus. The binding of T3 to the thyroid 
hormone receptor (TR) is 10 times higher than T4 [9]. In addi-
tion to the four classic TRs, α1, α2, β1 and β2, multiple tran-
scripts that encode protein products have been identifi ed [10]. 
The gene encoding the TR α-subtype is located on chromosome 
17 while the gene encoding the TR β-subtype is on chromosome 
3; the respective isoforms (1 and 2) result from alternative splic-
ing of the initial mRNA transcripts.

The TRs are composed of a carboxy-terminal portion impor-
tant for ligand binding and interactions between receptors, a 
DNA binding domain with two loop structures known as “zinc 
fi ngers” and an amino-terminal domain with no known function 
(Fig. 12.4). TRα2 and other splice variants, such as TRvα2 and 
TRvα3, do not bind T3 and may inhibit the binding of the other 
TRs to DNA (dominant negative inhibition). The TRα gene pro-
duces an orphan receptor, Rev-erbAα that has a role in cerebellar 
development [11].

TRs exist as monomers, homodimers or heterodimers with 
other nuclear proteins such as the retinoid X-receptors. The het-
erodimeric structure is the active form of the receptor. TRα1, 
TRβ1 and TRβ2 stimulate or suppress responsive genes. This 
requires the interaction of numerous co-activators and co-repres-
sors. In the unliganded state, TRs repress gene function.

Tissue specifi city of thyroid hormone action derives from mul-
tiple factors, including the predominant TR isoform expressed, 
the cofactor(s) involved and the type of receptor with which the 

TR partners. As a result, different genes are stimulated or inhib-
ited in different tissues.

Like the iodothyronine deiodinases, the various TRs are 
expressed differentially in tissues and are developmentally regu-
lated. TRα1 and TRα2 are widely distributed: the highest con-
centration of TRβ1 mRNA is found in brain, developing ear, 
liver, kidney and heart, whereas TRβ2 mRNA expression is 
restricted to pituitary and brain tissues.

Ontogenesis and regulation of thyroid function

The ontogeny of thyroid function involves hypothalamo-pitu-
itary and thyroid gland organogenesis and maturation, as well as 
the development of each of the component systems required for 
mature activity, thyroid hormone transport, metabolism and 
action. In addition, the placenta plays a part not only by regulat-
ing the transport of essential factors and hormones, particularly 
T4 and iodide, but by synthesizing and metabolizing hormones.

Hypothalamo-pituitary development
Hypothalamic development involves a cascade of transcription 
factors, including sonic hedgehog (SHH) and ZIC-2 (a homolog 
of the Drosophila odd-paired gene). SF-1 and the LIM class 
homeodomain factors LHX-3 and LHX-4 also have a role. Tran-
scription factors involved in pituitary development include the 
pituitary homeobox gene (PTX-1), TITF1/NKX2-1 (formerly 
called thyroid transcription factor, TTF-1, also called T/EBP) and 
the LIM class homeodomain transcription factors LHX-3 and 
LHX-4. NKX2-1 is also involved in thyroid gland and lung devel-
opment. The terminal factors in the cascade are PROP1 and 
POU1F1 (formerly called PIT-1). POU1F1 is essential for the 
differentiation of thyrotrophs, lactotrophs and somatotrophs; 
PROP1, a homeodomain protein expressed briefl y in the embry-
onic pituitary, is necessary for POU1F1 expression.
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Figure 12.4 The deduced amino acid structure 
and functional domains of the known thyroid 
hormone receptor (TR) subtypes (α and β) and 
isoforms (1 and 2). Note that unlike the other TRs, 
Trα2 does not bind thyroid hormone. (From Brent 
[9] with permission.)
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Thyroid gland development
The thyroid gland is derived from the fusion of a medial out-
pouching from the fl oor of the primitive pharynx, the precursor 
of the T4-producing follicular cells and bilateral evaginations of 
the fourth pharyngeal pouch, which give rise to the parafollicular 
calcitonin (C) secreting cells. Commitment towards a thyroid-
specifi c phenotype, as well as the growth and descent of the 
thyroid anlage into the neck, results from the coordinate action 
of transcription factors which include TITF1/NKX2-1, FOXE1 
(formerly called TTF-2, also called FKHL15) and PAX 8 [12]. 
TITF1/NKX2-1 and PAX8 also have a role in the survival of 
thyroid cell precursors and regulate thyroid-specifi c gene expres-
sion. FOXE1 is important in cellular migration. Because these 
transcription factors are also expressed in a limited number of 
other cell types, it appears to be the specifi c combination of tran-
scription factors and possibly non-DNA binding cofactors acting 
coordinately that determine the phenotype of a cell.

Other transcription factors and growth factors that have a role 
in early thyroid gland organogenesis include HHEX1, HOXA3 
and members of the fi broblast growth factor family, e.g. FGF10 
acting through its receptor, but the initial inductive signal is 
unknown. A role of the neighbouring heart primordium in the 
specifi cation of the thyroid anlage has been postulated. Studies of 
cadherin expression suggest that the caudal translocation of the 
thyroid anlage may also arise indirectly as a result of the growth 
and expansion of adjacent tissues, including the major blood 
vessels [13]. In addition, mice defi cient in the T box transcription 
factor (Tbx1), the gene implicated in cardiac outfl ow tract abnor-
malities observed in patients with the 22q11 deletion syndrome, 
have a severely hypoplastic thyroid gland [14]. In late organogen-
esis, the SHH gene appears to have an important role in the 
symmetric bilobation of the thyroid; SHH also suppresses the 
ectopic expression of thyroid follicular cells [15].

During caudal migration, the pharyngeal region of the thyroid 
anlage contracts to form a narrow stalk known as the thyroglossal 
duct, which subsequently atrophies so that no lumen is left. An 
ectopic thyroid and persistent thyroglossal duct or cyst may occur 
as a consequence of abnormalities of thyroid descent.

In the rat, at fetal day 15, despite early evidence of Tg, TPO 
and TSH receptor gene expression, the thyroid gland is diffi cult 
to distinguish from the surrounding structures and iodine organ-
ifi cation, thyroid hormonogenesis and evidence of a follicular 
structure are absent. This suggests that TITF1/NKX2-1 and PAX8 
are necessary but not suffi cient for the expression of the fully 
differentiated thyroid phenotype. On fetal day 17, TSH receptor 
gene expression is signifi cantly upregulated and this is accompa-
nied by signifi cant growth and by rapid development in both 
structural and functional characteristics [16].

Expression of Tg and TPO mRNA is increased at this time, 
thyroid follicles fi rst appear on morphological examination, TPO 
function can be demonstrated and there is evidence of thyroid 
hormonogenesis. These fi ndings suggest that the TSH receptor 
has an important role only at this later stage of development but 
not earlier in gestation. In support of this interpretation, hyt/hyt 

mice, which have a loss-of-function (Pro556-Leu) mutation in 
the transmembrane domain of the TSH receptor, have severe 
hypothyroidism and hypoplastic but normally located thyroid 
glands with a poorly developed follicular structure [17]. Similar 
fi ndings are detected in babies born to mothers with potent TSH 
receptor-blocking Abs as well as in babies with severe loss-of-
function mutations of the TSH receptor. The genes for factors 
regulating iodide metabolism (e.g., NIS and TPO) are the ones 
primarily regulated by TSH; regulation of Tg is more complex.

Developmental events in humans parallel those in rodent 
species but the timing of maturation differs (Fig. 12.5). Embryo-
genesis is largely complete by 10–12 weeks’ gestation, equivalent 
to fetal day 15–17 in the rat. At this stage, tiny follicle precursors 
are fi rst seen, Tg can be detected in follicular spaces and evidence 
of iodine uptake and organifi cation is fi rst obtained. Low concen-
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Throughout gestation, the serum level of T3 remains low and the concentration 
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synthesis (Wolff–Chaikoff effect) but the ability to escape from this inhibition 
does not mature until late in gestation. For this reason, the premature infant is 
unusually susceptible to iodine overload. (From Brown & Larson [99] with 
permission.)
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trations of T4 and T3 are detectable in fetal serum at 10–12 weeks, 
although it is likely that a fraction of the thyroid hormone mea-
surable at this early stage of the development is maternal in 
origin.

Tg, fi rst identifi ed in the follicular spaces by 10–11 weeks, can 
be identifi ed in the human fetal circulation at gestational age 
27–28 weeks but when Tg can fi rst be detected in serum is not 
known. The secretion of a poorly iodinated thyroid hormone 
precursor and impaired clearance of this glycoprotein from the 
circulation by the immature liver results in a higher serum con-
centration of Tg in the premature fetus than at term.

Despite the fact that iodide uptake by the thyroid can be dem-
onstrated at 10–11 weeks’ gestation, the capacity of the fetal 
thyroid to reduce iodide trapping in response to excess iodide 
(escape from the Wolff–Chaikoff effect) does not appear until 
36–40 weeks’ gestation (Fig. 12.5). Thus, premature infants are 
much more likely to develop hypothyroidism when exposed to 
excess iodine than full-term babies.

Maturation of the hypothalamo-pituitary-thyroid axis
TSH is detectable in fetal serum at levels of 3–4  mIU/L at 12 
weeks’ gestation and increases from 18 weeks to levels of 10  mU/L 
at term. This is accompanied by a parallel increase in fetal thyroid 
radioiodine uptake and by a progressive increase in the serum 
concentrations of both total T4 and free T4. The serum concen-
tration of TBG also increases during gestation as a consequence 
of placental estrogen effects on the fetal liver. There is a progres-
sive increase in the ratio of free T4 : TSH concentration during 
the second half of gestation, suggesting changes in both the sen-
sitivity of the pituitary thyrotroph to the negative feedback effect 
of thyroid hormones and the thyroid follicular cell sensitivity to 
TSH.

Maturation of hypothalamo-pituitary-thyroid feedback control 
is fi rst observed early in the third trimester, as indicated by an 
elevated fetal serum TSH in response to hypothyroxinemia and 
a suppressed TSH in fetuses with hyperthyroidism brought about 
by maternal Graves disease. Similarly, a fetal TSH response to 
exogenously administered TRH has been demonstrated as early 
as 25 weeks’ gestation.

Serum levels of TRH are higher in the fetal circulation than in 
maternal blood, the result both of extra-hypothalamic TRH pro-
duction (placenta and pancreas) and the decreased TRH degrad-
ing activity in fetal serum. The physiological signifi cance of these 
increased levels of TRH in the fetal circulation is not known.

Maturation of thyroid hormone metabolism
Activity of D1, an important activating deiodinase in the adult, 
is low throughout gestation. In contrast, D3, the major inactivat-
ing deiodinase, is highly expressed in fetal tissues and in the pla-
centa. As a result, circulating T3 concentrations in the fetus are 
quite low, approximately 50–60  ng/dL (approximately 1  nmol/L) 
at birth. In addition, the concentrations of the specifi c substrates 
metabolized by D1, rT3 and the sulfate conjugates of T4 are 
markedly elevated in the fetal circulation as well as in amniotic 

fl uid. The physiological rationale for the maintenance of reduced 
circulating T3 concentrations throughout fetal life is still unknown 
but it has been suggested that its function may be to avoid tissue 
thermogenesis and premature tissue maturation while at the 
same time potentiating the anabolic state of the rapidly growing 
fetus. Despite the low circulating T3 levels, precise temporal and 
spatial maturation of thyroid hormone metabolism occurs at the 
local level. This, coupled with receptor activation, permits the 
coordination of the complex gene networks required for orderly 
development of thyroid hormone-responsive tissues and organ 
systems.

For example, in contrast to D1, D2, highly expressed in brain 
and pituitary, is detectable by mid-gestation. As a consequence, 
fetal brain T3 levels are 60–80% those of the adult by fetal age 
20–26 weeks, despite the low levels of circulating T3. In the pres-
ence of fetal hypothyroidism, D2 increases while D3 decreases. 
These coordinate adjustments are of critical importance and pre-
serve near-normal brain T3 levels providing that maternal T4 
levels are maintained at normal concentrations.

The ontogeny of thyroid hormone metabolism is closely asso-
ciated with maturation of thyroid hormone action both tempo-
rally and spatially. This is best illustrated with the example of the 
cochlea where D2 activity in the mouse rises dramatically to reach 
a peak level at postnatal day 6, a few days before the onset of 
hearing [18]. D2 expression is localized to connective tissue 
immediately adjacent to the sensory epithelium and spiral gan-
glion where thyroid hormone receptors (TRs) are found. This 
suggests that D2 containing cells in the connective tissue take up 
T4 from the circulation, convert T4 to T3 and then release T3 to 
the adjacent responsive cells. A similar paracrine relationship is 
found in the cerebral cortex where D2 is expressed predominantly 
in glial cells whereas TRs are found in the adjacent neurons and 
oligodendrocytes [19]. In other areas of the brain, such as the 
pituitary gland, hippocampus and caudate nucleus, D2 and TRs 
are coexpressed. Unlike D2, D3 is coexpressed with TRs in 
neurons, perhaps underlying the importance of protecting 
affected tissues from the effects of excess thyroid hormone.

Maturation of thyroid hormone action
Like thyroid hormone metabolism, the ontogenesis of thyroid 
hormone-mediated responsiveness is tissue specifi c and develop-
mentally regulated. Whereas thyroid hormone-mediated effects 
in the pituitary, brain and bone can be detected prenatally, 
thyroid hormone-dependent action in brown adipose tissue, 
liver, heart, skin and carcass are apparent only postnatally. Three 
examples illustrate the complexity and specifi city of thyroid 
hormone action in different target organs or tissues.

Thyroid hormone and brain development
In the brain, the action of thyroid hormone and its developmen-
tal regulation are complex and only beginning to be understood 
[19,20]. At a functional level, thyroid hormone provides the 
induction signal for the differentiation and maturation of a 
diverse array of processes that lead to the establishment of neural 
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circuits during a critical window of brain development. These 
processes include neurogenesis and neural cell migration (occur-
ring predominantly between 5 and 24 weeks), neuronal differen-
tiation, dendritic and axonal growth, synaptogenesis, gliogenesis 
(late fetal to 6 months postpartum), myelination (second trimes-
ter to 24 months postpartum) and neurotransmitter enzyme syn-
thesis. The absence of thyroid hormone appears to delay rather 
than eliminate the timing of critical morphological events or gene 
products, resulting in a disorganization of intercellular 
communication.

TRs are found in highest concentration in developing neurons 
and in multiple areas of the fetal brain, including the cerebrum, 
cerebellum, auditory and visual cortex. Consistent with a nuclear 
receptor-mediated mode of action, thyroid hormone stimulates 
numerous developmentally regulated genes, including genes for 
myelin, neurotropins and their receptors, cytoskeletal compo-
nents, transcription factors, extracellular matrix proteins and 
adhesion molecules, intracellular signaling molecules, as well as 
mitochondrial and cerebellar genes. In some cases these genes 
appear to be direct targets of thyroid hormone action as thyroid 
hormone response elements can be detected in the DNA regula-
tory region and/or the genes are stimulated in cell culture. In 
other cases, thyroid hormone control may occur secondarily as a 
consequence of effects on terminal differentiation. In addition, 
thyroid hormones regulate some genes at the level of mRNA sta-
bility or mRNA splicing.

For some time, the surprising lack of developmental abnor-
malities seen in mutant mice lacking TRβ1, TRα or both, in 
contrast to the severe abnormalities observed in hypothyroid 
animals, was unexplained. It is now apparent that the reason for 
the abnormal brain development observed after thyroid hormone 
defi ciency but not TR defi ciency is transcriptional repression by 
the unliganded TR. This was demonstrated by experiments in 
which mutant mice lacking the TRα1 receptor were made hypo-
thyroid: no effects on cerebellar development were seen, contrary 
to fi ndings in wild-type animals [19]. It is relevant that deafness, 
found in the TRβ1 knockout mouse, is also a frequent fi nding in 
patients with severe endemic cretinism and in some patients with 
thyroid hormone resistance brought about by a deletion in the 
TRβ1 gene.

It is likely that the complexity of maturational control of 
thyroid hormone action involves developmental regulation of a 
myriad of factors that affect TR activity. These factors include 
co-repressors and co-activators as well as transcription factors 
that compete with TRs for thyroid hormone response elements 
(TREs) on target genes, providing further levels of modulation 
[19].

It is also possible that the action of T4 on the developing CNS 
may involve, in part, a non-nuclear mechanism. T4-regulated 
actin polymerization has been shown to have an integral role in 
the regulation of deiodinase activity and it has been proposed that 
the action of T4 on the actin cytoskeleton might be important in 
cellular migration, neurite outgrowth and dendritic spine forma-
tion [21].

Thyroid hormone and bone
A second important thyroid hormone target in the perinatal 
period is bone, as evidenced by the striking growth retardation, 
decreased growth velocity and delayed ossifi cation of the epiphy-
seal growth plate characteristic of long-standing untreated hypo-
thyroidism in infancy and childhood. Thyroid hormone-mediated 
bone maturation involves both direct and indirect actions, the 
latter mediated by regulation of growth hormone gene expression 
and the IGF system [22,23]. At a direct level, T3 regulates endo-
chondral ossifi cation and controls chondrocyte differentiation in 
the growth plate both in vitro and in vivo [22,24]. Osteoblasts and 
growth plate chondrocytes both express TRs and several T3-spe-
cifi c target genes have been identifi ed in bone [25]. T3 also stimu-
lates closure of the skull sutures in vivo, the basis for the enlarged 
anterior and posterior fontanelle characteristic of infants with 
congenital hypothyroidism [26]. Analogous to fi ndings in the 
brain, the growth retardation observed in hypothyroid mice is 
more severe than that seen in TR α0/0β−/− double knockout mice. 
This is consistent with the effect of the unliganded aporeceptor in 
mediating the deleterious effects of thyroid hormone defi ciency.

Thyroid hormone and brown adipose tissue
During the perinatal period, brown adipose tissue is essential for 
non-shivering thermogenesis. In this tissue, thyroid hormone 
stimulates transcription of thermogenin [also called uncoupling 
protein (UCP-1)], a unique protein that uncouples nucleotide 
phosphorylation and the storage of energy as ATP. As the child 
matures, shivering thermogenesis assumes greater importance 
and brown adipose tissue disappears.

Role of the placenta
The placenta has an important role in fetal thyroid development 
and function by regulating the passage of certain maternal hor-
mones, substrates and drugs and by serving as an important site 
of thyroid hormone metabolism. Although the placenta also syn-
thesizes hormones that can affect the fetal thyroid (e.g. human 
chorionic gonadotropin, TRH), these appear to have little infl u-
ence on the fetus.

Thyroid hormone
Under normal circumstances, the placenta has only limited per-
meability to thyroid hormone and the fetal hypothalamo-pitu-
itary-thyroid system develops relatively independently of maternal 
infl uence [27]. This relative barrier to thyroid hormone transport 
is primarily because of the high placental content of D3, which 
inactivates most of the thyroid hormone presented from the 
maternal circulation. The iodide released in this way can then be 
used for fetal thyroid hormone synthesis.

When a signifi cant T4 gradient between the maternal and fetal 
compartment exists, however, there is an increased net fl ux of 
maternal thyroid hormone to the fetus. Such a situation occurs 
when the fetus is hypothyroid, as illustrated by infants with the 
complete inability to synthesize T4 because of an inherited 
absence of the TPO enzyme. These infants have cord T4 concen-
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trations between 25 and 50% of normal. Similar results are 
obtained in retrospective studies of cord serum in infants with 
sporadic congenital athyreosis.

There is also accumulating evidence that maternal–fetal T4 
transfer occurs in the fi rst half of pregnancy, when fetal thyroid 
hormone levels are low [28]. Low concentrations of T4, presum-
ably of maternal origin, have been detected in human embryonic 
coelomic fl uid as early as 6 weeks’ gestation and in fetal brain as 
early as 10 weeks’ gestation before the onset of fetal thyroid func-
tion. Furthermore, both D2 and D3 activity as well as TR isoforms 
are present in human fetal brain from the mid fi rst trimester, 
indicating that the machinery to convert T4 to T3 and to respond 
to T3 are present.

The transplacental passage of maternal T4 (coupled with the 
coordinate adjustments in brain deiodinase activity) has a critical 
role in minimizing the adverse effects of fetal hypothyroidism. 
Not only may it help to explain the normal or near-normal cogni-
tive outcome of hypothyroid fetuses as long as postnatal treat-
ment is early and adequate, it also may provide a partial 
explanation for the relatively normal clinical appearance at birth 
of over 90% of infants with congenital hypothyroidism. By con-
trast, when both maternal and fetal hypothyroidism occurs, 
whether this is caused by severe iodine defi ciency, potent TSH 
receptor blocking Abs or maternal–fetal POU1F1 defi ciency, 
there is a signifi cant impairment in neurointellectual develop-
ment despite the initiation of early and adequate postnatal thyroid 
replacement [29–31]. Even maternal hypothyroidism and hypo-
thyroxinemia alone have been reported to cause signifi cant cog-
nitive and/or motor delay in the offspring, although the magnitude 

of the defi cit is not as great as when both fetal and maternal 
hypothyroidism are present [32,33]. Unlike fetal hypothyroidism, 
the effects of maternal hypothyroidism are not reversible by early 
postnatal therapy.

Other hormones and factors
In contrast to thyroid hormone, the placenta is freely permeable 
to TRH and iodide, the latter being essential for fetal thyroid 
hormone synthesis. The placenta also is permeable to certain 
drugs and to immunoglobulins of the immunoglobulin  g (IgG) 
class. Thus, the administration to the mother of excess iodide, 
drugs (especially propylthiouracil or methimazole) or the trans-
placental passage of TSH receptor Abs from mothers with severe 
Graves disease or primary myxedema may have signifi cant effects 
on fetal and neonatal thyroid function.

Maternal TSH does not cross the placenta. Similarly, Tg is 
undetectable in the serum of athyreotic infants, indicating the 
absence of any transplacental passage of this large protein.

Thyroid function in the full-term and premature 
neonate, the infant and during childhood

The neonate
Marked changes occur in thyroid physiology at the time of birth 
in the full-term newborn (Fig. 12.6). One of the most dramatic 
is an abrupt rise in serum TSH that occurs within 30  min of 
delivery, reaching concentrations of 60–70  mU/L. This causes a 
marked stimulation of the thyroid, resulting in an approximate 
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Figure 12.6 Postnatal changes in the serum 
concentration of TSH, T4, T3 and rT3 in term babies, 
(continuous line) as compared with premature 
infants (discontinuous line) in the fi rst week of life. 
Note that the postnatal surge in TSH is followed by 
a transient increase in the T4 and T3 concentration 
in the fi rst few days of life. Changes in premature 
infants are similar to those seen in term babies but 
are much less marked. (From Fisher & Klein [98] as 
modifi ed by Brown & Larson [99] with permission.)
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50% increase in the serum T4 and an increase of three- to four-
fold in the concentration of serum T3 within 24  h. Studies in 
experimental animals suggest that the increase in TSH is a con-
sequence of the relative hypothermia of the ambient extrauterine 
environment. The marked increase in T3 is due not only to the 
increase in TSH but also to maturation of D1 activity and the loss 
of placental D3 at the time of delivery. The elevated concentra-
tions of the other substrates of D1, rT3 and T3 sulfate, decrease 
relatively rapidly during the newborn period. Increased activity 
of D2 in brown adipose tissue at birth leads to an increase in T3, 
which is required for optimal uncoupling protein synthesis and 
thermogenesis.

The premature infant
Thyroid function in the premature infant refl ects the relative 
immaturity of the hypothalamo-pituitary-thyroid axis found in 
comparable gestational age infants in utero. In cord blood samples 
obtained by umbilical cord sampling (cordocentesis), there is a 
progressive increase in the TSH, TBG, T4 and T3 concentrations 
in fetuses with increasing degrees of maturity [34]. Following 
delivery, there is a surge of TSH and T4 as observed in term 
infants but the magnitude of the increase is less in premature 
neonates and there is a more dramatic fall in the T4 concentration 
over the subsequent 1–2 weeks (Fig. 12.7) [35,36].

The decrease in the T4 concentration is particularly signifi cant 
in very low birthweight infants (<1.5  kg, approximately equiva-
lent to <30 weeks’ gestation) in whom the serum T4 may occa-

sionally be undetectable. In most cases, the total T4 is more 
affected than the free T4, a consequence of abnormal protein 
binding and/or the decreased TBG in these babies with immature 
liver function [36,37]. In addition to these changes in TSH and 
T4 concentrations, the serum rT3 tends to stay higher and serum 
T3 reduced for a longer period, refl ecting the greater immaturity 
of the type 1 deiodinase system.

The causes of the decrease in T4 observed postnatally in pre-
mature infants are complex. In addition to clearance of maternal 
T4 from the neonatal circulation, preterm babies have decreased 
thyroidal iodide stores and are less able to regulate iodide balance 
[38], particularly in borderline iodine-defi cient areas of the 
world. Preterm infants are frequently sicker than their more 
mature counterparts and may be treated by drugs that affect 
neonatal thyroid function (e.g. dopamine and steroids). In addi-
tion, because the capacity of the immature thyroid to adapt to 
exogenous iodide is reduced, there is an increased sensitivity to 
the thyroid-suppressive effects of excess iodide found in certain 
skin antiseptics and drugs to which these babies are frequently 
exposed.

Despite the reduced total T4 observed in some preterm babies, 
the TSH concentration is not signifi cantly elevated in most of 
them. Transient elevations in TSH are seen in some, the fi nding 
of a TSH concentration >40  mU/L being more frequent the 
greater the degree of prematurity. In one study the prevalence of 
a TSH concentration >40  mU/L in very low birthweight (<1.5  kg) 
premature infants was eightfold higher and in low birthweight 
(1.5–2.5  kg) neonates twofold higher than in term babies [39].

Although an elevated TSH concentration may refl ect true 
primary hypothyroidism, the increase in TSH seen in preterm 
infants at several weeks of age may also refl ect the elevated TSH 
observed in adults who are recovering from severe illness. Such 
individuals may develop transient TSH elevations, which are 
associated with still reduced serum T4 and T3 concentrations. 
These have been interpreted as refl ecting a “reawakening” of the 
illness-induced suppression of the hypothalamo-pituitary axis. As 
the infant recovers from prematurity associated illnesses such as 
respiratory distress syndrome (RDS), a recovery of the illness-
induced suppression of the hypothalamo-pituitary-thyroid axis 
would also occur.

Infants and children
After the neonatal period there is a slow and progressive decrease 
in the concentrations of T4, free T4, T3 and TSH during infancy 
and childhood. Age and gender-specifi c normative values in a 
large population of children have been published [40]. The higher 
concentrations of TSH and of T3 in children than in adults are 
particularly noteworthy. Adult normative data are frequently 
provided clinically and apparent abnormalities in these 
values are not infrequent reasons for referral to a pediatric 
endocrinologist.

The serum concentration of rT3 remains unchanged or 
increases slightly. Radioactive iodine uptake is higher, particu-
larly in the newborn period, and there is a markedly higher T4 
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turnover in this age group relative to that in the adult. In early 
infancy, T4 production rates are estimated to be of the order of 
7–9  μg/kg/day, decreasing slowly over the fi rst few years of life to 
about 3–5  μg/kg/day at 1–3 years and 2–3  μg/kg/day at ages 3–9 
years. This is to be contrasted with the production rate of T4 in 
the adult, which is about 1–1.5  μg/kg/day. Serum Tg levels also 
fall over the fi rst year of life, reaching concentrations typical of 
adults by about 6 months of age.

The size of the thyroid gland increases slowly by about 1  g/year 
from approximately 1  g in the newborn to about 15–20  g at age 
15 when it has achieved its adult size. The thyroid lobe is com-
parable to the terminal phalanx of the infant or child’s thumb.

Thyroid disease in infancy

Congenital hypothyroidism
Congenital hypothyroidism (CH) is the most common treatable 
cause of mental retardation. Worldwide, the most common cause 
of CH is iodine defi ciency, a problem that continues to affect 
almost 1 billion people despite international efforts aimed at its 
eradication. In areas where iodine defi ciency is severe, CH is 
endemic (endemic cretinism) and characterized by mental retar-
dation, short stature, deaf mutism and specifi c neurological 
abnormalities. Endemic cretinism and iodine defi ciency have 
been the subject of several excellent reviews [41,42]. Babies with 
CH have an increased incidence of cardiac anomalies, particular 
atrial and ventricular septal defects.

Screening for congenital hypothyroidism
In iodine-suffi cient areas and in areas of borderline iodine defi -
ciency, CH is usually sporadic and occurs in 1 in 2500–4000 
infants. In order to achieve optimal neurologic outcome, treat-
ment must be initiated soon after birth before affected infants are 
recognizable clinically. Neonatal screening programs have 
therefore been introduced in most industrialized areas of the 
world. Elsewhere, such as Eastern Europe, South America, Asia, 
Oceania and Africa, neonatal screening programs are under 
development.

By 1992, some 50 million infants worldwide had been screened 
for CH with 6000 cases detected annually. There continues to be 
disagreement whether minor neuro-intellectual sequelae remain 
in the most severely affected infants and what constitutes the best 
treatment strategy, but accumulating evidence suggests that a 
normal outcome is possible, even in the latter group of babies as 
long as treatment is started suffi ciently early and is adequate. 
Certainly, the main objective of screening, the eradication of 
mental retardation due to CH, has been achieved and it has been 
estimated that the fi nancial benefi t–cost ratio of a neonatal 
screening program is approximately 10 : 1, a ratio that does not 
include the loss of tax income that would result from impaired 
intellectual capacity in the untreated but non-institutionalized 
person. Newborn screening has also permitted elucidation of the 
prevalence of the various causes of CH, including a series of 

transient disorders found predominantly in premature infants. 
CH has been found to be 4–5 times more common than phenyl-
ketonuria for which screening programs were developed fi rst.

Screening strategies for congenital hypothyroidism
Measurement of T4 and/or TSH is performed on an eluate of 
dried whole blood collected on fi lter paper by skin puncture on 
day 1–4 of life. Two principal strategies for the detection of CH 
have evolved. A two-tiered approach is used in both. In much of 
North America, primary screening is of T4, with TSH reserved 
for specimens T4 in (usually) the lowest 10–20th centiles. In most 
of Europe and in Japan, a primary TSH approach is employed. 
With the development of more sensitive, non-radioisotopic TSH 
assays, Canada and some states in the USA have switched to a 
primary TSH program. A few programs measure both T4 and 
TSH.

Whatever method is used, babies whose initial TSH is >50  mU/
L are most likely to have permanent CH while a TSH of 20–
49  mU/L may be a false-positive or represent transient hypothy-
roidism. Transient CH is particularly common in premature 
infants in borderline iodine-defi cient areas.

Each screening strategy has advantages and disadvantages but 
primary T4/backup TSH and primary TSH approaches appear to 
be equal in the detection of babies with permanent primary CH. 
The T4/backup TSH program detects primary, secondary or ter-
tiary hypothyroidism, babies with a low initial T4 but delayed rise 
in the TSH, TBG defi ciency and hyperthyroxinemia but may miss 
compensated hypothyroidism. The primary TSH strategy detects 
overt and compensated hypothyroidism but misses secondary or 
tertiary hypothyroidism, a delayed TSH rise, TBG defi ciency and 
hyperthyroxinemia. There are fewer false-positives with a primary 
TSH strategy.

Since 1995 the Netherlands has employed a novel multistep 
screening strategy that includes, in addition to primary T4/backup 
TSH, the measurement of thyroxine binding globulin (TBG) in 
the fi lter paper specimens with the lowest 5% of T4 values [43]. 
The T4 : TBG ratio is used as an indirect refl ection of the free T4, 
which cannot be measured directly in dried blood spots. For a 
relatively small incremental cost, this approach has resulted in 
increased sensitivity and specifi city in the detection of milder 
cases of primary congenital hypothyroidism that might otherwise 
be missed. It has identifi ed >90% of infants with central hypo-
thyroidism, compared with 22% with primary T4 screening and 
none with a primary TSH approach.

The incidence of central hypothyroidism detected on screening 
was 1 in 16 000–21 000, much higher than a recent estimate of 1 
in 95 933 obtained in the USA [44]. More than 80% of these 
babies had multiple pituitary hormone defi ciencies [45]. Given 
the high morbidity and mortality of congenital hypopituitarism, 
the availability of effective therapy and an apparent frequency 
similar to that of phenylketonuria (1 in 18 000), the disorder for 
which neonatal screening began, the goals of newborn thyroid 
screening could be extended to include the detection of babies 
with central hypothyroidism.
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In New York State and to a lesser extent the USA in general, 
an increased frequency of CH (1 in 2500 versus the original esti-
mate of 1 in 3000–4000) has been noted in recent years, a trend 
that is not adequately explained by changes in the screening strat-
egy or other likely contributing factors, such as differences in 
gestational age, ethnicity, multiple births or maternal age [46]. A 
similar prevalence has been reported in the Netherlands [47]. It 
is possible that some of these cases represent infants with tran-
sient CH that have been misclassifi ed as permanent.

All screening strategies miss the rare infant whose T4 and TSH 
levels on initial screening are normal but who later develops low 
T4 and elevated TSH concentrations (<0.5% of infants). This 
pattern has been termed “atypical” ’ CH or “delayed TSH rise” 
and is observed most commonly in premature babies with tran-
sient hypothyroidism or in infants with less severe forms of per-
manent disease.

Some programs have responded by performing a second screen 
on all infants at the time of their return visit to their pediatrician 
at 2–6 weeks of age. In addition, some of these programs request 
follow-up serum on any baby with a very low T4 value (<3rd 
percentile) on two occasions or a very low fi lter paper T4 below 
a critical value (<3  μg/dL, 40  nmol/L) on one occasion. Some 
programs that perform a second screen report the detection of an 
additional 10% of CH cases but this practice greatly increases the 
cost of screening [48].

Other programs routinely perform a second screen only on 
patients at high risk of delayed TSH elevation, such as very low 
birthweight infants and babies in the neonatal intensive care unit. 
These programs report a 14-fold increased incidence of this 
problem in very low birthweight infants [49]. As noted previously, 
it may not be certain in some of these cases whether the elevated 
TSH level is pathological or represents an appropriate compensa-
tory response following hypothyroxinemia secondary to sick 
euthyroid syndrome. Other groups at high risk of delayed TSH 
rise are babies with cardiovascular anomalies, patients with Down 
syndrome and monozygotic twins [50]. In the last group of 
infants, fetal cord mixing may occur and initially mask the pres-
ence of CH.

In all strategies there is the very real possibility for human error 
failing to identify an affected infant because of poor communica-
tion, lack of receipt of requested specimens or the failure to test 
an infant who is transferred between hospitals during the neona-
tal period.

Newborn screening was performed initially at 3–4 days of life 
and the normal values that were derived refl ected this postnatal 
age. The practice of early discharge of otherwise healthy full-term 
infants from the hospital has resulted in a greater proportion of 
babies being tested before this time. It has been estimated that 
25% or more of newborns in North America are discharged 
within 24  h of delivery and 40% in the second 24  h of life. Because 
of the neonatal TSH surge and the dynamic changes in T4 and 
T3 concentrations that occur within the fi rst few days of life, early 
discharge increases the number of false-positive results. In Cali-
fornia, the ratio of false-positive to confi rmed CH has doubled 

from 2.5 : 1 to approximately 5 : 1. Some programs have responded 
by increasing the threshold value for TSH within the fi rst day of 
life but this increases the possibility of missing infants with a 
slowly rising TSH.

Another complicating factor is the dramatically increased sur-
vival of very premature infants. They greatly increase the cost of 
screening programs because blood T4 concentrations are lower 
and the incidence of transient hypothyroidism is much higher 
than in full-term babies. It has been estimated that very low birth-
weight infants constitute 0.8% of the population but increase the 
number of T4 assays in a primary TSH program by 9%. Very low 
birthweight infants account for 8% of all TSH assays performed 
in a primary T4 program.

In the last decade, normal values have been published accord-
ing to gestational age (and/or birthweight) for cord blood [34,36], 
fi lter paper at the time of screening [39] and serum in the fi rst 6 
weeks of life [36,51], the latter using newer more sensitive assay 
techniques.

Thyroid dysgenesis
The most common cause of non-endemic CH, accounting for 
85–90% of cases, is thyroid dysgenesis, almost always a sporadic 
disease. Thyroid dysgenesis may result in the complete absence of 
thyroid tissue (agenesis) or it may be partial (hypoplasia); the 
latter is often accompanied by a failure to descend into the neck 
(ectopy). Unilateral agenesis or hypoplasia may also occur but this 
does not usually affect thyroid function in the newborn period. 
Females are affected more often than males. Thyroid dysgenesis, 
is less frequent among African-Americans and more common 
among Asians and Hispanics in the USA.

Genetic and environmental factors have been implicated in the 
etiology of thyroid dysgenesis but the cause is unknown in most 
patients. The 2% familial occurrence, the reported gender and 
ethnic differences, as well as the increased incidence in babies 
with Down syndrome, all suggest that genetic factors might have 
a role in some cases. The transcription factors TITF1/NKX2-1, 
FOXE1 and PAX8 appear to be obvious candidate genes in view 
of their important role in thyroid organogenesis and thyroid-
specifi c gene expression but, to date, abnormalities have been 
found in only a small proportion of patients with isolated thyroid 
dysgenesis [52]. A heterozygous loss-of-function mutation of the 
PAX8 gene has been identifi ed and affected patients have had 
thyroid hypoplasia with or without ectopy. It is possible that 
thyroid dysgenesis is a polygenic disease with variable penetrance, 
depending on the genetic background. Alternately, epigenetic 
modifi cations, early somatic mutations or stochastic develop-
mental events may have a role. Table 12.1 summarizes known 
molecular defects in transcription factors and other causes of 
CH.

In contrast to the rarity of germline mutations of TITF1/NKX2-
1, FOXE1 and PAX8 in patients with isolated thyroid dysgenesis, 
heterozygous germline mutations in these genes may be a more 
common cause of abnormal thyroid gland development when 
thyroid dysgenesis or abnormal thyroid function is associated 



CHAPTER 12

262

Table 12.1 Genetic disorders of thyroid gland development, hormonogenesis and action.

Abnormality Gene Gene locus Characteristic picture Inheritance

Transcription factor Thyroid usually dysgenetic
TITF1/NKX2-1
FOXE1
PAX8
Tbx1
SHH

14q13
9q22
2q12-q14
22q11.2
7q11

Choreoathetosis, respiratory problems, thyroid hypoplasia/agenesis
Thyroid agenesis, cleft palate, spiky hair, choanal atresia, bifi d epiglottis
Thyroid hypoplasia
Thyroid hemiagenesis, DiGeorge syndrome
Thyroid hemiagenesis, William syndrome

AD
AR
AD
AD
AD

↓ TSH synthesis Thyroid gland eutopic, not enlarged
Combined pituitary 

defi ciencies
PROP1
POU1F1
LHX3
LHX4
HESX1

5q
3p11
9q34.3
1q25
3p21.2-p21.1

Anterior pituitary hormone defi ciencies (GH, PRL, TSH, LH/FSH, evolving ACTH)
Anterior pituitary hormone defi ciencies (GH, PRL, TSH)
Anterior pituitary hormone defi ciencies (GH, PRL, TSH, LH/FSH), limited neck rotation
Anterior pituitary hormone defi ciencies (GH, TSH, ACTH), cerebellar abnormalities
Anterior and posterior pituitary hormone defi ciencies (GH, TSH, LH/FSH, ACTH, ADH, 

septo-optic hypoplasia

AR
AR, AD
AR
AR, AD
AR, AD

Isolated ↓ TSH TRH
TRH receptor
TSH β-subunit

3p
14q31
1p13

↓ TSH
↓ TSH, (↓ PRL)
↓ TSH

AR
AR
AR

↓ TSH response Thyroid gland eutopic ± hypoplastic
TSH receptor
Gsα

14q31
20q13.2

Thyroid hypoplasia/apparent aplasia
Thyroid hypoplasia, pseudohypoparathyroidism 1a
(Albright hereditary osteodystrophy)

AR
AD

↓ T4 synthesis Thyroid gland eutopic, ± goiter
NIS
TPO
DUOX2
Thyroglobulin
Dehalogenase
SLC26A4/PDS

19p12–13.2
2p25
15q15.3
8q24
6q24–25
7q31

↓I2 uptake
Abnormal I2 organifi cation
Abnormal I2 organifi cation 2o to ↓ H2O2 generation; heterozygotes may have 

transient CH
Abnormal Tg synthesis, abnormal plasma/urinary iodoprotein
Defective iodine recycling,↑ MIT and DIT in plasma/urine
Congenital deafness, partial organifi cation defect

AR
AR
AR
AR,AD
AR
AR

↓ T4 action Inappropriately ↑ TSH
Thyroid hormone resistance TRβ 3p24.3 ↑ T4, ↑ T3, inappropriately ↑ TSH; tachycardia, ADH, failure to thrive, small goiter AD
↓ T4 transport MCT8 Xq13.2 Slightly ↓ T4, ↑ T3, inappropriately ↑ TSH) severe mental retardation, deafness X-linked
↓ Deiodinase 2 activity SECISBP2 9q22.2 Slightly ↑ T4, ↓T3, ↑ rT3 inappropriately ↑ TSH AR

ACTH, adrenocorticotropic hormone; AD, autosomal dominant; ADH, antidiuretic hormone; AR, autosomal recessive; DIT, di-iodotyrosine; 
FSH, follicle stimulating hormone; GH, growth hormone; LH, luteinizing hormone; MIT, monoiodotyrosine; PRL, prolactin; TSH, thyroid stimulating hormone.
Note that considerable phenotypic variability may be found and abnormal function often develops over time.

with other dysmorphic fi ndings. This is consistent with the 
important role of these transcription factors in non-thyroid 
tissues during embryonic development. Heterozygous deletions 
of TITF1/NKX2-1 have been reported in a number of patients 
with CH, neurological manifestations (particularly choreoatheto-
sis) and unexplained neonatal respiratory distress. Abnormal 
thyroid, lung, pituitary and forebrain development is found in 
mice with a targeted disruption of this gene. The thyroid pheno-
type in these patients has varied from compensated hypothyroid-

ism with a eutopic thyroid gland on scintiscan to overt 
hypothyroidism associated with thyroid gland hypoplasia or 
aplasia (Table 12.1) [12].

Homozygous missense mutations in the FOXE1 gene have 
been associated with the syndrome of thyroid agenesis, bifi d epi-
glottis, cleft palate, kinky hair and choanal atresia.

It has been suggested that the thyroid hemiagenesis sometimes 
observed in patients with 22q11.2 deletion (DiGeorge/velocar-
diofacial syndrome) might be related to defects in the genes for 
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SHH (or sonic hedgehog signaling) [15]. Mice with a targeted 
disruption in both the Shh and Tbx1 genes, an important down-
stream target of sonic hedgehog, also have thyroid hemiagenesis 
[15].

Inborn errors of thyroid hormonogenesis
Decreased T4 synthesis due to an inborn error is responsible for 
most of the remaining cases (10–15%) of CH. Defects include 
failure to concentrate iodide, defective organifi cation of iodide 
due to an abnormality in the TPO enzyme or in the H2O2 generat-
ing system, defective Tg synthesis or transport and abnormal 
iodotyrosine deiodinase activity.

The association of a partial organifi cation defect with sensori-
neural deafness is known as Pendred syndrome. Affected patients 
have a goiter and characteristic enlargement of the vestibular 
aqueduct on magnetic resonance imaging (MRI) but the pheno-
type is variable. Thyroid function is characteristically normal in 
the newborn period and, in some patients, a hearing defect is the 
only fi nding [53].

All inborn errors of thyroid hormonogenesis are associated 
with a normally placed (eutopic) thyroid gland of normal or 
increased size which distinguishes them clinically from thyroid 
dysgenesis. Inborn errors tend to have an autosomal recessive 
form of inheritance consistent with a single gene mutation and 
a molecular basis for many of them has been identifi ed (Table 
12.1) [54], including mutations in the genes for NIS, TPO and 
Tg, respectively. Pendred syndrome has been shown to be 
caused by a defect in the pendrin (SLC26A4/PDS) gene [1] and 
mutations in DUOX2, important in hydrogen peroxide genera-
tion, have been shown to underly many cases of apparent 
organifi cation defect [2]. Missense mutations and deletions in 
DEHAL1, the gene encoding iodotyrosine deiodinase, underly 
the hypothyroidism in patients with clinical evidence of this 
abnormality [55]. Considerable phenotypic variability has been 
observed.

TSH resistance
Decreased T4 synthesis due to resistance to TSH is a less common 
cause of CH. Babies have a normal or hypoplastic gland and, in 
rare cases, no thyroid gland at all is discernible on thyroid imaging, 
a picture indistinguishable from thyroid agenesis. Because the 
TSH receptor gene is expressed only after the thyroid gland has 
migrated to the neck, loss-of-function mutations could explain 
the fi nding of hypoplasia or apparent aplasia but not ectopy. 
Clinical fi ndings in TSH resistance vary from compensated to 
overt hypothyroidism, depending on the severity of the defect. 
Some patients have a loss-of-function mutation of the TSH 
receptor, usually involving the extracellular domain [4]. Rarely, 
a loss-of-function mutation involves the transmembrane domain, 
analogous to the hyt/hyt mouse (Fig. 12.2). In a few infants, a 
discrepancy between presumed “athyreosis” on thyroid scintig-
raphy and the detection of either a “normal” serum Tg concentra-
tion or glandular tissue on ultrasound examination has been 
noted but this has not been consistent.

The relative frequency of TSH receptor gene mutations as a 
cause of TSH resistance is not known. In one study, inactivating 
mutations of the TSH receptor gene were found in 1 of 100 
patients with CH associated with thyroid hypoplasia or aplasia. 
TSH receptor gene mutations may be more common in certain 
ethnic groups, e.g. in Wales [56]. Most familial cases of TSH resis-
tance due to a loss-of-function mutation of the TSH receptor have 
an autosomal recessive form of inheritance. Some of the remain-
ing patients with TSH resistance are likely to have a post-receptor 
defect, possibly involving a signal transduction pathway.

TSH resistance may rarely be brought about by an inactivating 
mutation of the stimulatory guanine nucleotide-binding protein 
(Gsα -gene). This syndrome, pseudohypoparathyroidism type la 
or Albright hereditary osteodystrophy, is characterized by vari-
able resistance to G-protein coupled receptors, most commonly 
the parathyroid hormone receptor. Unlike loss-of-function muta-
tions of the TSH receptor, Albright hereditary osteodystrophy has 
an autosomal dominant inheritance with variable expression. The 
hypothyroidism at birth is usually mild.

Decreased TSH synthesis or secretion
CH due to TSH defi ciency is detected only by newborn screening 
programs that utilize a primary T4 strategy. The most recent data 
in USA indicate a prevalence of 1 in 95 933, <5% of all cases of 
CH [44]; in the Netherlands, where a T4 : TBG ratio is added to 
the screening strategy, the reported prevalence is fi ve- to sixfold 
higher (1 in 16 400–21 000) [43,45].

TSH defi ciency may be isolated or associated with other pitu-
itary hormone defi ciencies. Causes of isolated TSH defi ciency 
include mutations in the genes for TSHβ and TRH, both of which 
may be familial. TRH resistance due to a mutation in the TRH 
receptor gene has been described in a child in whom secondary 
hypothyroidism was missed on newborn screening. In this patient, 
the diagnosis was suspected because of an absent TSH and pro-
lactin response to TRH despite a normal pituitary gland on 
imaging [57].

TSH defi ciency in association with other pituitary hormone 
defi ciencies may be associated with abnormal midline facial and 
brain structures (particularly cleft lip and palate with absent 
septum pellucidum and/or corpus callosum) and should be sus-
pected in any male infant with microphallus and hypoglycemia. 
A mutation in the HESX-1 homeobox gene has been demon-
strated in some patients with septo-optic dysplasia. Non-dysmor-
phic causes of CH include pituitary hypoplasia, often associated 
with an ectopic posterior pituitary gland and molecular defects 
in the genes for the transcription factors LHX, POU1F1 or 
PROP1.

Decreased thyroid hormone action
Although the classic cause of thyroid hormone resistance is a 
loss-of-function mutation of the thyroid hormone receptor (TR), 
in recent years two additional causes of decreased thyroid 
hormone action have been identifi ed. These include defective 
cellular T4 transport and abnormal conversion of T4 to T3.
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Thyroid hormone resistance
Resistance to the action of thyroid hormone, although usually 
diagnosed later in life, may be identifi ed by neonatal screening 
programs that determine primarily TSH. Affected babies are not 
usually symptomatic. Most cases result from a mutation in the 
TRβ gene and follow an autosomal dominant pattern of inheri-
tance. The incidence has been estimated to be 1 in 50 000.

Decreased T4 cellular transport
Decreased T4 transport into target cells is another congenital 
abnormality of thyroid hormone action [58] and mutations in 
the monocarboxylate transporter 8 (MCT8) gene, located on the 
X chromosome, have been associated with male-limited hypothy-
roidism and severe neurological abnormalities, including global 
developmental delay, dystonia, central hypotonia, spastic quad-
riplegia, rotary nystagmus and impaired gaze and hearing. Het-
erozygous females had a milder thyroid phenotype and no 
neurological defects.

Abnormal thyroid hormone metabolism
Decreased T4 action has been described in patients with a homo-
zygous missense mutation in SECISBP2, a gene required for the 
incorporation of selenocysteine into D2, a selenoprotein [59]. 
Affected patients have abnormal thyroid function but are other-
wise normal.

Transient congenital hypothyroidism
Estimates of the frequency of transient CH vary greatly depending 
on how this condition is defi ned, whether transient hypothyroid-
ism is to be considered in all infants with a single elevated blood 
TSH concentration or only babies in whom a low T4 and elevated 
TSH are found in both the screening and confi rmatory serum 
samples, associated with disappearance of the condition within a 
few weeks with or without replacement therapy (Table 12.2). In 
North America, the original incidence was 1 in 40 000 neonates 
but the condition appears now to be threefold more common (1 
in 11 000–12 000) [44,47], probably caused, at least partly, by the 
survival of increasingly premature infants.

Iodine defi ciency, iodine excess and drugs are common causes 
of transient hypothyroidism in premature babies but often the 
cause is unknown. Transient TSH elevation may represent a com-
pensatory response in infants recovering from sick euthyroid 
syndrome.

Iodine defi ciency and iodine excess
Transient hypothyroidism resulting from iodine defi ciency or 
excess is more common in iodine-defi cient areas of Europe than 
in North America, an iodine-suffi cient region. In Belgium, for 
example, transient hypothyroidism used to be eightfold higher 
than in North America but administration of potassium iodide 
was successful in signifi cantly reducing the incidence. Because 
newborn infants are so susceptible to the adverse effects of iodine 
defi ciency, serum TSH on newborn screening has been shown to 
refl ect the prevalence of iodine defi ciency in a population. Pre-

mature infants are particularly at risk, not only because of 
decreased thyroidal iodine stores accumulated in utero but also 
because of immaturity of the capacity for thyroid hormonogene-
sis, the hypothalamo-pituitary-thyroid axis and the ability to 
convert T4 to T3. Furthermore, premature infants are in negative 
iodine balance for the fi rst 1–2 weeks of postnatal life.

In addition to iodine defi ciency, the fetus and infant are sensi-
tive to thyroid-suppressive effects of iodine administered to the 
mother during pregnancy or lactation or directly to the baby. This 
occurs because the fetus is unable to decrease thyroidal iodine 
uptake in response to an iodine load before 36 weeks’ gestation 
but increased skin absorption and decreased renal clearance of 
iodine are likely to play a part. Sources of iodine include drugs 
(e.g. potassium iodide or amiodarone), radiocontrast agents (e.g. 
iopanoic acid or sodium ipodate) and antiseptic solutions (e.g. 
povidone-iodine) used for skin cleansing or vaginal douches. 
Iodine-induced transient hypothyroidism is much less common 
in North America than in Europe [60].

Maternal antithyroid medication
Transient neonatal hypothyroidism may develop in babies whose 
mothers are treated with propylthiouracil (PTU), methimazole 
(MMI) or carbimazole for Graves disease. The fetus appears to 
be particularly sensitive to antithyroid drugs, even when the doses 
used in the mother are within recommended guidelines. Babies 
with antithyroid drug-induced hypothyroidism develop an 
enlarged thyroid gland which may be large enough to cause respi-
ratory embarassment, especially with higher doses. Both the 
hypothyroidism and goiter resolve with clearance of the drug 
from the baby’s circulation and replacement therapy is rarely 
required.

Table 12.2 Differential diagnosis of transient congenital hypothyroidism.

Primary hypothyroidism
Prenatal or postnatal iodine defi ciency or excess
Maternal antithyroid medication
Maternal TSH receptor blocking antibodies

Secondary or tertiary hypothyroidism
Prenatal exposure to maternal hyperthyroidism
Prematurity (particulary <27 weeks’ gestation)
Drugs:
 steroids
 dopamine

Miscellaneous
Isolated TSH elevation
Low T4 with normal TSH:
 prematurity
 illness
 undernutrition

TSH, thyroid stimulating hormone.
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Maternal thyrotropin receptor antibodies
TSH receptor blocking Abs, a population of Abs closely related 
to the TSH receptor stimulating Abs in Graves disease, may be 
transmitted to the fetus in suffi cient titer to cause transient CH. 
The incidence of this disorder has been estimated to be 1 in 
180 000 in North America, equivalent to 20% of transient cases 
[61]. TSH receptor blocking Abs are found most often in mothers 
who have been treated previously for Graves disease or who have 
the non-goitrous form of chronic lymphocytic thyroiditis 
(primary myxedema). Occasionally, mothers are unaware that 
they are hypothyroid and the diagnosis is made in them only after 
CH has been recognized in their infant. Unlike TSH receptor 
stimulating Abs that mimic the action of TSH, TSH receptor 
blocking Abs inhibit both binding and action of TSH. Because 
TSH-induced growth is inhibited, babies do not have a goiter; if 
the blocking Ab activity is suffi ciently potent, no thyroid tissue 
may be identifi ed. More often, babies are misdiagnosed with 
thyroid agenesis because TSH-stimulated radioactive iodine 
uptake is inhibited. In contrast to fi ndings on scintiscan, a nor-
mally placed thyroid gland can usually be visualized on ultra-
sound. The hypothyroidism generally resolves in 3–4 months 
when Abs are cleared from the neonatal circulation.

Babies with TSH receptor blocking-Ab-induced hypothyroid-
ism are diffi cult to distinguish from thyroid dysgenesis but differ 
in a number of ways (Table 12.3). They do not require lifelong 
therapy but there is a high recurrence rate in subsequent offspring 
because of the tendency of these maternal Abs to persist for many 
years. Unlike babies with thyroid dysgenesis, in whom cognitive 
outcome is normal if postnatal therapy is early and adequate, 
babies with maternal blocking-Ab-induced hypothyroidism may 
have permanent intellectual defi cit if feto-maternal hypothyroid-
ism was present in utero [31].

Transient secondary and/or tertiary hypothyroidism
Babies born to mothers who were hyperthyroid during pregnancy 
may develop transient hypothalamo-pituitary suppression. This 
is usually self-limited but may last for years and require replace-
ment therapy. In general, the titer of TSH receptor stimulating 

Abs in this population of infants is lower than in those who 
develop transient neonatal hyperthyroidism.

Other causes of transient secondary and tertiary hypothyroid-
ism include prematurity (<27 weeks’ gestation) and drugs used 
in the neonatal intensive care unit (e.g. steroids, dopamine).

Other abnormalities of thyroid function discovered on 
newborn screening
Isolated hyperthyrotropinemia
Persistent mild hyperthyrotropinemia has been detected primar-
ily by screening programs that utilize a primary TSH method but 
also in some infants in whom mild hypothyroidism (e.g. T4 <10th 
percentile, TSH <40  μU/mL on screening) is fi rst detected in the 
newborn period. The condition is most common in premature 
infants and has many potential causes. Babies diagnosed with 
hyperthyrotropinemia in infancy have a slightly higher serum 
TSH compared to control children when re-examined in early 
childhood, suggesting a mild permanent abnormality of thyroid 
function or a higher setpoint [62]. These infants have a higher 
prevalence of thyroid morphological abnormalities, antithyroid 
antibodies and mutations in thyroperoxidase and TSH receptor 
genes than do controls [63]. In babies whose blood specimen is 
obtained within the fi rst day or two of life because of early dis-
charge, isolated hyperthyrotropinemia may be due to the cold-
induced TSH surge observed postnatally. Maternal heterophile 
Abs that cross-react in the TSH radioimmunoassay have been 
implicated in some cases. Isolated hyperthyrotropinemia of 
unknown etiology has been reported in Japan. Because some 
affected babies had a normal TSH and T3 response to TRH and 
the TSH normalized without treatment, the hyperthyrotropin-
emia was thought to have represented immaturity of the hypo-
thalamo-pituitary-thyroid axis.

Hypothyroxinemia
Hypothyroxinemia with a “normal” TSH is found in 50% of 
babies with <30 weeks’ gestation. Free T4 is often less affected 
than the total T4. In addition to hypothalamo-pituitary immatu-
rity, premature infants frequently have TBG defi ciency due to 
both immature liver function and undernutrition and may have 
“sick euthyroid syndrome”.

Abnormalities in thyroid binding proteins, particularly TBG, 
may cause hypothyroxinemia with hyperthyrotropinemia. The 
incidence of TBG defi ciency is 1 in 5000–12 000.

Clinical manifestations
Clinical evidence of hypothyroidism is usually diffi cult to appre-
ciate in the newborn period. Many of the classic features (large 
tongue, hoarse cry, facial puffi ness, umbilical hernia, hypotonia, 
mottling, cold hands and feet and lethargy) develop only with the 
passage of time. Figure 12.8 shows a baby with untreated CH 
diagnosed clinically compared with an infant in whom the diag-
nosis was made at 3 weeks of age in the early days of newborn 
screening. Non-specifi c signs that suggest the diagnosis of CH 
include prolonged unconjugated hyperbilirubinemia, gestation 

Table 12.3 Comparison of clinical features of thyroid dysgenesis and TSH 
receptor blocking Ab-induced congenital hypothyroidism (CH).

Clinical feature Thyroid dysgenesis Blocking Ab-induced CH

Severity of CH + to ++++ + to ++++
Palpable thyroid No No
Ultrasound No/ectopic thyroid Eutopic thyroid
123I uptake None to low None to normal
Clinical course Permanent Transient
Familial risk No Yes
TPO Abs Variable Variable
TSH receptor Abs Absent Potent
Prognosis Normal May be delayed
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>42 weeks, feeding diffi culties, delayed passage of stools, hypo-
thermia or respiratory distress in an infant weighing >2.5  kg. A 
large anterior fontanelle and/or a posterior fontanelle >0.5  cm is 
frequently present in affected infants.

The extent of clinical fi ndings depends on the cause, severity 
and duration of the hypothyroidism. Babies in whom severe feto-
maternal hypothyroidism was present in utero tend to be the most 
symptomatic at birth. Babies with athyreosis or a complete block 
in thyroid hormonogenesis tend to have more signs and symp-
toms than infants with an ectopic thyroid, the most common 
cause of CH.

Babies with CH are of normal size at birth but subsequent 
linear growth is impaired if the diagnosis is delayed. Palpable 
thyroid tissue suggests that the hypothyroidism is caused by an 
abnormality in thyroid hormonogenesis or thyroid hormone 
action or that it will be transient.

Laboratory evaluation
Infants detected by newborn screening should be evaluated 
without delay, preferably within 24  h. The diagnosis is confi rmed 
by the demonstration of a decreased concentration of free T4 and 
an elevated TSH concentration. Most infants with permanent 
abnormalities have serum TSH concentration >50  mU/L but 
infants with less severe CH at birth have a higher incidence of 
permanent thyroid abnormalities than do babies whose thyroid 
function is initially normal. Serum T4 concentration is much 
higher in full-term infants in the fi rst 2 months of life (6.5–
16.3  μg/dL; 84–210  nmol/L) than in adults for whom reference 
values are given by many laboratories; TSH values depend on 
gestational age and day of life. Measurement of T3 is of little value 
in the diagnosis of CH.

A bone age X-ray is often performed as a refl ection of the dura-
tion and severity of the hypothyroidism in utero. Thyroid imaging 
provides information about the location and size of the thyroid 
gland and is helpful in genetic counseling. A normally placed 
thyroid gland is likely to represent either transient CH or a defect 
in thyroid hormonogenesis, almost always an autosomal recessive 
condition. However, thyroid dysgenesis is usually sporadic, so 
subsequent offspring have no increased risk as compared with the 
general population. A radionuclide scan (123I or 99mpertechnetate) 

refl ects metabolic activity and is more sensitive than ultrasound 
in detecting ectopic thyroid tissue, the most common cause of 
permanent CH, although color Doppler ultrasonography may be 
better than grayscale [64].

Ectopic thyroid glands may be located anywhere along the 
pathway of thyroid descent from the foramen caecum to the 
anterior mediastinum. If scintigraphy is performed, 123I is 
the preferred isotope because of the greater sensitivity and because 
123I, unlike technetium, is organifi ed. Imaging with this isotope 
allows quantitative uptake measurements and tests for both 
iodine transport defects and abnormalities in thyroid oxidation. 
The lowest possible dose of 123I (usually 25  μCi) should be used. 
If an organifi cation defect is suspected, a perchlorate discharge 
test can be performed, sodium perchlorate 10  mg/kg being 
administered intravenously 2  h after 123I; radioactive iodine 
uptake is measured before and 1  h later. A normal result is the 
release of <10% of the radioactive iodine uptake; 10–20% is bor-
derline, >20% is abnormal.

Pertechnetate is cheaper and more widely available than 123I. 
There has been is disagreement as to whether thyroid imaging by 
scintiscan should be performed in all babies because of the 
unknown risk of radiation exposure, particularly in centers where 
131I is used in large doses. For optimal resolution, scintiscan 
should be performed when the TSH is elevated (>30  μU/mL) but 
therapy should never be postponed for this procedure. In most 
babies with classic CH this is not a problem as the TSH remains 
elevated for at least a week but defi nitive diagnosis can be post-
poned until after 3 years of age when most thyroid hormone-
dependent brain development is complete. The usual approach 
is temporarily to discontinue therapy but recombinant hTSH is 
a promising alternative [65].

Unlike scintiscan, ultrasound does not involve irradiation and 
can be performed irrespective of thyroid function. Ultrasound 
will reveal the presence of a eutopic thyroid gland in patients 
misdiagnosed with agenesis on scintiscan because of decreased 
RAI uptake, e.g. resulting from iodine excess, TSH potent recep-
tor blocking Abs, a loss-of-function mutation in the TSH recep-
tor or an iodine trapping defect. Ultrasound may also reveal the 
presence of other structural abnormalities, e.g. hemiagenesis or 
cysts, but care should be taken not to mistake the ultimobranchial 
bodies for thyroid tissue.

Figure 12.8 Infant with severe untreated 
congenital hypothyroidism diagnosed clinically 
before the advent of newborn screening (left), 
compared with an infant with congenital 
hypothyroidism identifi ed through newborn 
screening (right). Note the striking difference in the 
severity of the clinical features.
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Autoimmune thyroid disease in the mother or a history of a 
previously affected sibling should alert the physician to the pos-
sibility of TSH receptor-blocking Ab-induced CH but such infor-
mation is not always reliable. A binding assay is appropriate for 
screening; bioassay can be performed later to demonstrate the 
biological action of the Abs. In cases of TSH receptor Ab-induced 
CH, the blocking activity is extremely potent, half-maximal TSH 
binding-inhibition being reported with as little as a 1 : 20 to 1 : 50 
dilution of serum; a weak or borderline result should cause recon-
sideration of this diagnosis. TPO Abs, although frequently detect-
able in babies with blocking Ab-induced CH, are neither sensitive 
nor specifi c in predicting the presence of transient CH.

Potential clues to the diagnosis of a loss-of-function mutation 
of the TSH receptor include a normal or decreased serum Tg 
concentration and/or evidence of a thyroid gland on ultrasound 
examination despite the failure to visualize thyroid tissue on 
imaging studies. Verifi cation of the diagnosis requires the dem-
onstration of a genetic abnormality in the TSH receptor gene.

Measurement of urinary iodine is helpful if a diagnosis of 
iodine-induced hypothyroidism is suspected. An iodide-concen-
trating defect should be suspected in patients with a family history 
of CH, particularly if an enlarged thyroid gland is present. The 
diagnosis is confi rmed by the demonstration of a decreased 123I 
uptake on scan and by a salivary : blood 123I ratio approaching 
unity. The detailed evaluation of infants suspected of having this 
and other abnormalities in thyroid hormonogenesis has been 
described elsewhere [66].

Measurement of Tg is most helpful in distinguishing a defect 
in Tg synthesis or secretion from other causes of thyroid dyshor-
monogenesis (iodide trapping defect organifi cation defect). In 
the former, the serum Tg concentration is low or undetectable 
despite the presence of an enlarged eutopic thyroid gland but it 
is high in the latter. Serum Tg concentration refl ects the amount 
of thyroid tissue present and the degree of stimulation and is 
helpful, in association with ultrasound or scintiscan, to distin-
guish patients with thyroid agenesis from dysgenesis. Tg is unde-
tectable in most patients with thyroid agenesis and intermediate 
in babies with an ectopic thyroid gland.

In babies in whom hypothyroxinemia unaccompanied by TSH 
elevation is found, free T4 should be measured, preferably by a 
direct dialysis method and the TBG concentration should also be 
evaluated. A low free T4 in the presence of a normal TBG may 
suggest secondary or tertiary hypothyroidism, particularly if the 
patient has microphallus or a midline facial abnormality. In these 
cases, TRH testing has been recommended to distinguish between 
pituitary and hypothalamic defects but the utility of this test has 
been questioned [67]; TRH is not available in the USA. Pituitary 
function testing and brain imaging should also be performed in 
these infants.

In premature, low birthweight or sick babies in whom a low T4 
and “normal” TSH are found, the free T4 when measured by a 
direct dialysis method frequently is not as low as the total T4. In 
these infants, T4 (and/or free T4) and TSH should be repeated 
every 1–2 weeks until the T4 normalizes because of the rare 

occurrence of delayed TSH rise. Thyroid function should also be 
monitored in other infants at risk for delayed TSH rise, such as 
severely ill babies in an intensive care setting and monozygotic 
twins in whom fetal blood mixing may initially mask the presence 
of CH in one of them. Even though many such babies have tran-
sient hypothyroidism, treatment should be considered if values 
do not normalize within 1–2 weeks because a prolonged period 
of neonatal hypothyroidism, even if transient, could have adverse 
effects on cognitive development. In any infant, if signs or symp-
toms suggestive of hypothyroidism are present, thyroid function 
testing should be repeated because of the possibility of delayed 
onset of hypothyroidism and because of rare errors in the screen-
ing program.

An approach to the investigation of infants with abnormal 
results on newborn thyroid screening is shown in Fig. 12.9.

Treatment
Replacement therapy with L-T4 should begin as soon as the diag-
nosis of CH is confi rmed. Parents should be counseled regarding 
the causes of CH, the importance of compliance and the excellent 
prognosis in most babies if therapy is initiated early. Educational 
materials should be provided. Treatment need not be delayed in 
anticipation of performing a thyroid scan as long as the latter is 
performed within 5–7 days of initiating treatment before sup-
pression of the serum TSH.

An initial dose of 10–15  μg/kg is currently recommended but 
50  μg, equivalent to 12–17  μg/kg/day, will result in more rapid 
normalization of serum T4 and TSH concentrations [68]. Babies 
with compensated hypothyroidism may be started on the lower 
dose, while those with severe CH [e.g. T4 < 5  μg/dL (64  nmol/L)], 
such as those with thyroid agenesis, should be started on the 
higher dose. Thyroid hormone may be crushed and administered 
with water, juice or breast milk but care should be taken that all 
the medicine has been swallowed. Thyroid hormone should not 
be given with substances that interfere with its absorption, such 
as iron (including iron-supplemented formula), soy or fi ber. 
Many babies will swallow the pills whole or chew the tablets with 
their gums before they have teeth. Liquid preparations are unsta-
ble and not available commercially in the USA, although they are 
available elsewhere, e.g. Germany. They should be used only if 
prepared by a reputable pharmacy.

The aims of therapy are to normalize serum T4 concentration 
in 3 days and TSH in 2 weeks, to avoid hyperthyroidism and to 
promote normal growth and development. Adjustments in the 
dosage are made according to the results of thyroid function tests 
and the clinical picture. Some infants develop supraphysiologic 
serum T4 values but the serum T3 concentration usually 
remains normal; most affected infants are not symptomatic and 
these short-term T4 elevations are not associated with adverse 
effects.

Normalization of TSH may be delayed because of relative pitu-
itary resistance but this appears to be less common now than in 
the past. In such cases, characterized by a normal or increased 
serum T4 and an inappropriately high TSH, the T4 value is used 
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Figure 12.9 Suggested initial approach to the 
investigation of an infant with congenital 
hypothyroidism: (a) if TSH is elevated; (b) if TSH is 
normal. See text for details.

to titrate the dose of medication but non-compliance is the most 
common cause and should be excluded.

Measurement of T4 and TSH should be repeated every 1–2 
weeks until thyroid function tests are normalized, every 1–2 
months during the fi rst year of life, every 2–3 months between 1 
and 3 years of age and every 3–12 months until growth is com-
plete. In hypothyroid babies in whom an organic basis was not 
established at birth and in whom transient disease is suspected, a 
trial off replacement therapy can be initiated after the age of 3 
years when most thyroid hormone-dependent brain maturation 
has occurred. Recombinant hTSH may prove useful in the future, 
without the need to withdraw T4.

Whether premature infants with hypothyroxinemia should be 
treated remains controversial [5]. Early retrospective investiga-
tions failed to document a difference in cognitive outcome in 
premature infants with hypothyroxinemia compared with con-
trols but numbers were small. Later a relationship was shown 
between severe hypothyroxinemia and both developmental 
delay and disabling cerebral palsy in preterm infants <32 weeks’ 
gestation. Whether the poorer prognosis in these infants was 
causal or coincidental could not be determined but the serum 
T4 in premature infants, like in adults, has been shown to refl ect 
the severity of illness and risk of death. There are confl icting 
results on the effect of therapeutic intervention with T4 or T3 
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on neurocognitive outcome, mortality rate and respiratory 
function.

In a placebo-controlled double-blind trial of T4 treatment, 
8  μg /kg/day for 6 weeks carried out in 200 infants less than 30 
weeks’ gestation, no difference in cognitive outcome was found 
overall but there was an 18-point increase in the Bayley Mental 
Development Index score in the subgroup of T4-treated infants 
<27 weeks’ gestation when fi rst studied at 2 years of age [69]. Of 
some concern was the additional fi nding that treatment with T4 
was associated with a 10-point decrease in mental score (P = 0.03) 
in infants >27 weeks’ gestation. When these children were restud-
ied at 10 years of age, the mental gap had disappeared but there 
remained a small insignifi cant difference in the need for special 
education and in motor impairment [70]. There remains insuf-
fi cient evidence to treat premature infants whose serum TSH 
concentration is normal. In premature babies whose TSH is per-
sistently elevated, 8  μg/kg/day has been recommended.

Prognosis
In early reports, the intellectual quotient (IQ) of affected infants 
was 6–19 points lower than control babies despite the eradication 
of severe mental retardation. Although this IQ defi cit was small, 
it was signifi cant as judged by a fourfold increase in the need for 
special education in affected children. In addition, sensorineural 
hearing loss, sustained attention problems and various neuropsy-
chological variables were noted, although the frequency and 
severity of these abnormalities were less than in the prescreening 
era. Babies most likely to have permanent intellectual sequelae 
were infants with the most severe in utero hypothyroidism as 
determined by initial T4 level (<5  μg/dL (64  nmol/L) and skeletal 
maturation at birth. These fi ndings led to the widely held conclu-
sion that some cognitive defi cits in most severely affected babies 
might not be reversible by postnatal therapy.

In the initial programs, a thyroxine dose of 5–8  μg/kg was used 
and treatment was not initiated until 4–5 weeks of age. Accumu-
lating data from a number of different studies have demonstrated 
that when a higher initial treatment dose is used (10–15  μg/kg) 
and treatment is initiated earlier (before 2 weeks), the “develop-
mental gap” can be closed, irrespective of the severity of the CH at 
birth. An even higher starting dose of 50  μg daily for a full-term 
infant (corresponding to 12–17  μg/kg) may be even better [71]; 
dose and timing of onset of therapy are independent variables 
[72]. Whether or not the higher starting dose is associated with 
increased behavioral diffi culties and attention problems, particu-
larly in less severely affected infants, remains controversial [73]. 
Therapy with T4 and T3 offers no advantage to T4 alone [74].

Neonatal hyperthyroidism

Transient neonatal hyperthyroidism (neonatal Graves 
disease)
Unlike CH, which is usually permanent, neonatal hyperthyroid-
ism is almost always transient. It results from the transplacental 

passage of maternal TSH receptor-stimulating Abs. Hyperthy-
roidism develops in babies born to mothers with the most potent 
stimulatory activity in serum, corresponding to 2–3% of mothers 
with Graves disease or 1 in 50 000 newborns. The incidence is 
four times higher than that for transient neonatal hypothyroid-
ism caused by maternal TSH receptor-blocking Abs. TSH recep-
tor Ab potency, severity and duration of in utero hyperthyroidism 
and maternal antithyroid medication are all important determi-
nants of neonatal thyroid status (Table 12.4). Most babies born 
to mothers with Graves disease have normal thyroid function 
(Table 12.5 [75]).

Some mothers have stimulating and blocking Abs in their cir-
culation, the proportions of which may change. Not surprisingly, 
the clinical picture in the fetus and neonate of these mothers is 
complex and depends not only on the relative proportion of each 
activity in the maternal circulation at any one time but also on 
the rate of their clearance from the neonatal circulation. 
Thus, one affected mother gave birth in turn to a normal infant, 
a baby with transient hyperthyroidism and one with transient 
hypothyroidism.

In another neonate, the onset of hyperthyroidism did not 
become apparent until 1–2 months postpartum when the higher 
affi nity blocking Abs had been cleared from the neonatal circula-
tion. In the last case, multiple monoclonal TSH receptor stimu-
lating and blocking Abs were cloned from peripheral lymphocytes 
in the mother’s blood. Each monoclonal Ab recognized different 
antigenic determinants (epitopes) on the receptor and had dif-
ferent functional properties.

Table 12.4 Situations that should prompt consideration of fetal or neonatal 
hyperthyroidism.

Fetus or neonatae has unexplained tachycardia
Mother has persistently high TRAb* titer
Mother requires persistently high dose of antithyroid medication
Mother has undergone thyroid ablation
Previous sibling was affected

*TRAb, TSH receptor Ab.

Table 12.5 Thyroid function of neonates born to mothers with Graves disease 
(n = 230). (After Mitsuda et al. [75].)

n %

Thyrotoxicosis

 Clinical (↑ T4, ↓ TSH) 6 2.6
 Chemical (nl T4, ↓ TSH) 7 3.0
Hypothyroidism
 Overt (↓ T4, ↑ TSH) 5 2.2
 Subclinical (nl T4, ↑ TSH) 18 7.8
Central hypothyroidism 2 0.9
Euthyroid 192 83.5
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Neonatal hyperthyroidism may occur in infants born to hypo-
thyroid mothers, the maternal thyroid having been destroyed by 
radioablation, surgery or autoimmune processes so that potent 
thyroid-stimulating Abs present in the maternal circulation are 
silent in contrast to the neonate whose thyroid gland is normal.

Clinical manifestations
Although maternal TSH receptor Ab-mediated hyperthyroidism 
may present in utero, its onset is usually towards the end of the 
fi rst week of life both because of the clearance of maternally 
administered antithyroid drugs from the infant’s circulation and 
the increased conversion of T4 to T3 after birth. The onset of 
neonatal hyperthyroidism may be delayed if higher-affi nity block-
ing Abs are also present.

Fetal hyperthyroidism is suspected in the presence of fetal 
tachycardia (pulse >160/min), especially if there is evidence of 
failure to thrive. Fetal hyperthyroidism does not usually occur 
before the third trimester when the fetal TSH receptor is upregu-
lated and the concentration of maternal IgG in the fetal circula-
tion increases. The diagnosis is more often appreciated only 
towards the end of the fi rst week of postnatal life when maternal 
antithyroid drug is cleared from the baby’s circulation. Charac-
teristic signs and symptoms include tachycardia, irritability, poor 
weight gain and prominent eyes. Goiter may be related to mater-
nal antithyroid drug treatment as well as to the neonatal Graves 
disease. Infants with neonatal Graves disease may present with 
thrombocytopenia, hepatosplenomegaly, jaundice and hypopro-
thrombinemia, a picture that may be confused with congenital 
infections. Dysrhythmias and cardiac failure may develop and 
cause death if treatment is delayed or inadequate. In addition to 
a signifi cant mortality rate that approximates 20% in some older 
series, untreated fetal and neonatal hyperthyroidism is associated 
with deleterious long-term consequences, including premature 
closure of the cranial sutures (cranial synostosis), failure to thrive 
and developmental delay.

The half-life of TSH receptor Abs is 1–2 weeks. The duration 
of neonatal hyperthyroidism, a function of Ab potency and meta-
bolic clearance rate, is usually 2–3 months but may be longer.

Laboratory evaluation
Because of the importance of early diagnosis and treatment, 
fetuses and infants at risk for neonatal hyperthyroidism should 
undergo clinical and biochemical assessment. A high index of 
suspicion is necessary in babies of women who have had thyroid 
ablation because a high titer of TSH receptor Abs would not be 
evident clinically. Similarly, women with persistently elevated 
TSH receptor Abs and a high requirement for antithyroid medi-
cation during pregnancy are at increased risk of having an affected 
child.

The diagnosis is confi rmed by an increased concentration of 
T4, free T4, T3 and free T3 accompanied by a suppressed TSH. 
Fetal ultrasonography may help detect a goiter and monitors fetal 
growth. Blood can be obtained by cordocentesis and results com-
pared with normal values during gestation. A high titer of TSH 

receptor Abs in the baby or mother will confi rm the etiology of 
the hyperthyroidism and, in babies whose thyroid function tests 
are initially normal, indicate the degree to which the baby is at 
risk. Babies likely to become hyperthyroid have the highest TSH 
receptor Ab titer, whereas the baby is most unlikely to become 
hyperthyroid if TSH receptor Abs are not detectable. In this case, 
it can be anticipated that the baby will be euthyroid, have tran-
sient hypothalamo-pituitary suppression or have a transiently 
elevated TSH, depending on the relative contribution of maternal 
hyperthyroidism versus the effects of maternal antithyroid medi-
cation. Antithyroid drug therapy is rarely necessary. If TSH 
receptor Ab potency is intermediate, it is likely that the baby will 
be euthyroid, have a transiently elevated T4 or have transient 
hypothalamo-pituitary suppression.

The sensitivity of different TSH receptor Ab assays varies, so 
specifi c values that are recommended in the literature should be 
interpreted with caution. In the author’s experience, bioassays 
performed in clinical laboratories are less sensitive than those 
reported in the literature. Close follow-up of all babies with 
abnormal thyroid function tests or detectable TSH receptor Abs 
is mandatory.

Therapy
Treatment of the fetus is accomplished by administration of anti-
thyroid medication to the mother using the minimal dose of PTU 
or MMI necessary to normalize the fetal heart rate and render the 
mother euthyroid or slightly hyperthyroid. Treatment is expect-
ant in the neonate. PTU (5–10  mg/kg/day) or MMI (0.5–1.0  mg/
kg/day) can be used initially in three divided doses. If the hyper-
thyroidism is severe, a strong iodine solution (Lugol solution or 
SSKI, 1 drop every 8  h) is added immediately to block the release 
of thyroid hormone because the effect of PTU and MMI may be 
delayed for several days. Therapy with PTU and iodine is adjusted 
depending on the response. Propranolol (2  mg/kg/day in two or 
three divided doses) is added if sympathetic overstimulation is 
severe, particularly in the presence of pronounced tachycardia. If 
cardiac failure develops, treatment with digoxin should be initi-
ated and propranolol be discontinued.

Prednisone (2  mg/kg/day) may be added for immediate inhibi-
tion of thyroid hormone secretion and decreased generation of 
T3 from T4 in peripheral tissues. Sodium ipodate (0.5  g every 3 
days), an iodine-containing radiocontrast material that inhibits 
thyroid hormone secretion and the conversion of T4 to T3, has 
been used successfully as the sole treatment. Measurement of 
TSH receptor Abs in treated babies may be helpful in predicting 
when antithyroid medication can safely be discontinued. Lactat-
ing mothers on antithyroid medication can continue nursing as 
long as the dose of PTU or MMI does not exceed 400 or 40  mg, 
respectively. As the milk : serum ratio of PTU is one-tenth that of 
MMI, a consequence of pH differences and increased protein 
binding, PTU is preferable to MMI, although relatively low doses 
of MMI can be given to nursing mothers with no adverse effects 
on the baby. Higher doses of antithyroid medication require close 
supervision of the infant.
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Permanent neonatal hyperthyroidism
Neonatal hyperthyroidism can be permanent due to a germline 
mutation in the TSH receptor resulting in its constitutive activa-
tion. A gain-of-function mutation of the TSH receptor should be 
suspected if persistent neonatal hyperthyroidism occurs in the 
absence of detectable TSH receptor Abs in the maternal circula-
tion. Most cases result from a mutation in exon 10 which encodes 
the transmembrane domain and intracytoplasmic tail (Fig. 12.2) 
[4]. Less frequently, a mutation encoding the extracellular domain 
has been described. Autosomal dominant inheritance has been 
noted in many of these infants but other cases have been sporadic, 
arising from a de novo mutation. Early recognition is important 
because the thyroid function of affected infants is frequently dif-
fi cult to manage medically. When diagnosis and therapy are 
delayed, irreversible sequelae, such as cranial synostosis and 
developmental delay, may result. For this reason, early aggressive 
therapy with thyroidectomy or radioablation has been 
recommended.

Thyroid disease in childhood and adolescence

Hypothyroidism
Chronic lymphocytic thyroiditis
The causes of hypothyroidism after the neonatal period are listed 
in Table 12.6. The most frequent cause is chronic lymphocytic 
thyroiditis (CLT), an autoimmune disease closely related to 
Graves disease. In both CLT and Graves disease a background 
inherited predisposition to autoimmunity and additional envi-
ronmental and hormonal factors that trigger and modulate the 
disease process appear to be involved [76]. In CLT, lymphocyte 
and cytokine-mediated thyroid apoptosis predominates, whereas 
Ab-mediated thyroid stimulation occurs in Graves disease but 
overlap may occur. Goitrous (Hashimoto thyroiditis) and non-
goitrous (primary myxedema; Fig. 12.10) variants of thyroiditis 
have been distinguished. The disease has a striking predilection 
for females, and a family history of autoimmune thyroid disease 
(both CLT and Graves disease) is found in 30–40% of patients. 
The most common age at presentation is adolescence but the 
disease may occur at any age, even infancy.

Patients with insulin-dependent diabetes mellitus, 20% of 
whom have positive thyroid Abs and 5% of whom have an ele-
vated serum TSH level, have an increased prevalence of CLT, 
which may also occur as part of an autoimmune polyglandular 
syndrome (APS). In APS 1, also called APECED (autoimmune 
polyendocrinopathy, candidiasis, ectodermal dystrophy) syn-
drome, CLT is found in 10% of patients. APS 1 is associated with 
defective cell-mediated immunity and presents in childhood. It 
results from a mutation in the AIRE (autoimmune regulator) 
gene. CLT and diabetes mellitus with or without adrenal insuffi -
ciency (APS 2, also referred to as Schmidt syndrome) tends to 
occur later in childhood or in adults. In addition to the polyglan-
dular syndromes, there is an increased incidence of CLT in 
patients with Down, Turner, Klinefelter and Noonan syndromes. 

CLT may be associated with chronic uriticaria and with immune-
complex glomerulonephritis.

Antibodies to Tg and TPO (microsomal), the thyroid Abs mea-
sured in routine clinical practice, are detectable in over 95% of 
patients with CLT. They are useful markers of underlying auto-
immune thyroid damage, TPO Abs being more sensitive and 
specifi c. TSH receptor Abs are found in a small proportion of 
patients. When stimulatory TSH receptor Abs are present, they 
may give rise to a clinical picture of hyperthyroidism, the coexis-
tence of CLT and Graves disease being known as hashitoxicosis. 
Blocking Abs, however, have been postulated to underlie both the 
hypothyroidism and the absence of goiter in some patients with 
primary myxedema but are detectable in only a minority of chil-
dren. The disappearance of blocking Abs has sometimes been 
associated with a normalization of thyroid function in previously 
hypothyroid patients.

Table 12.6 Differential diagnosis of juvenile hypothyroidism.

Primary hypothyroidism
Chronic lymphocytic thyroiditis
Goitrous (Hashimoto)
Atrophic (primary myxedema)

Congenital abnormality
Thyroid dysgenesis
Inborn error of thyroid hormonogenesis

Iodine defi ciency (endemic goiter)

Drugs or goitrogens
Antithyroid drugs (PTU, MMI, carbimazole)
Anticonvulsants
Other (lithium, thionamides, aminosalicylic acid, amiodarone, aminoglutethimide)
Goitrogens (cassava, water pollutants, cabbage, sweet potatoes, caulifl ower, 

broccoli, soya beans)

Miscellaneous
Cystinosis
Histiocytosis X
Iatrogenic:
 radioactive iodine
 external irradiation of non-thyroid tumors
 surgery
Mitochondrial disease
Infantile hemangioma

Secondary or tertiary hypothyroidism
Congenital abnormality
Acquired:
 hypothalamic or pituitary tumor (especially craniopharyngioma)
 infi ltrative or infectious disease
 trauma
Iatrogenic:
 surgery
 radiation

MMI, methimazole; PTU, propylthiouracil.
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Goiter, present in approximately two-thirds of children with 
CLT, results primarily from lymphocytic infi ltration and, in some 
patients, from a compensatory increase in TSH. The role of Abs 
in goitrogenesis is controversial. Contrary to previous belief, evi-
dence now suggests that primary myxedema arises as a result of 
independent immune mechanisms and does not represent the 
“burned out” phase of CLT.

Children with CLT may be euthyroid or may have compen-
sated or overt hypothyroidism. Rarely, they may experience an 
initial thyrotoxic phase because of the discharge of preformed T4 
and T3 from the damaged gland. Alternatively, as indicated 
above, thyrotoxicosis may be caused by concomitant thyroid 
stimulation by TSH receptor stimulatory Abs (hashitoxicosis).

Long-term follow-up has suggested that, while most children 
who are hypothyroid initially remain hypothyroid, spontaneous 
recovery of thyroid function may occur, particularly in those with 
initial compensated hypothyroidism. However, some initially 
euthyroid patients become hypothyroid with observation. There-
fore, whether or not treatment is initiated, follow-up is necessary.

Other causes of acquired hypothyroidism
Thyroid dysgenesis and inborn errors of thyroid 
hormonogenesis
Some patients with thyroid dysgenesis escape detection by 
newborn screening and present later in childhood with non-goi-
trous hypothyroidism or with an enlarging mass at the base of 
the tongue or along the course of the thyroglossal duct. Children 
with inborn errors of thyroid hormonogenesis may be recognized 
later in childhood because of the detection of a goiter.

Iodine and other micronutrient defi ciency; natural 
goitrogens
Iodine defi ciency is a major public health problem. Endemic 
cretinism, the most serious consequence, occurs only in areas 
where the problem is most severe. Hypothyroidism in older 
infants, children and adults is seen in regions of moderate iodine 
defi ciency. It develops when adaptive mechanisms fail and may 
be exacerbated by the coincident ingestion of goitrogen-contain-
ing foods, such as cassava, soya beans, broccoli, cabbage, sweet 
potatoes and caulifl ower or by water pollutants. Iodine defi ciency 
can be caused by dietary restriction (for multiple food allergies), 
vegan diet or the result of a fad. Thiocyanate-containing foods 
(broccoli, sweet potatoes and caulifl ower) block trapping and 
subsequent organifi cation of iodine. Iodine defi ciency may be 
exacerbated by lack of selenium, a component of the selenocys-
teine thyroid hormone deiodinases.

Drugs
Drugs used in childhood that may affect thyroid function include 
antithyroid medication, some anticonvulsants, lithium, amioda-
rone, aminosalicylic acid and aminoglutethimide.

Secondary or tertiary hypothyroidism
Secondary or tertiary hypothyroidism may be recognized later in 
childhood as a result of damage to the pituitary or hypothalamus 
by tumours (particularly craniopharyngioma), granulomatous 
disease, head irradiation, infection (meningitis), surgery or 
trauma. Other pituitary hormones are often affected, particularly 
growth hormone and gonadotropins.

Thyroid hormone resistance
Children with thyroid hormone resistance usually come to atten-
tion when thyroid function tests are performed because of poor 
growth, hyperactivity, a learning disability or other non-specifi c 
signs or symptoms. A small goiter may be present. The presenta-
tion is variable with symptoms of thyroid hormone defi ciency or 
excess but it may be asymptomatic.

In the past, some individuals have been classifi ed as having 
selective pituitary resistance as distinct from generalized resis-
tance to thyroid hormone because they appeared to have evidence 
of peripheral hypermetabolism in response to the elevated thyroid 
hormone levels. Variable levels of expression of the mutant allele 
have not been demonstrated, so it has been suggested that the 
variable clinical manifestations of the syndrome are a result of the 
genetic heterogeneity of the many cofactors that modulate TR 
expression.

Thyroid hormone resistance is caused most frequently by a 
point mutation in the hinge region or ligand binding domain of 
the TRβ gene (Fig. 12.4). As a consequence, there is a dramatic 
reduction in T3 binding. Less frequently, it results from impaired 
interaction with one of the cofactors involved in the mediation 
of thyroid hormone action. Because these mutant TRs interfere 
with the function of the normal TRs, a dominant pattern of 
inheritance is seen. In contrast, in the single family with a deletion 

(a) (b)

Figure 12.10 Ten-year-old female with severe primary hypothyroidism caused 
by primary myxedema before (a) and after (b) treatment. Presenting complaint 
was poor growth. Note the dull facies, relative obesity and immature body 
proportions before treatment. At age 10 years she had not lost a deciduous 
tooth. After treatment was initiated she lost six teeth in 10 months and had 
striking catch-up growth. Bone age was 5 years at a chronologic age of 10 
years. TSH receptor blocking antibodies were negative.
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of all coding sequences of the TRβ gene, only homozygotes mani-
fested resistance.

Rarely, thyroid hormone resistance may be found in patients 
with cystinosis.

Miscellaneous causes of acquired hypothyroidism
The thyroid gland may be involved in generalized infi ltrative 
(cystinosis), granulomatous (histiocytosis X) or infectious disease 
processes of suffi cient severity to disturb thyroid function. Hypo-
thyroidism may also occur in patients with mitochondrial disease 
[77]. In infancy, a large hemangioma with high D3 activity can 
be associated with rapid inactivation of T4 and severe hypothy-
roidism [78]. Extremely high replacement doses of T4 may be 
required.

Mantle irradiation for Hodgkin disease or lymphoma and cra-
niospinal irradiation in the treatment of brain tumors may result 
in hypothyroidism. In the former, primary hypothyroidism devel-
ops; in the latter, primary and secondary hypothyroidism may 
occur.

Clinical manifestations
The onset of hypothyroidism in childhood is insidious. Affected 
children are usually recognized because of the detection of a 
goiter or because of poor growth, sometimes for several years 
before diagnosis. Because height is affected more than weight, 
affected children are relatively overweight for height, although 
they rarely are signifi cantly obese. If the hypothyroidism is severe 
and long-standing, immature facies with an underdeveloped 
nasal bridge and immature body proportions (increased 
upper : lower body ratio) may be noted. Dental and skeletal matu-
ration are delayed, the latter often >3 years. Patients with second-
ary or tertiary hypothyroidism tend to be less symptomatic than 
those with primary hypothyroidism.

Classic clinical manifestations can be elicited but they are often 
not the presenting complaints. These include lethargy, cold intol-
erance, constipation, dry skin or hair texture and periorbital 
edema. School performance is not usually affected, in contrast to 
the severe irreversible neuro-intellectual sequelae that occur in 
inadequately treated babies with CH.

Causes of hypothyroidism associated with a goiter (CLT, 
inborn errors of thyroid hormonogenesis) should be distin-
guished from non-goitrous causes (primary myxedema, thyroid 
dysgenesis, secondary or tertiary hypothyroidism). The typical 
thyroid gland in CLT is diffusely enlarged and rubbery. Although 
the surface is classically described as “pebbly” or bosselated, 
asymmetric enlargement can occur and must be distinguished 
from thyroid neoplasia. An enlarged pyramidal lobe or Delphian 
lymph node superior to the isthmus can be found and may be 
confused with a thyroid nodule. A delayed relaxation time of the 
deep tendon refl exes may be appreciated in more severe cases.

In patients with severe hypothyroidism of long-standing dura-
tion, the sella turcica may be enlarged due to thyrotrope hyper-
plasia. There is an increased incidence of slipped femoral capital 
epiphyses. The combination of severe hypothyroidism and mus-

cular hypertrophy, which gives the child a “Herculean” appear-
ance, is known as the Kocher–Debré–Sémélaigne syndrome.

Puberty tends to be delayed in hypothyroid children, although 
sexual precocity has been described in long-standing severe hypo-
thyroidism. Females may menstruate but commonly have breast 
development with little sexual hair. Ovarian cysts may be dem-
onstrated on ultrasonography due to follicle-stimulating hormone 
(FSH) secretion. Galactorrhea due to hyperprolactinemia may 
occasionally occur. In boys, testicular enlargement may be inap-
propriate for the stage of puberty.

Laboratory evaluation
Measurement of TSH is the best screening test for primary hypo-
thyroidism. If TSH is elevated, measurement of free T4 will dis-
tinguish subclinical (normal free T4) from overt (low free T4) 
hypothyroidism.

Measurement of TSH is not helpful in secondary or tertiary 
hypothyroidism, which is demonstrated by a low free T4 with a 
low TSH. A hypothalamic versus pituitary origin of the hypothy-
roidism can sometimes be distinguished by TRH testing but the 
value of this procedure has been questioned. In hypopituitarism, 
there is little or no TSH response to TRH. TRH is no longer 
available in the USA. Mild TSH elevation can be seen in individu-
als with hypothalamic hypothyroidism, a consequence of the 
secretion of a TSH molecule with impaired bioactivity but normal 
immunoreactivity.

Thyroid hormone resistance is characterized by elevated levels 
of free T4 and T3 with an inappropriately normal or elevated TSH 
concentration. In obese children, a slightly elevated serum T3 
concentration that is clinically insignifi cant may be noted, the 
consequence of increased T4 to T3 conversion.

CLT is diagnosed by elevated titers of Tg and/or TPO Abs. 
Ancillary investigations (thyroid ultrasonography and/or thyroid 
scintigraphy) may be performed if thyroid Ab tests are negative 
or if a nodule is palpable but are rarely necessary. The typical 
picture of spotty uptake of radioactive iodine that is seen in adults 
is rare in children. If thyroid Ab tests are negative and no goiter 
is present, thyroid ultrasonography and/or scan identify the pres-
ence and location of thyroid tissue and thereby distinguish 
primary myxedema from thyroid dysgenesis. Inborn errors of 
thyroid hormonogenesis beyond a trapping defect are usually 
suspected by an increased radioiodine uptake and a large gland 
on scan.

Therapy
In contrast to CH, rapid replacement is not essential in the older 
child. This is particularly true in children with long-standing 
severe thyroid underactivity in whom rapid normalization may 
result in unwanted side effects (deterioration in school perfor-
mance, short attention span, hyperactivity, insomnia and behav-
ior diffi culties). Replacement doses should be increased slowly 
over several weeks to months. Severely hypothyroid children 
should be observed for complaints of headache when therapy is 
initiated because of the rare development of pseudotumor cerebri. 
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Full replacement can be initiated at once without much risk in 
children with mild hypothyroidism. Treatment does not reduce 
the body mass index (BMI) in most children, except in those with 
severe hypothyroidism.

Treatment of children with subclinical hypothyroidism 
(normal T4, elevated TSH) is controversial. Some physicians treat 
all such patients while others reassess thyroid function in 3–6 
months before initiating therapy because of the possibility that 
the thyroid abnormality will be transient.

Compensated hypothyroidism in adults has been associated 
with a variety of systemic hypothyroid or neuropsychiatric com-
plaints and with mild lipid abnormalities [79]. Treatment has 
been advocated for symptom relief and because of the risk of 
progression to overt hypothyroidism, a risk particularly in older 
individuals with a positive titre of anti-TPO Abs [80]. An expert 
US panel recently recommended observation without treatment 
of adult patients whose TSH level was <10  mU/L regardless of Ab 
titer [81]. When signs or symptoms suggestive of hypothyroidism 
are present, L-T4 therapy can be tried.

The typical replacement dose of L-T4 in childhood is 
100  μg/M2 or 4–6  μg/kg for children 1–5 years of age, 3–4  μg/kg 
for those ages 6–10 years and 2–3  μg/kg for those 11 years of age 
and older. In patients with a goiter, a somewhat higher dose to 
keep the TSH in the low-normal range (0.3–1.0  mU/L in an ultra-
sensitive assay) is used to minimize its goitrogenic effect. Whether 
and how patients with thyroid hormone resistance should be 
treated is controversial [82].

After the child has received the recommended dose for at least 
6–8 weeks, T4 and TSH should be measured. Once a euthyroid 
state has been achieved, patients should be monitored every 6–12 
months. Close attention is paid to interval growth and bone age 
as well as to the maintenance of a euthyroid state. Some children 
with severe long-standing hypothyroidism at diagnosis may not 
achieve their adult height potential even with optimal therapy, 
emphasizing the importance of early diagnosis and treatment. 
Therapy is usually lifelong.

Asymptomatic goiter

Goiter occurs in 4–6% of schoolchildren in iodine-suffi cient areas 
and is more common (>10%) in areas of iodine defi ciency. Like 
thyroid disease in general, there is a female preponderance of 2–
3 : 1. Patients with goiter are usually euthyroid but may be hypo-
thyroid or hyperthyroid. The most frequent cause of asymptomatic 
goiter in iodine suffi cient areas is CLT.

Non-toxic (simple or colloid) goiter
Non-toxic (colloid) goiter is another cause of euthyroid thyroid 
enlargement in childhood. There is often a family history of 
goiter, CLT or Graves disease, leading to the suggestion that non-
toxic goiter might also be an autoimmune disease. Thyroid 
growth immunoglobulins have been identifi ed in some patients 

with simple goiter but their etiological role is controversial. The 
cause of non- toxic goiter is unknown but may represent unrec-
ognized borderline iodine defi ciency or CLT. Whereas many 
colloid goiters regress spontaneously, others undergo periods of 
growth and regression, resulting, ultimately, in the large nodular 
thyroid glands observed later in life.

Clinical manifestations and laboratory investigation
Clinical examination reveals a diffusely enlarged thyroid gland. 
Measurement of the serum TSH concentration is the initial 
approach to diagnosis. In euthyroid patients, TPO and Tg Abs 
should be measured to exclude CLT; ultrasound examination or 
thyroid scintiscan can be performed to look for evidence of lym-
phocytic infi ltration in Ab-negative patients but this is rarely 
indicated. All patients with initially negative thyroid Abs should 
have repeat examinations because some children with CLT 
develop positive titers.

Therapy
Thyroid suppression of a euthyroid goiter in children is contro-
versial. A small reduction in the size of the gland [83] in pediatric 
patients with CLT can be detectable on ultrasonography but is 
not appreciable clinically [84]. Whether this small effect is suffi -
cient to warrant lifetime therapy is not clear. There is no evidence 
that treatment affects the underlying thyroiditis and no long-
term studies are available in children with colloid goiter. A thera-
peutic trial may be tried when the goiter is large. In some cases, 
surgery may be required for cosmesis.

Painful thyroid

Painful thyroid enlargement is rare and suggests either acute 
(suppurative) or subacute thyroiditis. Occasionally, CLT may be 
associated with intermittent pain and be confused with the latter 
disorder. In acute thyroiditis, progression to abscess formation 
may occur rapidly so prompt recognition and antibiotic therapy 
is essential. Recurrent attacks and involvement of the left lobe 
suggest a pyriform sinus fi stula between the oropharynx and the 
thyroid as the route of infection. A pyriform sinus can usually be 
demonstrated by barium swallow; surgical extirpation will fre-
quently prevent further attacks.

Subacute thyroiditis is characterized by fever, malaise, thyroid 
enlargement and tenderness. Serum thyroxine may be normal or 
elevated, the result of the release of preformed T4 and T3 into the 
circulation. Unlike Graves disease, radioactive iodine uptake is 
low or absent. A low titer of TPO and Tg Abs may be found and 
the sedimentation rate is elevated. The thyrotoxic phase generally 
lasts 1–4 weeks followed by transient hypothyroidism as the 
thyroid gland recovers. Treatment is supportive and includes 
large doses of acetylsalicylic acid or other anti-infl ammatory 
drugs. Corticosteroid medication may be helpful in severe cases. 
Antithyroid medication is not indicated.
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Hyperthyroidism

Graves disease
The causes of hyperthyroidism in childhood and adolescence are 
indicated in Table 12.7. Ninety-fi ve percent are caused by Graves 
disease, an autoimmune disorder that, like CLT, occurs in a 
genetically predisposed population. There is a strong female pre-
disposition (6–8 : 1) and a higher concordance of disease in 
monozygotic as compared with dizygotic twins. Graves disease is 
much less common in children than adults, although it can occur 
at any age, especially in adolescence. Prepubertal children, espe-
cially <4 years of age, tend to have more severe disease, require 
longer medical therapy and achieve a lower rate of remission as 
compared with pubertal children.

Susceptibility genes and environmental triggers (e.g. viruses, 
stress, iodine) appear to interact to initiate the characteristic 
immunologic response. Genetic factors, estimated to account for 
70% of the risk for Graves disease, consist of a series of interacting 
susceptibility alleles of genes important in antigen recognition 
and/or immune modulation which include HLA-DR3, cytotoxic 
T lymphocyte-associated factor 4 (CTLA-4), protein tyrosine 
phosphatase 22 (PTPN22) and CD40. The genes located on the 
major histocompatibility complex (MHC) infl uence the presen-
tation of the immunogenic peptide to T cells [76], while CTLA-4 
and PTPN22 are inhibitors of T-lymphocyte activation. CD40, a 
member of the TNF-R receptor family, has an important role in 
B-cell activation [85].

Polymorphisms of putative antigens, e.g. the TSH receptor and 
Tg, have also been demonstrated. A specifi c HLA polymorphism 
(DRb1-Arg 74) has been demonstrated in the peptide binding 
pocket of HLA and a potential role in affecting its affi nity to 
putative thyroidal antigens, such as Tg has been hypothesized 
[86]. Some polymorphisms, e.g. HLA-DR3, CD40 and the TSH 
receptor, are specifi c for Graves disease, while others, e.g. CTLA-
4, PTPN22 and Tg, are found in patients with Graves disease and 
CLT.

Graves disease has been described in children with other endo-
crine and non-endocrine autoimmune diseases which include 
diabetes mellitus, Addison disease, vitiligo, systemic lupus erythe-
matosus, rheumatoid arthritis, myasthenia gravis, periodic paral-
ysis, idiopathic thrombocytopenia purpura and pernicious 
anemia. There is an increased risk of Graves disease in children 
with Down syndrome (trisomy 21) and, perhaps, DiGeorge syn-
drome (22q11 deletion).

Unlike CLT in which thyrocyte apoptosis is predominant, the 
major clinical manifestations of Graves disease are hyperthyroid-
ism and goiter. Graves disease is caused by TSH receptor Abs 
that mimic the action of TSH. Binding of ligand results in stimu-
lation of adenyl cyclase with subsequent thyroid hormonogenesis 
and growth. TSH receptor-blocking Abs inhibit TSH-induced 
stimulation of adenyl cyclase. Both stimulatory and blocking 
TSH receptor Abs bind to the extracellular domain of the recep-
tor and recognize apparently discrete linear epitopes antigen in 

the context of a three-dimensional structure but the specifi c 
epitope(s) with which they interact continues to be controver-
sial. In some studies, stimulatory Abs bind to the amino-termi-
nal portion of the extracellular domain, while blocking Abs bind 
to a more carboxy-terminal domain but there is considerable 
overlap.

The generation of human monoclonal TSH receptor stimulat-
ing and blocking Abs and crystyllographic studies of their interac-
tion with the TSH receptor at a molecular level should enhance 
understanding of binding domains important in TSH action [87]. 
Studies using monoclonal TSH receptor Abs cloned from patients’ 
peripheral lymphocytes and recombinant mutant TSH receptor 
have demonstrated that multiple TSH receptor Abs exist each 
with different specifi cities and functional activities. In general, 
blocking Abs are more potent inhibitors of TSH binding than 
stimulatory ones.

The clinical assessment of TSH receptor Abs (TRAbs) takes 
advantage of their ability to inhibit the binding of TSH to its 
receptor [binding assay, e.g. radioreceptor assay, coated tube 
chemiluminescent assay or enzyme-linked immunosorbent 
assay (ELISA)] or to stimulate (or inhibit) TSH-induced stimu-
lation of adenyl cyclase (bioassay). TSH receptor Abs measured 
by binding assay are generally referred to as TRAbs or TSH 
binding inhibitory immunoglobulins (TBII), whereas those that 
are measured by bioassay are called thyroid-stimulating Abs 
(TSAbs) or thyroid stimulating immunoglobulins (TSI). Porcine 
thyroid membranes or human TSH receptor that has been 
transfected on Chinese hamster ovary (CHO cells) are used as 
the source of receptor for binding assays. “Second generation” 
assays utilize receptors in solid phase ELISA and are more sen-
sitive than the fi rst generation assays in which solubilized 
porcine membranes were used. Labeled monoclonal TSH recep-
tor Ab has been been substituted for TSH in a “third genera-
tion” assay.

Commercial TRAb assays are extremely sensitive and specifi c, 
being positive in up to 99% of pediatric patients with Graves 
disease, but they provide no information about biologic activity, 
i.e. whether the Abs are stimulators or blockers. Bioassays, 
although theoretically preferable, are more expensive and more 
technically demanding. Technical improvements have included 
the use of CHO cells transfected with hTSH receptor in place of 
the immortalized rat thyroid FRTL-5 cell line and the develop-
ment of luminescent bioassays in which a cAMP response element 
is transfected upstream of a luciferase reporter. Despite these 
improvements, bioassays that are available clinically tend to be 
less sensitive than either binding assays or results obtained in 
research laboratories. In particular, results of assays that utilize 
the rat FRTL-5 cell line, commonly used in the past, should be 
interpreted with caution as these cells lose sensitivity with repeated 
passage.

Seventy percent of children with Graves disease also have TPO 
and/or Tg Abs in their sera but measurement of these Abs is much 
less sensitive and specifi c for the diagnosis of Graves’ disease than 
measurement of TSH receptor Abs [88].
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Rarer causes of hyperthyroidism
Hyperthyroidism may be caused by a functioning thyroid 
adenoma, by constitutive activation of the TSH receptor or be 
part of the McCune–Albright syndrome. Other rare causes are 
listed in Table 12.7.

Hyperthyroidism may be caused by inappropriately elevated 
TSH secretion, the result of a TSH-secreting pituitary adenoma 
or pituitary resistance to thyroid hormone.

Miscellaneous causes of thyrotoxicosis without hyperthyroid-
ism include the toxic phase of CLT, subacute thyroiditis and 
thyroid hormone ingestion (thyrotoxicosis factitia). Thyroxine 
may be abused by adolescents trying to lose weight or be inad-
vertently eaten by toddlers. When the resultant thyrotoxicosis is 
severe, treatment with iopanoic acid may be effective [89].

Clinical manifestations
All but a few children with Graves disease present with some 
degree of thyroid enlargement and most have symptoms and 
signs of excessive thyroid activity, such as headache, tremor, 
inability to fall asleep (and fatigue as a result), weight loss despite 
an increased appetite, proximal muscle weakness, heat intoler-
ance and tachycardia. Often the onset is insidious. Shortened 
attention span and emotional lability may lead to behavioral and 
school diffi culties. Some patients complain of polyuria and noc-
turia, the result of an increased glomerular fi ltration rate. Accel-
eration in linear growth may occur, often accompanied by 
advancement in skeletal maturation but adult height is not 
affected. In the adolescent child, puberty may be delayed. If men-
arche has occurred, secondary amenorrhea is common.

Physical examination reveals a diffusely enlarged, soft or 
“fl eshy” thyroid gland, smooth skin and fi ne hair texture, exces-
sive activity and a fi ne tremor of the tongue and fi ngers. A thyroid 
bruit may be audible. A thyroid nodule suggests the possibility of 
a toxic adenoma. The hands are often warm and moist. Tachy-

cardia, a wide pulse pressure and a hyperactive precordium are 
common. Café-au-lait spots, particularly in association with pre-
cocious puberty, suggests McCune–Albright syndrome, but if a 
goiter is absent thyrotoxicosis factitia should be considered. 
Severe ophthalmopathy is considerably less common in children 
than in adults, although a stare and mild proptosis are 
frequent.

Laboratory evaluation
The clinical diagnosis is confi rmed by increased concentrations 
of circulating thyroid hormones. A suppressed TSH excludes 
TSH-induced hyperthyroidism and pituitary resistance to thyroid 
hormone in which the TSH is inappropriately “normal” or 
slightly elevated. If these diseases are suspected, the free α-subunit, 
which is elevated in patients with a pituitary TSH secreting tumor, 
should be measured. Elevated levels of T4 in association with 
inappropriately “normal” levels of TSH may be due to an excess 
of TBG (either familial or acquired) or to increased T4 binding 
by a mutant albumin (familial dysalbuminemic hyperthyroxin-
emia). In the latter cases, free T4, total and free T3 and serum 
TBG concentration will be normal. An important acquired cause 
of TBG excess is estrogen excess, e.g. secondary to oral contracep-
tive use or pregnancy.

If the diagnosis of Graves disease is unclear, TSH receptor 
Abs should be measured. A binding assay utilizing one of the 
second or third generation assays is appropriate for initial 
screening because they are sensitive and technically simple, 
rapid and reproducible. Bioassay may occasionally be useful in 
the Graves disease patient who is negative in the binding assay 
or in treated patients whose clinical picture is discordant with 
results in the binding assay. Some individuals, initially negative 
in the binding assay, become positive several weeks later. It has 
been hypothesized that TSH receptor Ab synthesis in these 
patients is restricted at fi rst to lymphocytes residing within the 
thyroid gland itself or, alternately, that TSH receptor Abs escape 
detection because of binding by soluble TSH receptor circulat-
ing in serum. Negative results may also have been due to rela-
tive assay insensitivity.

Measurement of TSH receptor Abs may be particularly useful 
in distinguishing the toxic phase of CLT and subacute thyroiditis 
(TSH receptor Ab negative) from patients with CLT and Graves 
disease (hashitoxicosis, TSH receptor antibody positive). As 
noted above, Tg and/or TPO Abs are often present but are less 
sensitive and specifi c than TSH receptor Abs in the diagnosis of 
Graves disease in childhood. Radioactive iodine uptake and scan 
are necessary to confi rm the diagnosis of Graves disease only in 
atypical cases (e.g. if measurement of TSH receptor Abs is nega-
tive or if the thyrotoxic phase of either CLT or subacute thyroid-
itis or a functioning thyroid nodule were suspected).

Therapy
The choice of medical therapy, radioactive iodine or surgery 
should be individualized. Each approach has advantages and 
disadvantages.

Table 12.7 Causes of thyrotoxicosis in childhood.

Hyperthyroidism
Diffuse toxic goiter (Graves disease)
Functioning thyroid adenoma
Toxic multinodular goiter
Gain of function mutation of TSH receptor
McCune–Albright disease
Hydatidiform mole

TSH-induced hyperthyroidism
TSH producing pituitary tumour
“Selective pituitary resistance” to thyroid hormone

Thyrotoxicosis without hyperthyroidism
Chronic lymphocytic thyroiditis
Subacute thyroiditis
Thyroid hormone ingestion
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Medical therapy
Thiouracil derivatives (PTU or MMI) are the initial choice of 
most pediatricians, although radioiodine is gaining increasing 
acceptance, particularly in non-compliant adolescents, in chil-
dren who are mentally retarded and in those about to leave home 
(e.g. to go to college).

PTU, MMI and carbimazole (converted to MMI) exert their 
antithyroid effect by inhibiting the organifi cation of iodine and 
the coupling of iodotyrosine residues on the Tg molecule to gen-
erate T3 and T4. MMI may be preferred because an equivalent 
dose requires fewer tablets and has a longer half-life, an advantage 
in non-compliant adolescents. MMI is associated with a more 
rapid resolution of hyperthyroidism and the rate of minor side 
effects appears to be dose-related; severe side effects are seen 
almost exclusively in patients taking PTU [90]. However, PTU 
but not MMI inhibits the conversion of T4 to T3, an advantage 
if the thyrotoxicosis is severe.

The usual initial dose of MMI is 0.5  mg/kg/day given once or 
twice daily and that of PTU is 5  mg/kg/day given thrice daily. 
Carbimazole is best given in a dose of 10–20  mg twice or thrice 
daily, depending on the concentration of the free T4. A European 
multicentre trial has demonstrated that a low initial MMI dose 
(10  mg/day) in adults is almost as effective as a high dose (40  mg/
day) in normalizing thyroid function tests within 3–6 weeks but 
whether or not a similar approach would be effective in children 
who tend to have more severe persistent disease has not been 
evaluated. In view of the apparent relationship between dose of 
MMI and side effects, the smallest effective dose necessary to 
control the hyperthyroidism should be used. In severe cases, a 
beta-adrenergic blocker (propranolol 0.5–2.0  mg/kg/day given 
every 8  h) can be added to control cardiovascular hyperactivity.

Concentrations of T4 and T3 normalize in 3–6 weeks but TSH 
may not return to normal for several months. Measurement of 
TSH is useful as a guide to therapy only after it has normalized. 
Once T4 and T3 have fallen by >50% and/or normalized, the dose 

of thioamide drug can be reduced by 30–50% or a supplementary 
dose of l-thyroxine be added in a block-replacement regimen 
when the TSH begins to rise. Advocates of the block-replacement 
regimen cite fewer hospital visits but a larger MMI dose is 
required, perhaps resulting in a higher incidence of side effects. 
Studies suggesting that combined therapy might be associated 
with an improved rate of remission have not been confi rmed. 
Maintenance doses of PTU have to be given twice daily and of 
MMI once daily.

As long as patients are compliant, hyperthyroidism is readily 
controlled with drugs in 90% of individuals. The major diffi culty 
relates to the persistence of the disease in pediatric patients as 
compared with their adult counterparts. Unlike most adults, in 
whom TSH receptor Abs disappear from the circulation within 6 
months of initiating treatment, TSH receptor Abs remain ele-
vated in >80% of children and adolescents with Graves disease 
even after 1–2 years of treatment (Fig. 12.11) [91]. The median 
time to remission is 3–4 years and in one study only 25% of 
pediatric patients remitted after 2 years, with an additional 25% 
remitting every 2 years for up to 6 years of ATD therapy [92]. 
Prepubertal children, especially those <4 years of age, have par-
ticularly severe and persistent disease [93]. Thus, treatment for a 
fi xed duration of time, e.g. 1–2 years, as recommended in adults, 
is likely to result in relapse in many children. In patients who are 
compliant and in whom the hyperthyroidism can be controlled 
readily and tapered to a relatively small dose of medication, 
medical therapy is reasonable and is well tolerated. Lack of eye 
signs, small goiter and a small drug requirement suggest that drug 
therapy can be tapered and withdrawn.

Persistence of TSH receptor Abs predicts a high likelihood of 
relapse. It is not possible to predict at diagnosis which patient is 
likely to undergo a sustained remission. Lower initial hyperthy-
roxinemia [T4 <20  μg/dL (257.4  nmol/L); T3  :  T4 ratio <20], 
body mass index, older age (pubertal versus prepubertal age) and 
lower TRAbs have been associated with an increased likelihood 
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Figure 12.11 Persistence of TSH receptor Abs 
(TRAbs) in pediatric patients with Graves disease 
treated with antithyroid medication (cross-sectional 
analysis). Dashed line (------) indicates upper limit of 
normal. *P < 0.05; **P < 0.001. Note that even 
after 13–24 months, TRAbs had only normalized in 
<20% of patients. (From Smith & Brown [91] with 
permission.)
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of permanent remission in most studies. Drug withdrawal is 
usually carried out during school vacation so as to minimize 
potential interference with school performance. After cessation 
of ATD therapy, relapses usually occur within 6 months.

Toxic drug reactions (erythematous rashes, urticaria, arthral-
gias, transient granulocytopenia – <1500 granulocytes/mm3) 
appear more commonly in children than in adults but the inci-
dence varies depending on the series. These minor side effects, 
considered to be allergic reactions, are more common in the fi rst 
few months of therapy and, in patients treated with MMI, appear 
to be dose-related. Usually they subside spontaneously or with 
substitution of an alternative thionamide drug; they can be 
treated with antihistamine therapy so do not warrant discontinu-
ation of the drug. A 20–30% incidence of transient abnormalities 
in liver enzymes and of mild leukopenia was quoted in one review 
[94] but, in a review of 651 children from 10 centers treated with 
antithyroid drugs, the incidence of granulocytopenia was 5.0% 
and of abnormal liver function 1.9% [95]. The higher estimate 
probably refl ects the use of PTU and/or the underlying Graves 
disease itself. Transient elevations of SGOT/SGPT (1.1–6 times 
the upper range of normal) occur frequently in untreated patients 
and in those treated with PTU; they resolve spontaneously and 
are not predictive of liver damage [90].

Major side effects [agranulocytosis (<500 granulocytes/mm3), 
hepatitis, a lupus-like syndrome and thrombocytopenia] are rare. 
The most serious complication is agranulocytosis, occurring in 
0.1–0.5% of cases. Agranulocytosis should be distinguished from 
the mild granulocytopenia (absolute granulocyte count <1500/
mm3) that occurs in patients with Graves disease and resolves 
spontaneously. This life-threatening complication is more 
common in the fi rst 3 months of therapy and close monitoring 
of the white blood cell count during this initial time period was 
shown to be useful in identifying agranulocytosis before the 
development of a fever and infection in one study. However, 
agranulocytosis can occur a year or more after therapy is initiated, 
even after a prior uneventful course. It occurs more often in 
adults over the age of 40 years and in patients given larger doses 
of MMI (>40  mg/day). Because the onset is often abrupt and 
unpredictable, routine monitoring of the white blood cell count 
is not usually recommended.

Patients should stop their medication immediately and consult 
their physician should they develop unexplained fever, sore throat 
or gingival sores. Medication should also be discontinued if the 
granulocyte count is <1000/mm3; if the granulocyte count is 
1–5000 the patient should be monitored but medication need not 
be discontinued. Patients who develop agranulocytosis should be 
hospitalized immediately and ATDs discontinued. Treatment 
with broad-spectrum antibiotics that include coverage for Pseu-
domonas should be administered intravenously. Granulocyte 
colony-stimulating factor (G-CSF) is usually recommended, 
although its benefi t is controversial. Because cross-reactivity 
between MMI and PTU for agranulocytosis is well documented, 
further treatment with ATDs is contraindicated and affected 
patients should be treated with radioactive iodine or surgery.

Hepatitis, the second major, potentially fatal, complication of 
ATD therapy, is more commonly observed with PTU, whereas 
cholestatic hepatitis typically occurs with MMI [90]. Signs and 
symptoms include nausea, vomiting, anorexia, malaise and jaun-
dice. Routine liver function tests are not helpful in predicting the 
development of hepatitis and are not recommended. The risk of 
hepatitis, like agranulocytosis, appears to be greater within the 
fi rst 3 months of therapy. Treatment includes discontinuation of 
ATDs and, frequently, glucocorticoids; rarely liver transplanta-
tion has been required.

Systemic vasculitis, the third and rarest side effect of ATD 
therapy, is also more common with PTU and appears to occur 
more frequently in Asians. Clinical features include fever, arthri-
tis, hematuria, proteinuria, acute renal failure, vasculitic rash, skin 
ulcerations and hemorrhage. Antineutrophil cytoplasmic anti-
body (ANCA) and serologic evidence consistent with systemic 
lupus erythematosus may be demonstrated. Treatment consists of 
discontinuation of ATDs. Glucocorticoids, cyclophosphamide 
and hemodialysis have been required in more severe cases.

Ten percent of children treated medically develop hypothy-
roidism later in life, a consequence of coincident cell and cyto-
kine-mediated destruction and/or the development of TSH 
receptor blocking Abs.

Radioactive iodine
Radioactive iodine (RAI; or surgical thyroid ablation) is usually 
reserved for patients who have failed drug therapy, developed a 
toxic drug reaction or are non-compliant. RAI is favored increas-
ingly in some centers as the initial approach to therapy [94] 
because of the ease of administration, the reduced need for follow-
up and the lack of adverse effects. However, because the goal of 
therapy is thyroid ablation, daily medication with thyroxine is 
being substituted for MMI and continued follow-up is necessary.

RAI should be used with caution in children <10 years of age 
and particularly in those <5 years of age because of the increased 
susceptibility of the thyroid gland to the proliferative effects of 
ionizing radiation. Almost all patients who developed papillary 
thyroid cancer after the Chernobyl disaster were children <10 
years at the time of the accident. The risk of benign thyroid 
nodules following RAI therapy for Graves disease is also greatest 
in the fi rst decade of life.

A dose of 50–250  μCi of 131I/estimated gram of thyroid tissue 
has been used but the higher dose is recommended, particularly 
in younger children, to ablate the thyroid and thereby reduce the 
risk of future neoplasia. The size of the thyroid gland is estimated, 
based on the assumption that the normal gland is 0.5–1.0  g/year 
of age, maximum 15–20  g. The formula used is:

Estimated thyroid weight in grams × 50–200 × μCi 131I

 fractional 131I 24-h uptake

Some centers administer a fi xed dose to all children. Pretreat-
ment with antithyroid drugs before RAI therapy is not necessary 
unless the hyperthyroidism is very severe.
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Thyroid hormone concentrations may rise transiently 4–10 
days after RAI administration owing to the release of preformed 
hormone from the damaged gland. Beta-blockers may be useful. 
Analgesics may be necessary for the discomfort of radiation thy-
roiditis. Other acute complications of RAI therapy (nausea, sig-
nifi cant neck swelling) are rare. A therapeutic effect within 6 
weeks to 3 months is seen.

Worsening of ophthalmopathy described in adults after RAI 
does not appear to be common in childhood but RAI therapy 
should be used with caution and treatment with corticosteroids 
for 6–8 weeks after RAI administration may be wise if signifi cant 
ophthalmopathy is present; alternatively surgery should be 
considered.

In 1200 children with Graves disease treated with RAI and fol-
lowed for 5 to >20 years, there does not appear to be an increased 
rate of leukemia, thyroid cancer or congenital anomalies in off-
spring [94] but only a few children were ≤11 years and even fewer 
were <5 years of age, the population of patients who are most at 
risk [96]. Given the rarity of thyroid cancer in children (1 in a 
million) and adults (1 in 100 000), as well as the long latency 
period, small increases would not be detectable in such a small 
series.

Surgery
The major advantage of surgery is immediate resolution of hyper-
thyroidism. Because the goal is to prevent future relapses and 
because complications of partial and near-total thyroidectomy 
are similar, near-total thyroidectomy is generally preferred. 
Surgery is appropriate for patients who have failed medical man-
agement, have a markedly enlarged thyroid (>60–80  g), refuse 
RAI or have signifi cant eye disease.

Pretreatment with antithyroid medication for 4–6 weeks until 
the hyperthyroidism is controlled followed by iodide (Lugol solu-
tion, 5–10 drops daily) for 1–2 weeks to decrease the vascularity 
of the gland is usually recommended, although successful surgery 
has been reported after pretreatment with β-adrenergic antago-
nist drug alone or in combination with iodide for only 10–14 
days. Surgery has been associated with a higher morbidity rate 
than medical therapy or RAI, greatly limiting its popularity.

When the results of six separate studies involving more than 
2000 children treated with surgery were pooled, the most common 
complication (aside from temporary pain and discomfort, present 
in all patients) was transient hypocalcemia (10%). Keloid forma-
tion occurred in 2.8% of patients. Less common side effects were 
recurrent laryngeal nerve paralysis (2%), permanent hypopara-
thyroidism (2%) and death (0.08%) [94]. However, in a recent 
review of 82 children and adolescents from one institution, no 
instances of either recurrent laryngeal paralysis or permanent 
hypoparathyroidism were recorded and no patients died [97]. 
Thus, when an experienced thyroid surgeon is available and 
modern methods of anesthesia and pain control are used, this 
therapeutic option is safe and effective. Unfortunately, with the 
increased use of RAI, there has been a reduction in the number 
of experienced surgeons.

After RAI or surgical ablation, most patients become hypothy-
roid and require lifelong thyroid replacement. Inadequate therapy 
may result in recurrence of hyperthyroidism.

Thyroid storm
This rare, potentially life-threatening manifestation of thyrotoxi-
cosis is characterized by fever (usually >38.5 °F), tachycardia out 
of proportion to the fever, vomiting, diarrhea and confusion. 
Untreated patients can develop high output heart failure, coma 
and die. A number of precipitating factors have been implicated, 
including infection, stress (e.g. trauma, surgery), non-compliance 
with ATDs and RAI therapy.

Initial treatment consists of supportive measures to treat infec-
tion, rapid reduction of serum and tissue concentrations of 
thyroid hormones and interference with the peripheral action of 
thyroid hormones. PTU is preferred to MMI because of its ability 
in high doses to block the conversion of T4 to T3. PTU 100–
200  mg every 4–6  h can be administered orally, rectally or by 
nasogastric tube. Iodides (e.g. SSKI, fi ve to six drops every 8  h) 
are recommended to inhibit the release of preformed hormone 
from the gland but should be given at least 1  h after PTU. Pro-
pranolol (2  mg/kg/day orally) will block the adrenergic effects of 
thyroid hormone while glucocorticoids (e.g. hydrocortisone, 
2  mg/kg given as an IV bolus, followed by 36–45  mg/m2/day 
given in divided doses every 6  h) block the release of thyroid 
hormone from the thyroid gland; propranolol and glucocorti-
coids also inhibit T4 to T3 conversion.

Thyrotoxic periodic paralysis

Thyrotoxic periodic paralysis (TPP) is characterized by sudden 
weakness, hypokalemia and hyperthyroidism. It affects proximal 
limb muscles ranging from mild weakness to total paralysis. TPP 
is most common in males of Asian descent. Characteristic elec-
trocardiographic (ECG) fi ndings have been described. TPP is 
more common in the early morning and can be precipitated by 
exercise, high carbohydrate intake, alcohol ingestion and stress. 
The disorder is thought to be related to abnormal plasma mem-
brane permeability to sodium and potassium, a function linked 
to Na+-K+ ATPase activity. Affected patients should be hospital-
ized for cardiac monitoring, treatment of hypokalemia (maximum 
10  mmol/h potassium IV) and initiation of antithyroid medica-
tion. Once the patient is stable, thyroid ablation should be per-
formed. In the interim, precipitating factors should be avoided.
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13 The Adrenal Cortex and its Disorders

Walter L. Miller
Department of Pediatrics, University of California, San Francisco, CA, USA

Embryology, anatomy and history

The adrenal cortex produces three categories of steroid hor-
mones. Mineralocorticoids, principally aldosterone, regulate renal 
retention of sodium, which infl uences electrolyte balance, intra-
vascular volume and blood pressure. Glucocorticoids, principally 
cortisol, are named for their carbohydrate-mobilizing activity but 
infl uence a wide variety of bodily functions. Adrenal androgens 
modulate the mid-childhood growth spurt and regulate some 
secondary sexual characteristics in women; their overproduction 
may result in virilism.

Embryology
The cells of the adrenal cortex are mesodermal, in contrast to the 
ectodermal adrenal medulla. Between 5 and 6 weeks post-concep-
tion, the “gonadal ridge” develops near the rostral end of the 
mesonephros. These cells give rise to the steroidogenic cells of the 
gonads and the adrenal cortex. The adrenal and gonadal cells 
separate, with the adrenal cells migrating retroperitoneally and 
the gonadal cells migrating caudally. Between the seventh and 
eighth weeks, the adrenal cells are invaded by sympathetic neural 
cells that give rise to the adrenal medulla. By the end of the eighth 
week, the adrenal has become encapsulated and is clearly associ-
ated with the upper pole of the kidney, which is much smaller 
than the adrenal.

The fetal adrenal cortex consists of an outer “defi nitive” zone, 
the principal site of glucocorticoid and mineralocorticoid synthe-
sis and a much larger “fetal” zone that makes androgenic precur-
sors for the placental synthesis of estriol. The fetal adrenal gland 
is huge in proportion to other structures. At birth, the adrenals 
weigh 8–9  g, roughly the size of adult adrenals and represent 0.5% 
of total body weight, compared with 0.0175% in the adult.

Anatomy
The adrenals derive their name from their anatomical location, 
located on top of the upper pole of each kidney. Unlike most 
other organs, the arteries and veins serving the adrenal do not 
run in parallel. Arterial blood is provided by several small arteries 
arising from the renal and phrenic arteries, the aorta and, some-
times, the ovarian and left spermatic arteries. The veins are more 
conventional, with the left adrenal vein draining into the left renal 
vein and the right adrenal vein draining directly into the vena 
cava. Arterial blood enters the sinusoidal circulation of the cortex 
and drains toward the medulla, so that medullary chromaffi n 
cells are bathed in high concentrations of steroid hormones. High 
concentrations of cortisol are needed for expression of phenyle-
thanolamine-N-methyltransferase, which converts norepineph-
rine to epinephrine, linking the steroidal and catecholamine 
responses to stress.

The adrenal cortex consists of three histologically recognizable 
zones: the glomerulosa is immediately below the capsule, the fas-
ciculata is in the middle and the reticularis lies next to the medulla, 
constituting 15%, 75% and 10%, respectively, of the adrenal 
cortex in the older child and adult. The zones appear to be dis-
tinct functionally as well as histologically but considerable overlap 
exists, and immunocytochemical data show that the zones physi-
cally interdigitate. After birth, the large fetal zone begins to invo-
lute and disappears by 1 year of age. The defi nitive zone enlarges 
simultaneously but two of the adult zones, the glomerulosa and 
the fasciculata, are not fully differentiated until about 3 years of 
age and the reticularis may not be fully differentiated until about 
15 years of age.

History
The adrenal glands were fi rst described in 1563 by the Italian 
anatomist Bartolomeo Eustaccio, better known for the eustachian 
tube of the ear. Medical interest in them as something other than 
an anatomical curiosity began in the mid-19th century with 
Addison’s classic description of adrenal insuffi ciency and Brown-
Séquard’s experimental creation of similar disorders in animals 
subjected to adrenalectomy. The signs and symptoms of 
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glucocorticoid excess due to adrenal tumors were well known by 
1932, when Cushing described the pituitary tumors that cause 
what is now known as Cushing syndrome. Effects of adrenalec-
tomy on salt and water metabolism were reported in 1927 and, 
by the late 1930s, Selye had proposed the terms “glucocorticoid” 
and “mineralocorticoid” to distinguish the two broad categories 
of actions of adrenal extracts.

Numerous adrenal steroids were painstakingly isolated and 
their structures determined during the 1930s in the laboratories 
of Reichstein and Kendall, leading to their sharing the 1950 Nobel 
Prize for Medicine. Many of these steroids were synthesized 
chemically, providing pure material for experimental purposes. 
The observation in 1949 that glucocorticoids ameliorated the 
symptoms of rheumatoid arthritis greatly stimulated interest in 
synthesizing new pharmacologically active analogs of naturally 
occurring steroids. The structures of the various adrenal steroids 
suggested precursor–product relationships, leading in 1950 to the 
fi rst treatment of congenital adrenal hyperplasia (CAH) with cor-
tisone. This opened a vigorous era of clinical investigation of the 
pathways of steroidogenesis in a variety of inherited adrenal and 
gonadal disorders. The association of cytochrome P450 with 21-
hydroxylation was made in 1965 and some of the steroidogenic 
enzymes were then isolated in the 1970s. It was not until the genes 
for most of these enzymes were cloned in the 1980s that it became 
clear which proteins participated in which steroidal transforma-
tions. The identifi cation of these genes (Table 13.1) then led to 
an understanding of the genetic lesions causing heritable disor-
ders of steroidogenesis. At the same time, studies of steroid 
hormone action led to the discovery of steroid hormone receptors 
in the 1960s but it was not until they were cloned that their 
biology was understood.

Steroid hormone synthesis

Early steps: cholesterol uptake, storage and transport
The adrenal gland can synthesize cholesterol de novo from acetate 
but most of its cholesterol comes from plasma low-density lipo-
proteins (LDL) derived from dietary cholesterol. Adequate con-
centrations of LDL will suppress 3-hydroxy3-methylglutaryl 
coenzyme A (HMGCoA) reductase, the rate-limiting enzyme in 
cholesterol synthesis. Adrenocorticotropic hormone (ACTH), 
which stimulates adrenal steroidogenesis, also stimulates the 
activity of HMGCoA reductase, LDL receptors and uptake of 
LDL-cholesterol. LDL-cholesterol esters are taken up by recep-
tor-mediated endocytosis and are then stored directly or con-
verted to free cholesterol and used for steroid hormone synthesis. 
Storage of cholesterol esters in lipid droplets is controlled by the 
action of two opposing enzymes: cholesterol esterase (cholesterol 
ester hydrolase) and cholesterol ester synthetase. ACTH stimu-
lates the esterase and inhibits the synthetase, thus increasing the 
availability of free cholesterol for steroid hormone synthesis.

Steroidogenic enzymes
Cytochrome P450
Most steroidogenic enzymes are members of the cytochrome 
P450 group of oxidases [1]. Cytochrome P450 is a generic term 
for a large number of oxidative enzymes, all of which have about 
500 amino acids and contain a single heme group. They are 
termed P450 (pigment 450) because all absorb light at 450  nm in 
their reduced states. It is sometimes stated that certain steroido-
genic enzymes are P450-dependent enzymes. This is a misnomer, 
because it implies a generic P450 cofactor to a substrate-specifi c 

Table 13.1 Physical characteristics of human genes encoding steroidogenic enzymes.

Enzyme Number of genes Gene size (kb) Chromosomal location Exons (n) mRNA size (kb)

P450scc 1 >20 15q23–q24 9 2.0
P450c11 2 9.5 8q21–22 9 4.2
P450c17 1 6.6 10q24.3 8 1.9
P450c21 2 3.4 6p21.1 10 2.0
P450aro 1 >52 15q21.2 10 3.5, 2.9
3β-HSD-I and -II 2 8 1p13 4 1.7
11β-HSD-I 1 7 1 6 1.6
11β-HSD-II 1 6.2 16p22 5 1.6
17β-HSD-I 2 3.3 17q21 6 1.4, 2.4
17β-HSD-II 1 >40 16q24 5 1.5
17β-HSD-III 1 >60 9q22 11 1.4
Adrenodoxin 1 >30 11q22 5 1.0, 1.4, 1.7
Adrenodoxin reductase 1 11 17q24–q25 12 2.0
P450 oxidoreductase 1 69 7q11.2 16 2.5
5α-Reductase – type 1 1 >35 5p15 5 2.4
5α-Reductase – type 2 1 >35 2p23 5 2.4
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enzyme; the P450 is the enzyme binding the steroidal substrate 
and catalyzing the steroidal conversion on an active site associ-
ated with the heme group. Most cytochrome P450 enzymes are 
found in the endoplasmic reticulum of the liver, where they 
metabolize countless endogenous and exogenous toxins, drugs, 
xenobiotics and environmental pollutants. Despite this huge 
variety of substrates, the Human Genome Project has shown that 
humans have only 57 distinct P450 genes. The overwhelming 
majority of drugs that undergo hepatic degradation are metabo-
lized by only eight P450 enzymes. Thus, P450 enzymes can 
metabolize multiple substrates, catalyzing a broad array of oxida-
tions. This theme recurs with each adrenal P450 enzyme.

Five distinct P450 enzymes are involved in adrenal steroido-
genesis (Fig. 13.1). P450scc, found in adrenal mitochondria, is 
the cholesterol side-chain cleavage enzyme catalyzing the series 

of reactions formerly termed 20,22-desmolase. Two distinct 
isozymes of P450c11, P450c11β and P450c11AS, also found in 
mitochondria, catalyze 11β-hydroxylase, 18-hydroxylase and 18-
methyl oxidase activities. P450c17, found in the endoplasmic 
reticulum, catalyzes both 17α-hydroxylase and 17,20-lyase activi-
ties and P450c21 catalyzes the 21-hydroxylation of both gluco-
corticoids and mineralocorticoids. In the gonads (and elsewhere), 
P450aro in the endoplasmic reticulum catalyzes aromatization of 
androgens to estrogens and four other P450 enzymes, P450clα, 
P450c24, P450c27 and P4502R1, are responsible for the activa-
tion and degradation of vitamin D [2].

Hydroxysteroid dehydrogenases
In addition to the cytochrome P450 enzymes, a second class of 
enzymes termed hydroxysteroid dehydrogenases (HSDs) is also 
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Figure 13.1 Principal pathways of human adrenal steroid hormone synthesis. 
Other quantitatively and physiologically minor steroids are also produced. The 
names of the enzymes are shown by each reaction and the traditional names of 
the enzymatic activities correspond to the circled numbers. Reaction 1, 
mitochondrial cytochrome P450scc mediates 20α-hydroxylation, 22-hydroxylation 
and cleavage of the C20–22 carbon bond. Reaction 2, 3β-HSD mediates 3β-
hydroxysteroid dehydrogenase and isomerase activities, converting Δ5 steroids to 
Δ4 steroids. Reaction 3, P450c17 catalyzes the 17α-hydroxylation of 
pregnenolone to 17-OH pregnenolone and of progesterone to 17-OH 
progesterone. Reaction 4, the 17,20-lyase activity of P450c17 converts 17-OH 
pregnenolone to dehydroepiandrosterone (DHEA); only insignifi cant amounts of 
17-OH progesterone are converted to Δ4 androstenedione by human P450c17, 
although this reaction occurs in other species. Reaction 5, P450c21 catalyzes the 

21-hydroxylation of progesterone to deoxycorticosterone (DOC) and of 17-OH 
progesterone to 11-deoxycortisol. Reaction 6, DOC is converted to corticosterone 
by the 11-hydroxylase activity of P450c11AS in the zona glomerulosa and by 
P450c11β in the zona fasciculata. Reaction 7, 11-deoxycortisol undergoes 11β-
hydroxylation by P450c11β to produce cortisol in the zona fasciculata. Reactions 
8 and 9, the 18-hydroxylase and 18-oxidase activities of P450c11AS convert 
corticosterone to 18-OH corticosterone and aldosterone, respectively, in the zona 
glomerulosa. Reactions 10 and 11 are found principally in the testes and ovaries. 
Reaction 10, 17β-HSD-III converts DHEA to androstenediol and androstenedione 
to testosterone, while 17β-HSD-I converts estrone to estradiol. Reaction 11, 
testosterone may be converted to estradiol and androstenedione may be 
converted to estrone by P450aro.
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involved in steroidogenesis [3]. These enzymes have molecular 
masses of about 35–45  kDa, do not have heme groups and require 
NAD+ or NADP+ as cofactors. Whereas most steroidogenic reac-
tions catalyzed by P450 enzymes result from the action of a single 
form of P450, each of the reactions catalyzed by HSDs can be 
catalyzed by at least two, often very different, isozymes. Members 
of this family include the 3α- and 3β-hydroxysteroid dehydroge-
nases, the two 11β-hydroxysteroid dehydrogenases and a series 
of 17β-hydroxy-steroid dehydrogenases; the 5α-reductases are 
unrelated to this family.

P450scc
Conversion of cholesterol to pregnenolone in mitochondria is the 
fi rst, rate-limiting and hormonally regulated step in the synthesis 
of all steroid hormones. This involves three distinct chemical 
reactions: 20α-hydroxylation, 22-hydroxylation and cleavage of 
the cholesterol side-chain to yield pregnenolone and isocaproic 
acid. Early studies showed that 20-hydroxycholesterol, 22-
hydroxycholesterol and 20,22-hydroxycholesterol could all be 
isolated from adrenals in signifi cant quantities, suggesting that 
three separate and distinct enzymes were involved. However, 
protein purifi cation studies and in vitro reconstitution of enzy-
matic activity show that a single protein, termed P450scc (where 
scc refers to the side-chain cleavage of cholesterol), encoded by a 
single gene on chromosome 15, catalyzes all the steps between 
cholesterol and pregnenolone [1]. These three reactions occur on 
a single active site that is in contact with the hydrophobic bilayer 
membrane. Deletion of the gene for P450scc in animals elimi-
nates all steroidogenesis, indicating that all steroidogenesis is ini-
tiated by this one enzyme.

Transport of electrons to P450scc: adrenodoxin reductase 
and adrenodoxin
P450scc functions as the terminal oxidase in a mitochondrial 
electron transport system [4]. Electrons from NADPH (reduced 
form of nicotinamide adenine dinucleotide phosphate) are 
accepted by a fl avoprotein, termed adrenodoxin reductase, that 
is loosely associated with the inner mitochondrial membrane. 
Adrenodoxin reductase transfers the electrons to an iron–sulfur 
protein termed adrenodoxin, which is found in the mitochon-
drial matrix or loosely adherent to the inner mitochondrial mem-
brane. Adrenodoxin then transfers the electrons to P450scc (Fig. 
13.2). Adrenodoxin reductase and adrenodoxin serve as generic 
electron transport proteins for all mitochondrial P450s and not 
just for those involved in steroidogenesis; hence, these proteins 
are also termed ferredoxin oxidoreductase and ferredoxin. 
Adrenodoxin forms a 1 : 1 complex with adrenodoxin reductase, 
then dissociates and subsequently reforms an analogous 1 : 1 
complex with P450scc or P450c11, thus functioning as an indis-
criminate electron shuttle mechanism. Adrenodoxin reductase is 
a membrane-bound mitochondrial fl avoprotein that receives 
electrons from NADPH. The human adrenodoxin reductase gene 
and the functional adrenodoxin gene are expressed in all human 
tissues.

Cholesterol transport into mitochondria
The chronic regulation of steroidogenesis by ACTH is at the level 
of gene transcription but the acute regulation, in which cortisol 
is released within minutes of a stimulus, is at the level of choles-
terol access to P450scc. When either steroidogenic cells or intact 
rats are treated with inhibitors of protein synthesis, such as cyclo-
heximide, the acute steroidogenic response is eliminated, suggest-
ing that a short-lived cycloheximide-sensitive protein acts at the 
level of the mitochondrion as the specifi c trigger to the acute 
steroidogenic response. This “acute trigger” of steroidogenesis is 
the steroidogenic acute regulatory protein (StAR) [5].

StAR was fi rst identifi ed as short-lived 30- and 37-kDa phos-
phoproteins that were rapidly synthesized when steroidogenic 
cells were stimulated with trophic hormones. Mouse StAR was 
then cloned from MA-10 Leydig cells. The central role of StAR 
was defi nitively proven by showing that it promoted steroidogen-
esis in non-steroidogenic COS-1 cells co-transfected with StAR 
and the cholesterol side-chain cleavage enzyme system and by 
fi nding that mutations of StAR caused the most severe disorder 
of human steroidogenesis, congenital lipoid adrenal hyperplasia 
[6]. Thus, StAR is the acute trigger that is required for the rapid 
fl ux of cholesterol from the outer to the inner mitochondrial 
membrane, which is needed for the acute response of aldosterone 
to angiotensin II, of cortisol to ACTH and of sex steroids to a 
luteinizing hormone (LH) pulse.

Some steroidogenesis is independent of StAR; when non-ste-
roidogenic cells are transfected with the P450scc system, they 
convert cholesterol to pregnenolone at about 14% of the StAR-
induced rate. Furthermore, some steroidogenic tissues, including 
the placenta, utilize mitochondrial P450scc to initiate steroido-
genesis but do not express StAR. The mechanism of StAR-
independent steroidogenesis is unknown. It is possible that it 
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Figure 13.2 Electron transfer to mitochondrial P450 enzymes. A pair of 
electrons from nicotinamide adenine dinucleotide phosphate (NADPH) is taken 
up by adrenodoxin reductase on the inner mitochondrial membrane (FeRed), 
which then passes them to adrenodoxin (Fedx); these two proteins interact by 
electrostatic charge. Adrenodoxin then dissociates from adrenodoxin reductase, 
diffuses through the mitochrondrial matrix and docks with the redox-partner 
binding-site of the P450; electrostatic interactions again coordinate the protein–
protein interaction. The electrons from the adrenodoxin then travel through the 
P450 protein to reach the heme ring; the heme iron then mediates catalysis with 
substrate bound in the P450. © WL Miller.
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occurs spontaneously, without any triggering protein or that 
some other protein may exert StAR-like activity to promote cho-
lesterol fl ux without StAR’s rapid kinetics. The mechanism of 
StAR’s action is unclear but StAR acts exclusively on the outer 
mitochondrial membrane where it undergoes structural changes 
while interacting with the outer mitochondrial membrane [7]. 
Substantial data indicate that the action of StAR requires its inter-
action with the peripheral benzodiazepine receptor on the outer 
mitochondrial membrane [8].

3b-Hydroxysteroid dehydrogenase/D5 → D4 isomerase
Once pregnenolone is produced from cholesterol, it may undergo 
17α-hydroxylation by P450c17 to yield 17-hydroxy-pregneno-
lone or it may be converted to progesterone, the fi rst biologically 
important steroid in the pathway. A single 42-kDa microsomal 
enzyme, 3β-hydroxysteroid dehydrogenase (3β-HSD), catalyzes 
both the conversion of the hydroxyl group to a keto group on 
carbon 3 and the isomerization of the double bond from the B 
ring (Δ5 steroids) to the A ring (Δ4 steroids). Thus, a single enzyme 
converts pregnenolone to progesterone, 17α-hydroxypregneno-
lone to 17α-hydroxyprogesterone, dehydroepiandrosterone 
(DHEA) to androstenedione and androstenediol to testosterone. 
As is typical of hydroxysteroid dehydrogenases, there are two 
isozymes of 3β-HSD, encoded by separate genes. The enzyme 
catalyzing 3β-HSD activity in the adrenals and gonads is the type 
II enzyme; the type I enzyme, encoded by a closely linked gene 
with identical intron/exon organization, catalyzes 3β-HSD activ-
ity in placenta, breast and “extraglandular” tissue.

P450c17
Both pregnenolone and progesterone may undergo 17α-hydrox-
ylation to 17α-hydroxypregnenolone and 17α-hydroxyproges-
terone (17-OHP) respectively. 17α-Hydroxyprogesterone may 
also undergo cleavage of the C17,20 carbon bond to yield DHEA; 
however, very little 17-OHP is converted to androstenedione 
because the human P450c17 enzyme catalyzes this reaction at 
only 3% of the rate for conversion of 17α-hydroxypregnenolone 
to DHEA. These reactions are all mediated by P450c17. This P450 
is bound to smooth endoplasmic reticulum, where it accepts 
electrons from P450 oxidoreductase. As P450c17 has both 17α-
hydroxylase activity and C-17,20-lyase activity, it is the key branch 
point in steroid hormone synthesis. If neither activity of P450c17 
is present, as in the zona glomerulosa, pregnenolone is converted 
to mineralocorticoids; if 17α-hydroxylase activity is present but 
17,20-lyase activity is not, as in the zona fasciculata, pregnenolone 
is converted to cortisol; if both activities are present, as in the 
zona reticularis, pregnenolone is converted to precursors of sex 
steroids (Fig. 13.1).

17α-Hydroxylase and 17,20-lyase were once thought to be 
separate enzymes. The adrenals of prepubertal children synthe-
size ample cortisol but virtually no sex steroids (i.e. they have 
17α-hydroxylase activity but not 17,20-lyase activity) until adre-
narche initiates the production of adrenal androgens (i.e. turns 
on 17,20-lyase activity). Furthermore, patients have been 

described lacking 17,20-lyase activity but retaining normal 17α-
hydroxylase activity. However, purifi cation of P450c17 to homo-
geneity and in vitro reconstitution of enzymatic activity show that 
both 17α-hydroxylase and 17,20-lyase activities reside in a single 
protein and cells transformed with a vector expressing P450c17 
cDNA acquire both 17α-hydroxylase and 17,20-lyase activities. 
P450c17 is encoded by a single gene on chromosome 10q24.3 
that is structurally related to the genes for P450c21 
(21-hydroxylase).

Thus, the distinction between 17α-hydroxylase and 17,20-lyase 
is functional and not genetic or structural. The factors involved 
in determining whether a steroid molecule will remain on the 
single active site of P450c17 and undergo 17,20 bond cleavage 
after 17α-hydroxylation remain unknown. P450c17 prefers Δ5 
substrates, especially for 17,20 bond cleavage, consistent with the 
large amounts of DHEA secreted by both fetal and adult adrenal. 
Furthermore, the 17α-hydroxylase reaction occurs more readily 
than the 17,20-lyase reaction. An additional important factor is 
the abundance of electron donors for P450c17.

Electron transport to P450c17: P450 oxidoreductase and 
cytochrome b5

All microsomal forms of cytochrome P450, including P450c17 
and P450c21, receive electrons from a membrane-bound fl avo-
protein, termed P450 oxidoreductase, which is a different protein 
from the mitochondrial fl avoprotein, adrenodoxin reductase. 
P450 oxidoreductase receives two electrons from NADPH and 
transfers them one at a time to the P450 [4]. Electron transfer for 
the lyase reaction is promoted by the action of cytochrome b5 as 
an allosteric factor rather than as an alternative electron donor. 
17,20-Lyase activity also requires the phosphorylation of serine 
residues on P450c17 by a cyclic adenosine monophosphate 
(cAMP)-dependent protein kinase (Fig. 13.3). Because the adrenal 
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Figure 13.3 Electron transfer to microsomal P450 enzymes. A pair of electrons 
from NADPH is taken up by P450 oxidoreductase (POR), which is bound to the 
endoplasmic reticulum. The electrons are received by the FAD moiety and passed 
to the FMN moiety of POR. The FMN domain of POR then interacts with the 
redox-partner binding site of the P450 and electrons reach the heme iron as 
described in Fig. 13.2. The interaction of POR and the P450 is coordinated by 
electrostatic interactions. In the case of human P450c17, this interaction is 
facilitated by the allosteric action of cytochrome b5 and by the serine 
phosphorylation of P450c17. © WL Miller.
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endoplasmic reticulum contains many more molecules of 
P450c17 and of P450c21 than of P450 oxidoreductase, the P450s 
compete with one another for the reducing equivalents provided 
by the reductase.

The availability of electrons determines whether P450c17 per-
forms only 17α-hydroxylation or also performs 17,20 bond cleav-
age. Thus, the regulation of 17,20-lyase activity and consequently 
of DHEA production, depends on factors that facilitate the fl ow 
of electrons to P450c17. These are high concentrations of P450 
oxidoreductase, the presence of cytochrome b5 and serine phos-
phorylation of P450c17 [4]. The essential role of P450 oxidoreduc-
tase in mammalian biology is underscored by the demonstration 
that mice lacking a functional gene for P450 oxidoreductase are 
malformed and die in utero. Nevertheless, mutations in human 
P450 oxidoreductase can cause a picture of combined 17α-
hydroxylase and 21-hydroxylase defi ciencies, often in combina-
tion with the Antley–Bixler skeletal malformation syndrome [9].

P450c21
After the synthesis of progesterone and 17-hydroxyprogesterone, 
these steroids are hydroxylated at the 21 position to yield deoxy-
corticosterone (DOC) and 11-deoxycortisol, respectively (Fig. 
13.1). The nature of the 21-hydroxylating step has been of great 
clinical interest because disordered 21-hydroxylation causes more 
than 90% of all cases of CAH. The clinical symptoms associated 
with this common genetic disease are complex and devastating. 
Decreased cortisol and aldosterone synthesis often leads to 
sodium loss, potassium retention and hypotension, which may 
lead to cardiovascular collapse and death within the month after 
birth if not treated appropriately. Decreased synthesis of cortisol 
in utero leads to overproduction of ACTH and consequent over-
stimulation of adrenal steroid synthesis; as the 21-hydroxylase 
step is impaired, 17-OHP accumulates because P450c17 converts 
only miniscule amounts of 17-OHP to androstenedione. However, 
17-hydroxypregnenolone also accumulates and is converted to 
DHEA and subsequently to androstenedione and testosterone, 
resulting in severe prenatal virilization of female fetuses.

CAH has been studied extensively [10]. Characterization of the 
P450c21 protein and gene cloning show that there is only one 
21-hydroxylase encoded by a single functional gene on chromo-
some 6p21. As this gene lies in the middle of the major histocom-
patibility locus, disorders of adrenal 21-hydroxylation are closely 
linked to specifi c human leukocyte antigen (HLA) types.

Adrenal 21-hydroxylation is mediated by P450c21 found in 
smooth endoplasmic reticulum. P450c21 uses the same P450 oxi-
doreductase used by P450c17 to transport electrons from 
NADPH. 21-Hydroxylase activity has also been described in a 
broad range of adult and fetal extra-adrenal tissues. However, 
extra-adrenal 21-hydroxylation is not mediated by the P450c21 
enzyme found in the adrenal. Several hepatic P450 enzymes are 
responsible for extra-adrenal 21-hydroxylation. As a result, 
patients with absent adrenal 21-hydroxylase activity may still 
have appreciable concentrations of 21-hydroxylated steroids in 
their plasma.

P450c11β and P450c11AS
Two closely related enzymes, P450c11β and P450c11AS, catalyze 
the fi nal steps in the synthesis of both glucocorticoids and min-
eralocorticoids [11]. These two isozymes have 93% amino acid 
sequence identity and are encoded by tandemly duplicated genes 
on chromosome 8q21–22. Like P450scc, the two forms of P450c11 
are found on the inner mitochondrial membrane and use adreno-
doxin and adrenodoxin reductase to receive electrons from 
NADPH. By far the more abundant of the two isozymes is 
P450c11β, which is the classic 11β-hydroxylase that converts 11-
deoxycortisol to cortisol and 11-deoxycorticosterone to corticos-
terone. The less abundant isozyme, P450c11AS, is found only in 
the zona glomerulosa, where it has 11β-hydroxylase, 18-hydroxy-
lase and 18-methyl oxidase (aldosterone synthase) activities; thus, 
P450c11AS is able to catalyze all the reactions needed to convert 
DOC to aldosterone.

P450c11β, which is principally involved in the synthesis of 
cortisol, is encoded by a gene (CYP11B1) primarily induced by 
ACTH via cAMP and suppressed by glucocorticoids such as dexa-
methasone. The existence of two distinct functional genes is con-
fi rmed by the identifi cation of mutations in each that cause 
distinct genetic disorders of steroidogenesis. Thus, patients with 
disorders in P450c11β have classic 11β-hydroxylase defi ciency 
but can still produce aldosterone, whereas patients with disorders 
in P450c11AS have rare forms of aldosterone defi ciency (so-
called corticosterone methyl oxidase defi ciency) while retaining 
the ability to produce cortisol.

17β-Hydroxysteroid dehydrogenase
Androstenedione is converted to testosterone, DHEA to andro-
stenediol and estrone to estradiol by a series of short-chain 
dehydrogenases called 17β-hydroxysteroid dehydrogenases 
(17β-HSDs), sometimes also termed 17oxidoreductase or 17-
ketosteroid reductase [1,3]. The terminology for these enzymes 
varies, depending on the direction of the reaction being 
considered, which is regulated by cofactor availability. There are 
several different 17β-HSD enzymes encoded by distinct genes: 
some are preferential oxidases, whereas others are preferential 
reductases; they differ in their substrate preference and sites of 
expression; and some proteins termed 17β-HSD actually have 
very little 17β-HSD activity and are principally involved in other 
reactions.

Type I 17β-HSD (17β-HSD-I), also known as estrogenic 17β-
HSD, is a cytosolic protein fi rst isolated and cloned from the 
placenta, where it produces estriol and is expressed in ovarian 
granulosa cells, where it produces estradiol. 17β-HSD-I is not 
reversible and does not participate in androgen metabolism. 17β-
HSD-I uses NADPH as its cofactor to catalyze its reductase activ-
ity. The three-dimensional structure of human 17β-HSD-I has 
been determined by X-ray crystallography. No genetic defi ciency 
syndrome for 17β-HSD-I has been described.

17β-HSD-II is a microsomal oxidase that uses NAD+ to inac-
tivate (oxidize) estradiol to estrone and testosterone to Δ4 andro-
stenedione. 17β-HSD-II is found in the placenta, liver, small 
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intestine, prostate, secretory endometrium and ovary. In contrast 
to 17β-HSD-I, which is found in placental syncytiotrophoblast 
cells, 17β-HSD-II is expressed in endothelial cells of placental 
intravillous vessels, consistent with its apparent role in defending 
the fetal circulation from transplacental passage of maternal 
estradiol or testosterone. No defi ciency state for 17β-HSD-II has 
been reported.

17β-HSD-III, the androgenic form of 17β-HSD, is a micro-
somal enzyme that is apparently expressed only in the testis where 
it converts androstenedione to testosterone. This is the enzyme 
that is disordered in the classic syndrome of male pseudoher-
maphroditism, which is often termed 17-ketosteroid reductase 
defi ciency.

An enzyme termed 17β-HSD-IV was initially identifi ed as an 
NAD+-dependent oxidase with activities similar to 17β-HSD-II 
but this peroxisomal protein is primarily an enoyl-CoA hydratase 
and 3-hydroxyacyl-CoA dehydrogenase.

17β-HSD-V originally cloned as a 3α-hydroxysteroid dehydro-
genase, catalyzes the reduction of Δ4 androstenedione to testos-
terone but its precise role is unclear and no defi ciency state has 
been described. It is widely expressed in peripheral tissues and is 
probably the enzyme responsible for “peripheral conversion” 
of androstenedione to testosterone and of DHEA to androstene-
diol, accounting for the effi cacy of those steroids as anabolic 
agents.

Steroid sulfotransferase and sulfatase
Steroid sulfates may be synthesized directly from cholesterol 
sulfate or may be formed by sulfation of steroids by cytosolic 
sulfotransferases [12]. The principal sulfotransferase of the 
adrenal, termed SULT2A1, sulfates the 3β-hydroxyl group of 
pregnenolone, 17OH-pregnenolone, DHEA and androsterone 
but not cholesterol. Mutations of human sulfotransferase enzymes 
have not been described but African-Americans have a high rate 
of polymorphism in SULT2A1, apparently infl uencing plasma 
ratios of DHEA to DHEAS. Steroid sulfates may also be hydro-
lyzed to the native steroid by steroid sulfatase. Deletions in the 
steroid sulfatase gene on chromosome Xp22.3 cause X-linked 
ichthyosis. In the fetal adrenal and placenta, diminished or absent 
sulfatase defi ciency reduces the pool of free DHEA available for 
placental conversion to estrogen, resulting in low concentrations 
of estriol in the maternal blood and urine. The accumulation of 
steroid sulfates in the stratum corneum of the skin causes the 
ichthyosis. Steroid sulfatase is also expressed in the fetal rodent 
brain, possibly converting peripheral DHEA sulfate (DHEAS) to 
active DHEA.

Aromatase: P450aro
Estrogens are produced by the aromatization of androgens, 
including adrenal androgens, by a complex series of reactions 
catalyzed by a single microsomal aromatase, P450aro [13]. This 
typical cytochrome P450 is encoded by a single, large gene on 
chromosome 15q21.1. This gene uses several different promoter 
sequences, transcriptional start sites and alternatively chosen 

fi rst exons to encode aromatase mRNA in different tissues 
under different hormonal regulation. Aromatase expression in 
the extra glandular tissues, especially adipose tissue, can covert 
adrenal androgens to estrogens. Aromatase in the epiphyses of 
growing bone can convert testosterone to estradiol, accelerating 
epiphyseal maturation and terminating growth. Although it has 
traditionally been thought that aromatase activity is needed for 
embryonic and fetal development, infants and adults with 
genetic disorders in this enzyme have been described, showing 
that fetoplacental estrogen is not needed for normal fetal 
development.

5a-Reductase
Testosterone is converted to dihydrotestosterone by 5α-reductase 
in testosterone’s target tissues. There are two distinct forms of 
5α-reductase. The type I enzyme, found in the scalp and other 
peripheral tissues, is encoded by a gene on chromosome 5; the 
type II enzyme, the predominant form found in male reproduc-
tive tissues, is encoded by a gene on chromosome 2p23. The 
syndrome of 5α-reductase defi ciency, a disorder of male sexual 
differentiation, results from a wide variety of mutations in the 
gene encoding the type II enzyme [14]. The type 1 and 2 genes 
show an unusual pattern of developmental regulation of expres-
sion. The type 1 gene is not expressed in the fetus; it is expressed 
briefl y in the skin of the newborn and then remains unexpressed 
until its activity and protein are again found after puberty. This 
probably explains the lack of peripheral virilization of male 
fetuses despite the presence of testosterone concentrations equiv-
alent to adult male levels. The type 2 gene is expressed in fetal 
genital skin, in the normal prostate and in prostatic hyperplasia 
and adenocarcinoma. Thus, the type I enzyme may be responsible 
for the pubertal virilization seen in patients with classic 5α-reduc-
tase defi ciency and the type II enzyme may be involved in male 
pattern baldness.

11b-Hydroxysteroid dehydrogenase
Although certain steroids are categorized as glucorticoids or min-
eralocorticoids, the “mineralocorticoid” (glucocorticoid type II) 
receptor has equal affi nity for both aldosterone and cortisol. 
However, cortisol does not act as a mineralocorticoid in vivo, 
even though cortisol concentrations can exceed aldosterone con-
centrations by 100- to 1000-fold. In kidney and other mineralo-
corticoid-responsive tissues, cortisol is converted to cortisone, a 
metabolically inactive steroid. The interconversion of cortisol 
and cortisone is mediated by two isozymes of 11β-hydroxysteroid 
dehydrogenase (11β-HSD), each of which has both oxidase and 
reductase activity [15].

The type I enzyme (11β-HSD-I) is expressed mainly in gluco-
corticoid-responsive tissues, such as the liver, testis, lung and 
proximal convoluted tubule. 11β-HSD-I can catalyze the oxida-
tion of cortisol to cortisone using NADP+ as its cofactor (Km 
1.6  μmol/L) or the reduction of cortisone to cortisol using 
NADPH as its cofactor (Km 0.14  μmol/L); the reaction catalyzed 
depends on which cofactor is available but the enzyme can only 
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function with high (micromolar) concentrations of steroid. 11β-
HSD-II catalyzes only the oxidation of cortisol to cortisone using 
NADH and can function with low (nanomolar) concentrations 
of steroid (Km 10–100  nmol/L). 11β-HSD-II is expressed in min-
eralocorticoid-responsive tissues and thus serves to “defend” the 
mineralocorticoid receptor by inactivating cortisol to cortisone, 
so that only “true” mineralocorticoids, such as aldosterone or 
deoxycorticosterone, which are not substrates for 11β-HSD-II, 
can exert a mineralocorticoid effect. Thus, 11β-HSD-II prevents 
cortisol from overwhelming renal mineralocorticoid receptors. In 
the placenta and other fetal tissues, 11β-HSD-II also inactivates 
cortisol. The placenta also has abundant NADP+, favoring the 
oxidative action of 11β-HSD-I, so that, in the placenta, both 
enzymes protect the fetus from high maternal concentrations of 
cortisol, thus ensuring that the fetus develops in an environment 
with very little glucocorticoid. 11β-HSD-I is not in contact with 
the cytoplasm but lies inside the endoplasmic reticulum, where 
it receives NADPH provided by the action of hexose-6-phosphate 
dehydrogenase. This links 11β-HSD-I to the pentose monophos-
phate shunt, linking glucocorticoid production and energy 
storage as fat.

Fetal adrenal steroidogenesis
Adrenocortical steroidogenesis begins early in embryonic life, 
probably around 6 weeks’ gestation (8 weeks after the mother’s 
last menstrual period). Fetuses affected with genetic lesions in 
adrenal steroidogenesis can produce adrenal androgen suffi cient 
to virilize a female fetus to a nearly male appearance and this 
masculinization of the genitalia is complete by 12 weeks’ gesta-
tion. The defi nitive zone of the fetal adrenal produces steroid 
hormones according to the pathways in Figure 13.1. In contrast, 
the large fetal zone of the adrenal is relatively defi cient in 3β-
HSD-II activity because it contains very little mRNA for this 
enzyme [16]. The fetal adrenal has relatively abundant 17,20-
lyase activity of P450c17; low 3β-HSD and high 17,20-lyase activ-
ity account for the huge amount of DHEA and DHEAS produced 
by the fetal adrenal for conversion to estrogens by the placenta.

The fetal adrenal has considerable sulfotransferase activity but 
little steroid sulfatase activity, which favors conversion of DHEA 
to DHEAS. The resulting DHEAS cannot be a substrate for 
adrenal 3β-HSD-II; instead, it is secreted, 16α-hydroxylated in 
the fetal liver and then acted on by placental 3β-HSD-I, 17β-
HSD-I and P450aro to produce estriol; the substrates can also 
bypass the liver to yield estrone and estradiol. Placental estrogens 
inhibit adrenal 3β-HSD activity, providing a feedback system to 
promote the production of DHEAS. Fetal adrenal steroids account 
for 50% of the estrone and estradiol and 90% of the estriol in the 
maternal circulation.

Although the fetoplacental unit produces huge amounts of 
DHEA, DHEAS and estriol, as well as other steroids, they do not 
appear to serve an essential role. Successful pregnancy is depen-
dent on placental synthesis of progesterone, which suppresses 
uterine contractility and prevents spontaneous abortion, but 
fetuses with genetic disorders of adrenal and gonadal steroido-

genesis develop normally, reach term gestation and undergo 
normal delivery.

Mineralocorticoid production is required postnatally, estro-
gens are not required and androgens are needed only for male 
sexual differentiation. It is not clear whether human fetal devel-
opment requires glucocorticoids but, if so, the small amount of 
maternal cortisol that escapes placental inactivation suffi ces.

The regulation of steroidogenesis and growth of the fetal 
adrenal are not fully understood but both are related to ACTH. 
ACTH stimulates steroidogenesis by fetal adrenal cells in vitro 
and excess ACTH is clearly involved in the adrenal growth and 
overproduction of androgens in fetuses affected with CAH. Pre-
natal treatment of such fetuses by administering dexamethasone 
orally to the mother at 6–10 weeks’ gestation can signifi cantly 
reduce fetal adrenal androgen production and thus reduce the 
virilization of female fetuses.

The hypothalamo-pituitary-adrenal axis functions very early in 
fetal life but anencephalic fetuses, which lack pituitary ACTH, 
have adrenals that contain a fairly normal complement of ste-
roidogenic enzymes and retain their capacity for steroidogenesis. 
Thus, it appears that fetal adrenal steroidogenesis is regulated by 
both ACTH-dependent and ACTH-independent mechanisms.

Regulation of steroidogenesis

The hypothalamic-pituitary-adrenal axis
The principal steroidal product of the human adrenal is cortisol, 
which is mainly secreted in response to ACTH (corticotropin) 
produced in the pituitary; secretion of ACTH is stimulated mainly 
by corticotropin-releasing factor (CRH) from the hypothalamus. 
Hypothalamic CRH is a 41-amino-acid peptide synthesized 
mainly by neurons in the paraventricular nucleus. These same 
hypothalamic neurons also produce arginine vasopressin (AVP, 
also known as antidiuretic hormone or ADH). CRH and AVP 
travel through axons to the median eminence, which releases 
them into the pituitary portal circulation, although most AVP 
axons terminate in the posterior pituitary. Both CRH and AVP 
stimulate the synthesis and release of ACTH but they appear to 
do so by different mechanisms. CRH functions principally by 
receptors linked to the protein kinase A pathway, stimulating 
production of intracellular cAMP, whereas AVP appears to func-
tion via protein kinase C and intracellular Ca2+. CRH is the more 
important physiological stimulator of ACTH release, although 
maximal doses of AVP can elicit a maximal ACTH response. 
When given together, CRH and AVP act synergistically, as would 
be expected from their independent mechanisms of action.

ACTH and pro-opiomelanocortin
Pituitary ACTH is a 39 amino acid peptide derived from pro-
opiomelanocortin (POMC), a 241 amino acid protein. POMC 
undergoes a series of proteolytic cleavages, yielding several bio-
logically active peptides (Fig. 13.4). The N-terminal glycopeptide 
(POMC 1–75) can stimulate steroidogenesis and may function as 
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an adrenal mitogen. POMC 112–150 is ACTH 1–39; POMC 
112–126 and POMC 191–207 constitute α- and β-MSH (mela-
nocyte stimulating hormone), respectively. POMC 210–241 is β-
endorphin. POMC is produced in small amounts by the brain, 
testis and placenta but this extrapituitary POMC does not con-
tribute signifi cantly to circulating ACTH. Malignant tumors will 
commonly produce “ectopic ACTH” in adults and rarely in chil-
dren; this ACTH derives from ectopic biosynthesis of the same 
POMC precursor. Only the fi rst 20–24 amino acids of ACTH are 
needed for its full biological activity and synthetic ACTH 1–24 is 
widely used in diagnostic tests of adrenal function. The shorter 
forms of ACTH have a shorter half-life than native ACTH 1–39. 
POMC gene transcription is stimulated by CRH and is inhibited 
by glucocorticoids.

Actions of ACTH
ACTH stimulates steroidogenesis by interacting with the mela-
nocortin-2 receptor (MC2R) that stimulates the production of 
cAMP, which elicits acute and long-term effects. ACTH, acting 
via cAMP, stimulates the biosynthesis of LDL receptors and the 
uptake of LDL, which provides most of the cholesterol used for 
steroidogenesis. ACTH via cAMP also stimulates transcription of 
the gene for HMGCoA reductase, the rate-limiting step in cho-
lesterol biosynthesis but adrenal biosynthesis of cholesterol is 
quantitatively much less important than the uptake of 
LDL-cholesterol.

Cholesterol is stored in steroidogenic tissues as cholesterol 
esters in lipid droplets. ACTH stimulates the activity of choles-
terol esterase while inhibiting cholesterol ester synthetase, thus 
increasing the intracellular pool of free cholesterol, the substrate 
for P450scc. The esterase is similar to gastric and lingual lipases. 
Finally, ACTH facilitates transport of cholesterol into mitochon-
dria by stimulating the synthesis and phosphorylation of StAR, 
thus increasing the fl ow of free cholesterol into the mitochondria. 
All these actions occur within minutes and constitute the acute 
effect of ACTH on steroidogenesis. The adrenal contains rela-
tively modest amounts of steroid hormones; thus, release of pre-
formed cortisol does not contribute signifi cantly to the acute 
response to ACTH, which occurs by the rapid provision of large 
supplies of cholesterol to mitochondrial P450scc.

Long-term chronic effects of ACTH are mediated directly at 
the level of the steroidogenic enzymes. ACTH via cAMP stimu-
lates the accumulation of the steroidogenic enzymes and their 
mRNAs by stimulating the transcription of their genes. Thus, 
ACTH increases both the uptake of the cholesterol substrate and 
its conversion to steroidal products. The stimulation of this ste-
roidogenesis occurs at each step in the pathway, not only at the 
rate-limiting step, P450scc.

The role of ACTH and other peptides derived from POMC in 
stimulating growth of the adult adrenal remains uncertain. 
However, in the fetal adrenal, ACTH stimulates the local produc-
tion of insulin-like growth factor (IGF) II, basic fi broblast growth 
factor and epidermal growth factor. These, and possibly other 
factors, work together to mediate ACTH-induced growth of the 
fetal adrenal [16].

Diurnal rhythms of ACTH and cortisol
Plasma concentrations of ACTH and cortisol are high in the 
morning and low in the evening. Peak ACTH levels are usually 
seen at 04.00–06.00  h and peak cortisol levels follow at about 
08.00 hours. Both ACTH and cortisol are released episodically in 
pulses every 30–120  min throughout the day but the frequency 
and amplitude are greater in the morning. The basis of this 
diurnal rhythm is complex and incompletely understood. The 
hypothalamic content of CRH itself shows a diurnal rhythm, with 
peak content at about 04.00  h. At least four factors appear to have 
a role in the rhythm of ACTH and cortisol. These interdependent 
factors include intrinsic rhythmicity of synthesis and secretion of 
CRH by the hypothalamus, light–dark cycles, feeding and inher-
ent rhythmicity in the adrenal, possibly mediated by adrenal 
innervation.

Dietary rhythms may have as large a role as light–dark cycles, 
as animal experiments show that altering the time of feeding can 
overcome the ACTH/cortisol periodicity established by a light–
dark cycle. In normal human subjects, cortisol is released before 
lunch and supper but not at these times in persons eating con-
tinuously during the day. Thus, glucocorticoids, which increase 
blood glucose, appear to be released at times of fasting and are 
inhibited by feeding.

Signal β-LPHACTHN-terminal fragment

βα

γ-LPH β-EndorphinCLIPN-terminal glycopeptide

γ3-MSH

D26 2412111911531301127965511

γ

Figure 13.4 Structure of human prepro-opiomelanocortin. The numbers refer 
to amino acid positions, with no. 1 assigned to the fi rst amino acid of POMC 
after the 26 amino acid signal peptide. The α-, β- and γ-MSH regions, which 
characterize the three “constant” regions, are indicated by diagonal lines; the 
“variable” regions are solid. The amino acid numbers shown refer to the N-

terminal amino acid of each cleavage site; because these amino acids are 
removed, the numbers do not correspond exactly to the amino acid numbers of 
the peptides as used in the text. CLIP, corticotrophin-like intermediate lobe 
peptide.
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As all parents know, infants do not have a diurnal rhythm of 
sleep or feeding. They acquire such behavioral rhythms in 
response to the environment long before they acquire a rhythm 
of ACTH and cortisol. The diurnal rhythms begin to be estab-
lished at 6–12 months but are often not well established until after 
3 years of age. Once the rhythm is well established in the older 
child or adult, it is changed only with diffi culty. When people 
move time zones, ACTH/cortisol rhythms may take 15–20 days 
to adjust.

Physical stress (major surgery, severe trauma, blood loss, high 
fever or serious illness) increases the secretion of both ACTH and 
cortisol but minor surgery and minor illnesses (upper respiratory 
infections) have little effect. Infection, fever and pyrogens can 
stimulate the release of interleukin 1 (IL-1) and IL-6, which stim-
ulate secretion of CRH and also IL-2 and tumor necrosis factor 
(TNF), which stimulate release of ACTH, providing further stim-
ulus to cortisol secretion during infl ammation [17]. Most psy-
choactive drugs, such as anticonvulsants, neurotransmitters and 
antidepressants, do not affect the diurnal rhythm of ACTH and 
cortisol, although cyproheptidine (a serotonin antagonist) sup-
presses ACTH release.

Adrenal–glucocorticoid feedback
The hypothalamo-pituitary-adrenal axis is a classic example of an 
endocrine feedback system. ACTH increases the production of 
cortisol and cortisol decreases the production of CRH and ACTH. 
Like the acute and chronic phases of the action of ACTH on the 
adrenal, there are acute and chronic phases of the feedback inhi-
bition of ACTH. The acute phase, which occurs within minutes, 
inhibits release of ACTH (and CRH) from secretory granules. 
With prolonged exposure, glucocorticoids inhibit ACTH synthe-
sis by directly inhibiting the transcription of the gene for POMC. 
Some evidence also suggests that glucocorticoids can inhibit ste-
roidogenesis at the level of the adrenal fasciculata cell itself but 
this appears to be a physiologically minor component of the regu-
lation of cortisol secretion.

Mineralocorticoid secretion: the renin-angiotensin 
system
Renin is a serine protease enzyme synthesized primarily by the 
juxtaglomerular cells of the kidney. It is also produced in a variety 
of other tissues, including the glomerulosa cells of the adrenal 
cortex. Adrenally produced renin appears to maintain basal levels 
of P450c11AS but it is not known whether angiotensin II is 
involved in this action. Renin is synthesized as a precursor (406 
amino acids) that is cleaved to pro-renin (386 amino acids) and, 
fi nally, to the 340 amino acid protein found in plasma. Decreased 
blood pressure, upright posture, sodium depletion, vasodilatory 
drugs, kallikrein, opiates and β-adrenergic stimulation all 
promote the release of renin. Renin enzymatically attacks angio-
tensinogen, the renin substrate, in the circulation.

Angiotensinogen is a highly glycosylated protein and therefore 
has a highly variable molecular weight, from 50 000 to 100 000  Da. 
Renin proteolytically releases the aminoterminal 10 amino acids 

of angiotensinogen, referred to as angiotensin I. This decapeptide 
is biologically inactive until converting enzyme, an enzyme found 
primarily in the lungs and blood vessels, cleaves off its two 
carboxy-terminal amino acids to produce an octapeptide termed 
angiotensin II. Converting enzyme can be inhibited by captopril 
and related agents useful in the diagnosis and treatment of hyper-
reninemic hypertension.

Angiotensin II has two principal actions, both of which increase 
blood pressure. It directly stimulates arteriolar vasoconstriction 
within a few seconds and it stimulates the synthesis and secretion 
of aldosterone within minutes. Increased plasma potassium is a 
powerful and direct stimulator of aldosterone synthesis and 
release.

Aldosterone, secreted by the adrenal glomerulosa cells, has the 
greatest mineralocorticoid activity of all naturally occurring ste-
roids. It causes renal sodium retention and potassium loss, with 
a consequent increase in intravascular volume and blood pres-
sure. Angiotensin II functions through receptors that stimulate 
the production of phosphatidylinositol, mobilize intracellular 
and extracellular Ca2+ and activate protein kinase C. These intra-
cellular second messengers then stimulate transcription of the 
P450scc gene by means independent of those used by ACTH and 
cAMP. Potassium ions increase uptake of Ca2+, with consequent 
hydrolysis of phosphoinositides to increase phosphatidylinositol. 
Thus, angiotensin II and potassium work at different levels of the 
same intracellular second messenger pathway but these differ 
fundamentally from the action of ACTH.

Although the renin-angiotensin system is clearly the major 
regulator of mineralocorticoid secretion, ACTH and possibly 
other POMC-derived peptides such as γ3-MSH, can also promote 
secretion of aldosterone when used in high concentrations in 
animal systems. The relevance of physiological concentrations in 
human beings has not been established. Ammonium ions, hypo-
natremia, dopamine antagonists and some other agents can also 
stimulate secretion of aldosterone; atrial natriuretic factor is a 
potent physiological inhibitor of aldosterone secretion.

Adrenal androgen secretion and the regulation of 
adrenarche
DHEA, DHEAS and androstenedione, which are almost exclu-
sively secreted by the adrenal zona reticularis, are generally 
referred to as adrenal androgens because they can be converted 
peripherally to testosterone. These steroids have little if any 
capacity to bind to and activate androgen receptors and are hence 
only androgen precursors, not true androgens. The fetal adrenal 
secretes large amounts of DHEA and DHEAS and these steroids 
are abundant in the newborn; their concentrations fall rapidly as 
the fetal zone of the adrenal involutes after birth.

After the fi rst year of life, the adrenals of young children secrete 
small amounts of DHEA, DHEAS and androstenedione until the 
onset of adrenarche, usually around age 7–8 years, preceding the 
onset of puberty by about 2 years. Adrenarche is independent of 
puberty, the gonads or gonadotropins and the mechanism by 
which its onset is triggered remains unknown. The secretion of 
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DHEA and DHEAS continues to increase during and after puberty 
and reaches maximal values in young adulthood, after which 
there is a slow gradual decrease in the secretion of these steroids 
in elderly people (“adrenopause”) (Fig. 13.5). Despite the 
increases in the adrenal secretion of DHEA and DHEAS during 
adrenarche, circulating concentrations of ACTH and cortisol do 
not change with age. Thus, ACTH has a permissive role in adre-
narche but does not trigger it. Searches for hypothetical polypep-
tide hormones that might specifi cally stimulate the zona reticularis 
have been unsuccessful.

Recent studies of adrenarche have focused on the roles of 3β-
HSD and P450c17. The abundance of 3β-HSD protein in the 
zona reticularis appears to decrease with the onset of adrenarche 
and the adrenal expression of cytochrome b5, which fosters the 
17,20-lyase activity of P450c17, is confi ned almost exclusively to 
the zona reticularis [16]. Both these factors would strongly favor 
the production of DHEA. Exaggerated adrenarche has been found 
in association with insulin resistance and girls with this condition 
appear to be at a much higher risk of developing the polycystic 
ovarian syndrome as adults. Recent evidence suggests that infants 
born small for gestational age may be at increased risk of this 
syndrome. Evidence is accumulating to suggest that replacement 
of DHEA after adrenopause may improve memory and a sense 
of well-being in elderly people [18].

Plasma steroids and their disposal

Structure and nomenclature
All steroid hormones are derivatives of pregnenolone (Fig. 13.6). 
Pregnenolone and its derivatives that contain 21 carbon atoms 
are often termed C21 steroids. Each carbon atom is numbered, 

indicating the location at which the various steroidogenic reac-
tions occur (e.g. 21-hydroxylation, 11-hydroxylation). The 17,20-
lyase activity of P450c17 cleaves the bond between carbon atoms 
17 and 20, yielding C19 steroids, which include all the androgens. 
P450aro converts C19 androgens to C18 estrogens. With the excep-
tion of estrogens, all steroid hormones have a single unsaturated 
carbon–carbon double bond. Steroids having this double bond 
between carbon atoms 4 and 5, including all the principal biologi-
cally active steroids, are termed Δ4 steroids; their precursors, having 
a double bond between carbon atoms 5 and 6, are termed Δ5 ste-
roids. The two isozymes of 3β-HSD convert Δ5 to Δ4 steroids.

A rigorous, logically systematic and unambiguous chemical 
terminology accurately describes the structure of all the steroid 
hormones and their derivatives. However, this terminology is 
cumbersome (e.g. cortisol is 11β,17α,21-trihydroxy-pregn4-ene-
3,20-dione and dexamethasone is 9α-fl uoro-11β,17α, 21-trihy-
droxyprena-1,4-diene-3,20-dione). Therefore, we use only the 
standard trivial names.

Before the structures of the steroid hormones were determined 
in the 1930s, Reichstein, Kendall and others identifi ed them as 
spots on paper chromatograms and designated them A, B, C, etc. 
Unfortunately, some persist in using this outmoded terminology 
more than 70 years later, so that corticosterone is sometimes 
termed “compound B,” cortisol “compound F” and 11-deoxycor-
tisol “compound S.” This archaic terminology obfuscates the 
precursor–product relationships of the steroids and should not 
be used.

Circulating steroids
Although over 50 different steroids have been isolated from 
adrenocortical tissue, the main pathways of adrenal steroido-
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genesis include only a dozen or so steroids, of which only a few 
are secreted in sizable quantities. The adult secretion of DHEA 
and cortisol is each about 20  mg/24  h and the secretion of cor-
ticosterone, a weak glucocorticoid, is about 2  mg/24  h. Although 
glucocorticoids, such as cortisol and mineralocorticoids, such as 
aldosterone, are both needed for life and hence are of “equiva-
lent” physiological importance, diagrams such as Fig. 13.1 fail 
to indicate that these steroids are not secreted in molar equiva-
lents. The adult secretion rate of aldosterone is only about 
0.1  mg/24  h. This 100- to 1000-fold molar difference in the 
secretory rates of cortisol and aldosterone must be borne in 
mind when considering the effects of steroid-binding proteins 
in plasma and when conceptualizing the physiological manifes-
tations of incomplete defects in steroidogenesis due to single 
amino acid changes causing the partial loss of activity of a ste-
roidogenic enzyme.

Most circulating steroids are bound to plasma proteins, includ-
ing corticosteroid-binding globulin (CBG, also termed transcor-
tin), albumin and α1-acid glycoprotein. CBG has a very high 
affi nity for cortisol but a relatively low binding capacity; albumin 
has a low affi nity and high capacity; α1-acid glycoprotein is inter-
mediate for both variables. The result is that about 90% of 
circulating cortisol is bound to CBG and a little more is bound 
to other proteins. These steroid-binding proteins are not trans-
port proteins, as the biologically important steroids are water 
soluble in physiologically effective concentrations and absence of 
CBG does not cause a detectable physiological disorder. However, 
these plasma proteins do act as a reservoir for steroids. This 
insures that all peripheral tissues will be bathed in approximately 
equal concentrations of cortisol, which greatly diminishes the 
physiological effect of the great diurnal variation in cortisol 
secretion.

Synthetic glucocorticoids do not bind signifi cantly to CBG and 
bind poorly to albumin, partially accounting for their increased 
potencies, which are also associated with increased receptor-
binding affi nities. Aldosterone is not bound well by 
any plasma protein; hence, changes in plasma protein concentra-
tion do not affect plasma aldosterone concentrations but 
greatly infl uence plasma cortisol concentrations. Estradiol and 
testosterone bind strongly to a different plasma protein 
termed sex steroid-binding globulin and also bind weakly to 
albumin.

Because steroids are hormones, it is often thought that the 
concentration of “free” (i.e. unbound) circulating steroids deter-
mines biological activity. However, the target tissues for many 
steroid hormones contain enzymes that modify those steroids. 
Thus, many actions of testosterone are actually due to dihydrotes-
tosterone produced by local 5α-reductase; cortisol will have dif-
ferential actions on various tissues as a result of the presence or 
absence of 11β-HSD, which inactivates cortisol to cortisone. 
Similar peripheral metabolism occurs via “extraglandular” 21-
hydroxylase, P450aro, 3β-HSD and 17β-HSD. Thus, circulating 
steroids are both classic hormones and precursors to locally 
acting autocrine or paracrine factors.

Steroid catabolism
Only about 1% of circulating plasma cortisol and aldosterone is 
excreted unchanged in the urine; the remainder is metabolized 
by the liver. A large number of hepatic metabolites of each steroid 
is produced, most containing additional hydroxyl groups and 
linked to a sulfate or glucuronide moiety, rendering them more 
soluble and readily excretable by the kidney. A great deal is known 
about the various urinary metabolites of the circulating steroids 
because their measurement in pooled 24-h urine samples has 
been an important means of studying adrenal steroids. Although 
the measurement of urinary steroid metabolites by modern mass 
spectrometric techniques remains an important research tool, the 
development of separation techniques and of specifi c and highly 
sensitive radioimmunassays for each of the steroids in plasma has 
greatly reduced the need to measure their excreted metabolites in 
clinical practice.

Clinical and laboratory evaluation of adrenal 
function

Clinical evaluation
Primary adrenal defi ciency or hypersecretion is generally evident 
before performing laboratory tests. Patients with chronic adrenal 
insuffi ciency have weakness, fatigue, anorexia, weight loss, hypo-
tension and hyperpigmentation. Patients with acute adrenal 
insuffi ciency have hypotension, shock, weakness, apathy, confu-
sion, anorexia, nausea, vomiting, dehydration, abdominal or 
fl ank pain, hyperthermia and hypoglycemia.

Early signs of glucocorticoid excess include increased appetite, 
weight gain and growth arrest without a concomitant delay in 
bone age. Chronic glucocorticoid excess in children results in 
typical cushingoid facies but the buffalo hump and centripetal 
distribution of body fat characteristic of Cushing disease in adults 
are seen only in long-standing undiagnosed disease.

Mineralocorticoid excess is characterized by hypertension but 
patients receiving very low sodium diets (e.g. the newborn) are 
not hypertensive, as mineralocorticoids increase blood pressure 
primarily by retaining sodium and thus increasing intravascular 
volume.

Defi cient adrenal androgen secretion will compromise the 
acquisition of virilizing secondary sexual characteristics (pubic 
and axillary hair, comedones, axillary odor) in female adolescents. 
Moderate hypersecretion of adrenal androgens is characterized by 
mild signs of virilization, whereas substantial hypersecretion of 
adrenal androgens is characterized by accelerated growth with a 
disproportionate increase in bone age, increased muscle mass, 
acne, hirsutism, deepening of the voice and more profound 
degrees of virilism. A key feature of any physical examination of a 
virilized male is careful examination and measurement of the 
testes. Bilaterally enlarged testes suggest true (central) precocious 
puberty; unilateral testicular enlargement suggests testicular 
tumor; prepubertal testes in a virilized male indicate an extrates-
ticular source of androgen, such as the adrenal.
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Imaging studies are of limited use in adrenocortical disease. 
Computed tomography (CT) rarely detects pituitary tumors 
secreting ACTH, although recent advances in magnetic resonance 
imaging (MRI) may detect many of these with gadolinium 
enhancement. The small size, odd shape and location near other 
structures compromise the use of imaging techniques for the 
adrenals. Patients with Cushing disease or CAH have modestly 
enlarged adrenals but these are often not detectable by imaging 
with any useful degree of certainty. The gross enlargement of the 
adrenals in congenital lipoid adrenal hyperplasia, their hypopla-
sia in adrenal hypoplasia congenita or in the hereditary ACTH 
unresponsiveness syndrome can be imaged, as can many malig-
nant tumors but most adrenal adenomas are too small to be 
detected. Thus, imaging studies may establish the presence of 
pituitary or adrenal tumors but never exclude them.

Laboratory evaluation
Steroid measurements
Plasma cortisol is measured by a variety of techniques including 
radioimmunoassay, immunoradiometric assay and high-perfor-
mance liquid chromatography (HPLC). Other procedures, such 

as fl uorimetric assays and competitive protein-binding assays, are 
useful research tools but are not in general clinical use. It is of 
considerable importance to know what procedure one’s labora-
tory is using and precisely what it is measuring, because laborato-
ries may have different normal values and most central hospital 
and commercial laboratories are designed primarily to serve adult, 
rather than pediatric, patients. Tables 13.2 and 13.3 summarize 
the normal plasma concentrations for a variety of steroids.

All immunoassays have some degree of cross-reactivity with 
other steroids and most cortisol immunoassays detect cortisol 
and cortisone, which are readily distinguished by HPLC. As the 
newborn’s plasma contains mainly cortisone rather than cortisol 
during the fi rst few days of life, comparison of newborn data 
obtained by HPLC with published standards obtained by immu-
noassays may incorrectly suggest adrenal insuffi ciency.

With the notable exception of DHEAS, most adrenal steroids 
exhibit a diurnal variation based on the diurnal rhythm of ACTH. 
Because the stress of illness or hospitalization can increase adrenal 
steroid secretion and because diurnal rhythms may not be well 
established in children <3 years of age, it is best to obtain two or 
more samples for the measurement of any steroid.

Table 13.2 Mean sex steroid concentration in infants and children. Data adapted from Endocrine Sciences, Tarzana, CA, USA.

PROG 17-OHP DHEA DHEAS Δ4 A E1 E2 T DHT

M F M F

Cord blood 1100 62 21 6 400 3.0 52 30 1.0 0.9 0.2 0.2
Premature babies 11 8.1 28 11 000 7.0 4.2 0.4 1.0 0.1
Term newborns 1.1 20 4 400 5.2 6.9 1.4 0.9 0.3
Infants 1.0 1.0 3.8 820 0.7 <0.1 <0.1 6.6 <0.4 1.4 <0.1
Children
 1–6 years 1.0 270 0.9 <0.1 <0.1 0.2 0.1
 6–8 years 3.1 540 0.9 <0.1 <0.1 0.2 0.1
 8–10 years 5.6 1 400 0.9 <0.1 <0.1 0.2 0.1
Males
 Pubertal stage I 0.6 1.3 5.6 950 0.9 0.0 0.0 0.2 <0.1
 Pubertal stage II 0.6 1.6 10 2 600 1.6 0.1 0.0 1.4 0.3
 Pubertal stage III 0.8 2.0 14 3 300 2.4 0.1 0.1 6.6 0.7
 Pubertal stage IV 1.1 2.6 14 5 400 2.8 0.1 0.1 13 1.2
 Pubertal stage V 1.3 3.3 17 6 300 3.5 0.1 0.1 19 1.6
 Adult 1.1 3.3 16 7 300 4.0 0.1 0.1 22 1.7
Females
 Pubertal stage I 0.6 1.0 5.6 1 100 0.9 0.1 0.0 0.2 0.1
 Pubertal stage II 1.0 1.6 11 1 900 2.3 0.1 0.1 0.7 0.3
 Pubertal stage III 1.3 2.3 14 2 500 4.2 0.1 0.1 0.9 0.3
 Pubertal stage IV 9.2 2.9 15 3 300 4.5 0.1 0.2 0.9 0.3
 Pubertal stage V 5.1 3.6 19 4 100 6.0 0.2 0.4 1.0 0.3
Adult
 Follicular 1.0 1.5 16 4 100 5.8 0.2 0.2 1.0 0.3
 Luteal 24 5.4 16 4 100 5.8 0.4 0.5 1.0 0.3

Δ4 A androstenedione; DHEA, dehydroepiandrosterone; DHEAS, DHEA sulfate; DHT, dihydrotestosterone; E1, estrone; E2, estradiol; F, female; M, male; PROG, 
progesterone; 17-OHP, 17-hydroxyprogesterone; T, testosterone.
All values are in nmol/L.
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Plasma renin
Renin is not generally measured directly but is assayed by its 
enzymatic activity. Plasma renin activity (PRA) is simply an 
immunoassay of the amount of angiotensin I generated per mil-
liliter of serum per hour at 37  °C. In normal serum, the concen-
tration of both renin and angiotensinogen (the renin substrate) 
is limiting. Therefore, another test, plasma renin content (PRC), 
measures the amount of angiotensin I generated in 1  h at 37  °C 
in the presence of excess concentrations of angiotensinogen. 
Immunoassays for renin itself are beginning to enter clinical 
practice.

PRA is sensitive to dietary sodium intake, posture, diuretic 
therapy, activity and sex steroids. Because PRA values can vary 
widely, it is best to measure renin twice, once in the morning after 
overnight supine posture and then again after maintenance of 
upright posture for 4  h. A simultaneous 24-h urine for total 
sodium excretion is generally needed to interpret PRA results. 
Decreased dietary and urinary sodium, decreased intravascular 
volume, diuretics and estrogens will increase PRA. Sodium 
loading, hyperaldosteronemia and increased intravascular volume 
decrease PRA.

Renin measurements are commonly used in the evaluation of 
hypertension and in the management of CAH. However, several 
additional situations require assessment of the renin-angiotensin 
system. Children with simple virilizing adrenal hyperplasia who 
do not have clinical evidence of urinary salt wasting (hyponatre-
mia, hyperkalemia, acidosis, hypotension, shock) may neverthe-
less have increased PRA, especially when dietary sodium is 
restricted. This was an early clinical sign that this form of 21-
hydroxylase defi ciency (21-OHD) was simply a milder form of 
the more common, severe, salt-wasting form. Treatment of 
simple virilizing 21-OHD with mineralocorticoid suffi cient to 
suppress PRA into the normal range will reduce the child’s 
requirement for glucocorticoids, thus maximizing fi nal adult 
height. Children with CAH need to have their mineralocorticoid 

replacement therapy monitored routinely by measuring PRA. 
Measurement of angiotensin II is also possible in some research 
laboratories but most antibodies to angiotensin II cross-react 
strongly with angiotensin I. Thus, PRA remains the most useful 
way of evaluating the renin-angiotensin-aldosterone system.

Urinary steroid excretion
The measurement of 24-h urinary excretion of steroid metabo-
lites is one of the oldest procedures for assessing adrenal function 
and is still useful. Examination of the total 24-h excretion of ste-
roids eliminates the fl uctuations seen in serum samples as a func-
tion of time of day, episodic bursts of ACTH and steroid secretion 
and transient stress (such as a visit to the clinic or diffi cult vene-
puncture). Collection of a complete 24-h urinary sample can be 
diffi cult in the infant or small child. Two consecutive 24-h col-
lections should be obtained. Because of the diurnal and episodic 
nature of steroid secretion, one should never obtain 8- or 12-h 
collections and attempt to infer the 24-h excretory rate from such 
partial collections.

Urinary 17-hydroxycorticosteroids, assayed by the colorimet-
ric Porter–Silber reaction, measures 17,21-dihydroxy-20-ketoste-
roids by the generation of a colored compound after treatment 
with phenylhydrazine. The reaction is highly specifi c for the 
major urinary metabolites of cortisol and cortisone. It will also 
measure metabolites of 11-deoxycortisol.

Measurement of 17-hydroxycorticosteroids is being replaced 
by measurement of urinary free cortisol, thus avoiding the non-
specifi city and drug interference problems inherent in 17-
hydroxycorticosteroids. In adults, the test is highly reliable in the 
diagnosis of Cushing syndrome. Free cortisol is extracted from 
the urine and measured by immunoassay or HPLC, providing the 
advantage of specifi city; furthermore, unlike 17-hydroxycortico-
steroids, urinary free cortisol is not increased in exogenous 
obesity. The upper limit of normal for urinary free cortisol excre-
tion for children is 80  μg/m2/day and that for 17-hydroxycorti-

Table 13.3 Mean glucocorticoid and mineralocorticoid concentrations.

Cortisol DOC Corticosterone 18-OH corticosterone Aldosterone Plasma renin activity

Cord blood 360 5.5 19 2.4  50
Premature babies 180 5.5 2.8 222
Newborns 140  6.6 9.7 2.6  58
Infants 250 0.6 16 2.2 0.8  33
Children (08.00  h)
 1–2 years 110–550 1.8 0.8 15
 2–10 years As adults 0.3 1.2 0.3→0.8*  8.3
 10–15 years As adults 0.7 0.1→0.6*  3.3
Adults (08.00  h) 280–550 0.2 12 0.6 0.2→0.4*  2.8→4.0*
Adults (16.00  h) 140–280  3.8

DOC, deoxycorticosterone.
All values in nmol/L except plasma renin activity (μg/L/s).
*Two values separated by an arrow indicate those in supine and upright posture.
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costeroids is 5  mg/m2/day. Some clinical experience indicates that 
urinary 17-hydroxycorticosteroids may be more reliable for the 
diagnosis of Cushing disease in children, possibly because of 
greater experience with 17-hydroxycorticosteroids.

Urinary 17-ketosteroids, assayed by the Zimmerman reaction, 
measure 17-ketosteroids by the generation of a colored com-
pound after treatment with meta-dinitrobenzine and acid. The 
reaction principally measures metabolites of DHEA and DHEAS 
and thus correlates with adrenal androgen production. Andro-
stenedione will contribute signifi cant 17-ketosteroids and, if an 
alkali extraction is not used, estrone will also contribute. The 
principal androgens, testosterone and dihydrotestosterone, have 
hydroxyl rather than keto groups on carbon 17; hence, their 
metabolic products are not measured as 17-ketosteroids. A wide 
variety of drugs, including penicillin, nalidixic acid, spironolac-
tone and phenothiazines, as well as non-specifi c urinary chromo-
gens can spuriously increase values of 17-ketosteroids. 
Measurement of urinary 17-ketosteroids remains a useful inex-
pensive screening test and some clinicians prefer to follow 17-
ketosteroids to monitor therapy of CAH but measurements of 
plasma steroids have now replaced the use of urinary 17-ketoste-
roids in most centers.

Urinary 17-ketogenic steroids are occasionally confused with 
urinary 17-ketosteroids because of the similarity of the names; 
however, 17-ketogenic steroids are used to measure urinary 
metabolites of glucocorticoids, not sex steroids. Although some 
laboratories continue to perform measurements of 17-ketogenic 
steroids, this obsolete assay no longer has a place in modern 
pediatric practice.

Plasma ACTH and other POMC peptides
Accurate immunoassay of plasma ACTH is available in most 
centers but its measurement remains more diffi cult and variable 
than the assays for most other pituitary hormones. Samples must 
be drawn into a plastic syringe containing heparin or ethylenedi-
amine tetraacetic acid (EDTA) and transported quickly in plastic 
tubes on ice, as ACTH adheres to glass and is quickly inactivated. 
Elevated plasma ACTH concentrations can be informative but 
most assays cannot detect low or low-normal values and such 
values can be spurious if the samples are handled badly. In adults 
and older children with well-established diurnal rhythms of 
ACTH, normal 08.00  h values rarely exceed 50  pg/mL, whereas 
20.00  h values are usually undetectable. Patients with Cushing 
disease often have normal morning values but consistently ele-
vated afternoon and evening ones can suggest the diagnosis. 
Patients with the ectopic ACTH syndrome have values from 100 
to 1000  pg/mL.

Secretory rates
The secretory rates of cortisol and aldosterone (or other steroids) 
can be measured by administering a small dose of tritiated corti-
sol or aldosterone and measuring the specifi c activity of one or 
more known metabolites in a 24-h urine collection. This proce-
dure permitted the measurement of certain steroids, such as aldo-

sterone, before specifi c immunoassays became available. The 
procedures have provided much information about the normal 
rate of production of various steroids. On the basis of this pro-
cedure, most authorities previously concluded that children and 
adults secrete about 12  mg cortisol per square meter of body 
surface area per day. More recent studies indicate a rate of 6–
9  mg/m2 in children and adults. Such differences are of consider-
able importance in estimating physiological replacement doses of 
glucocorticoids.

Dexamethasone suppression test
Administration of small doses of dexamethasone, a potent syn-
thetic glucocorticoid, will suppress secretion of pituitary ACTH 
and of adrenal cortisol. Originally described by Liddle in 1960, 
the dexamethasone suppression test remains the most useful pro-
cedure for distinguishing whether glucocorticoid excess is caused 
primarily by pituitary or adrenal disease. As dexamethasone also 
suppresses adrenal androgen secretion, this test is useful for dis-
tinguishing between adrenal and gonadal sources of sex steroids. 
A dexamethasone suppression test requires the measurement of 
basal values and those obtained in response to both low- and 
high-dose dexamethasone. Variations of the test are common, 
notably the single 1.0-mg dose in adults or 0.3  mg/m2 in children. 
This is a useful outpatient screening procedure for distinguishing 
Cushing syndrome from exogenous obesity. It can be useful for 
the same purpose in adolescents and older children but is other-
wise of limited utility in pediatrics. An overnight high-dose dexa-
methasone suppression test is probably more reliable than the 
standard 2-day high-dose test in differentiating adults with 
Cushing disease from those with the ectopic ACTH syndrome. 
The usefulness of this test in pediatric patients has not been 
established.

Stimulation tests
Direct stimulation of the adrenal with ACTH is a rapid, safe and 
easy way to evaluate adrenocortical function. The original ACTH 
test consisted of a 4- to 6-h infusion of 0.5 units/kg of ACTH 
(1–39) to stimulate adrenal cortisol secretion maximally. It diag-
noses primary adrenal insuffi ciency (Addison disease). In second-
ary adrenal insuffi ciency, some steroidogenic capacity is present 
and some cortisol is produced in response to the ACTH.

This ACTH test has been replaced in clinical practice by the 
60-min test, in which a single bolus of ACTH (1–24) is adminis-
tered intravenously and cortisol values are measured at 0 and 
60  min. Normal responses are shown in Table 13.4 [19]. Syn-
thetic ACTH (1–24) (cosyntropin) is preferred as it has a more 
rapid action and shorter half-life than ACTH (1–39). The usual 
dose is 0.1  mg in newborns, 0.15  mg in children up to 2 years of 
age and 0.25  mg for children over the age of 2 years and adults. 
All these doses are pharmacological.

A very low-dose (1  μg) test may be useful in assessing adrenal 
recovery from glucocorticoid suppression. Newer data show that 
maximal steroidal responses can be achieved after only 30  min 
but the best available standards are for a 60-min test.
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One of the widest uses of intravenous ACTH tests in pediatrics 
is in diagnosing CAH. Stimulating the adrenal with ACTH 
increases steroidogenesis, resulting in the accumulation of ste-
roids proximal to the disordered enzyme. For example, inspec-
tion of Fig. 13.1 shows that impaired activity of P450c21 
(21-hydroxylase) should lead to the accumulation of progester-
one and 17-hydroxyprogesterone (17-OHP). However, proges-
terone does not accumulate in appreciable quantities, because it, 
too, is converted to 17-OHP. Measuring the response of 17-OHP 
to a 60-min or 6-h challenge with ACTH is the single most power-
ful and reliable means of diagnosing 21-OHD. Comparing the 
patient’s basal and ACTH-stimulated values of 17-OHP against 
those from large numbers of well-studied patients usually permits 
the discrimination of normal persons, heterozygotes, patients 
with non-classic CAH and patients with classic CAH, although 
there is inevitably some overlap between groups (Fig. 13.7). Mea-
surement of testosterone or Δ4 androstenedione in response to 
ACTH can distinguish normal persons from patients with classic 
CAH but heterozygotes and patients with cryptic CAH have 
values overlapping both normal and classic CAH.

Longer ACTH tests of up to 3 days have also been used to 
evaluate adrenal function but it is important to remember that 
ACTH has both acute and chronic effects. Thus, short tests 
measure only the acute effects of ACTH, the maximal stimulation 
of pre-existing steroidogenic machinery. A 3-day test will examine 
the more chronic effects of ACTH to stimulate increased capacity 
for steroidogenesis by increasing the synthesis of steroidogenic 
machinery. Few situations exist in which a 3-day intramuscular 
ACTH test is indicated, although it is useful in diagnosing the 
rare syndrome of hereditary unresponsiveness to ACTH [20].

Insulin-induced hypoglycemia is another commonly used test. 
The hypoglycemia stimulates the release of counter-regulatory 
hormones (ACTH and cortisol, growth hormone, epinephrine 
and glucagon) that have actions to increase plasma glucose con-
centrations. Most patients experience hunger, irritability, diapho-
resis and tachycardia; when these are followed by drowsiness or 
sleep, blood sugar levels are probably below acceptable limits. If 
this occurs, a blood sample should be obtained and 2  mL/kg 25% 
glucose given intravenously to a maximum of 100  mL.

Metyrapone test
Metyrapone blocks the action of P450c11β and, to a much lesser 
extent, P450scc. It is thus a chemical means of inducing a tran-
sient defi ciency of 11-hydroxylase activity, which results in 
decreased cortisol secretion and subsequent increase in ACTH 
secretion. Metyrapone testing is carried out to assess the capacity 
of the pituitary to produce ACTH in response to a physiological 
stimulus. This test is useful in evaluating the hypothalamo-pitu-
itary axis in the presence of central nervous system lesions after 
neurosurgery or long-term suppression by glucocorticoid therapy. 
Patients with a previous history of hypothalamic, pituitary or 
adrenal disease or those who have been withdrawn from gluco-
corticoid therapy should be re-evaluated with a metyrapone test 
or with an insulin tolerance test. A normal response indicates 
recovery of the hypothalamo-pituitary-adrenal axis and predicts 
that the patient will respond normally to the stress of surgery.

Metyrapone is generally given orally as 300  mg/m2 every 4  h 
for a total of six doses (24  h). Unlike many other drugs, it is 
appropriate to continue to increase the dose in older or over-

Infants Prepubertal Pubertal

Basal Stimulated Basal Stimulated Basal Stimulated

17-OH-pregnenolone 6.8 1.7 9.6 3.6  24
17-OHP 0.8 5.8 1.5 5.8 1.8   4.8
DHEA 1.4 2.4 4.3 9.0  19
11-Deoxycortisol 2.3 1.8 5.8 1.7   4.9
Cortisol 280 830 360 830 280 690
DOC 0.6 2.4 0.2 1.7 0.2   1.7
Progesterone 1.1 3.2 1.1 4.0 1.9   4.8

All values are mean values in nmol/L.

Table 13.4 Responses of adrenal steroids to a 60-
min ACTH test. Data adapted from Endocrine 
Sciences, Tarzana, CA, USA.
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Figure 13.7 17-OHP values before and after stimulation with 
adrenocorticotropic hormone (ACTH) in normal subjects, patients with congenital 
adrenal hyperplasia (CAH) and heterozygotes.
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weight patients but the total dose should not exceed 3.0  g. Blood 
should be obtained for cortisol, 11-deoxycortisol and ACTH 
before and after the test and a 24-h urine collection should be 
obtained before and during the test for 17-hydroxycorticoste-
roids. In a normal response to metyrapone, cortisol decreases, 
ACTH increases and 11-deoxycortisol (the substrate for P450c11β) 
increases greatly to about 5  μg/dL. Metabolites of 11-
deoxycortisol result in a doubling in urinary 17-hydroxycortico-
steroid excretion. Adults and older children can be tested with 
the administration of a single oral dose of 30  mg/kg at midnight, 
given with food to reduce the gastrointestinal irritation. Blood 
samples are drawn at 08.00  h on the mornings before and after 
administering the drug.

CRH testing
CRH is now generally available as a test of pituitary ACTH 
reserve. It remains experimental in adults and little experience 
has been gained from children. Early data suggest that it may be 
useful for distinguishing hypothalamic from pituitary causes of 
ACTH defi ciency and may also be a useful adjunct in establishing 
the diagnosis of Cushing disease.

Genetic lesions in steroidogenesis

Autosomal recessive disorders disrupt each of the steps in the 
pathway shown in Fig. 13.1. Most cause diminished cortisol syn-
thesis. In response to adrenal insuffi ciency, the pituitary synthe-
sizes increased amounts of POMC and ACTH, which promotes 
increased steroidogenesis; ACTH and possibly other peptides 
derived from the amino-terminal end of POMC also stimulate 
adrenal hypertrophy and hyperplasia. Thus, the term congenital 
adrenal hyperplasia (CAH) refers to a group of diseases tradition-
ally grouped together on the basis of the most prominent fi nding 
at autopsy.

In theory, CAH is easy to understand. A genetic lesion in one 
of the steroidogenic enzymes interferes with normal steroidogen-
esis. The signs and symptoms of the disease derive from defi -
ciency of the steroidal end product and the effects of accumulated 
steroidal precursors proximal to the blocked step. Thus, reference 
to the pathways in Fig. 13.1 and a knowledge of the biological 
effects of each steroid should permit one to deduce the manifesta-
tions of the disease.

In practice, CAH can be confusing, both clinically and scien-
tifi cally. The key clinical, laboratory and therapeutic features of 
each form are summarized in Table 13.5. Because each steroido-
genic enzyme has multiple activities and many extra-adrenal 
tissues contain enzymes that have similar activities, the complete 
elimination of a specifi c adrenal enzyme may not result in the 
complete elimination of its steroidal products from the circula-
tion. In the past, disorders of steroidogenic enzymes had to be 
studied by examining their steroid metabolites in serum and 
urine, an indirect approach that led to numerous misconceptions 
about the steroidogenic processes. The cloning of the genes for 

the steroidogenic enzymes has now permitted the direct study of 
these diseases, altering traditional views substantially.

Congenital lipoid adrenal hyperplasia – defects in StAR
Lipoid CAH, the most severe genetic disorder of steroid hormone 
synthesis, is characterized by the absence of signifi cant concentra-
tions of all steroids, high basal ACTH and plasma renin activity. 
Steroid responses to long-term treatment with high doses of 
ACTH or human chorionic gonadotropin (hCG) are absent. The 
adrenals are usually grossly enlarged with cholesterol and choles-
terol esters, although some cases have normal-sized adrenals. 
These fi ndings indicate a lesion in the fi rst step in steroidogenesis, 
the conversion of cholesterol to pregnenolone. However, the 
P450scc gene is normal in these patients. The normal P450scc 
system plus the accumulation of cholesterol esters in the affected 
adrenal suggested that the lesion lay in a factor involved in cho-
lesterol transport to the mitochondria. The steroidogenic regula-
tory protein (StAR) was cloned in 1994 and was quickly identifi ed 
as the disordered step in lipoid CAH [6]. Thus, lipoid CAH was 
the fi rst disorder in steroid hormone biosynthesis identifi ed that 
is not caused by a disrupted steroidogenic enzyme.

Lipoid CAH provided a gene knockout of nature, elucidating 
the complex physiology of the StAR protein. StAR promotes ste-
roidogenesis by increasing the movement of cholesterol into 
mitochondria; in the absence of StAR, steroidogenesis proceeds 
at about 14% of the StAR-induced level. This observation led to 
the two-hit model of lipoid CAH [21]. The fi rst hit is the loss of 
StAR itself, leading to a loss of most but not all steroidogenesis, 
with a compensatory rise in ACTH and LH. These hormones 
increase cellular cAMP, which increases biosynthesis of LDL 
receptors, their uptake of LDL-cholesterol and de novo synthesis 
of cholesterol. In the absence of StAR, this increased intracellular 
cholesterol accumulates as in a storage disease causing the second 
hit, which is the mitochondrial and cellular damage caused by the 
accumulated cholesterol, cholesterol esters and their auto-oxida-
tion products.

The two-hit model explains the unusual clinical fi ndings in 
lipoid CAH. In the fetal testis, which is steroidogenically very 
active under the trophic stimulation of hCG, the Leydig cells are 
destroyed early in fetal life, eliminating testosterone biosynthesis. 
An affected 46XY fetus does not undergo normal virilization and 
is born with female external genitalia and a blind vaginal pouch. 
The Sertoli cells remain undamaged and continue to produce 
Müllerian inhibitory hormone, so that the phenotypically female 
46XY fetus has no cervix, uterus or fallopian tubes. The steroido-
genically active fetal zone of the adrenal is similarly affected, 
eliminating most fetal adrenal DHEA biosynthesis and the feto-
placental production of estriol; mid-gestation maternal and fetal 
estriol levels are thus very low.

The defi nitive zone of the fetal adrenal, which differentiates 
into the zonae glomerulosa and fasciculata, normally produces 
very little aldosterone and, as fetal salt and water metabolism are 
maintained by the placenta, stimulation of the glomerulosa by 
angiotensin II generally does not begin until birth. Consistent 
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with this, many newborns with lipoid CAH do not have a salt-
wasting crisis until after several weeks of life, because StAR-inde-
pendent aldosterone synthesis initially suffi ces but chronic 
stimulation by angiotensin II eventually leads to cellular damage 
[21].

The two-hit model also explains the spontaneous feminization 
of affected 46XX females who are treated in infancy and reach 
adolescence. The fetal ovary makes no steroids and contains no 

steroidogenic enzymes; consequently, the ovary remains undam-
aged until it is fi rst stimulated by gonadotropins at the time of 
puberty, when it produces some estrogen by StAR-independent 
steroidogenesis. Continued stimulation results in cholesterol 
accumulation and cellular damage, so that biosynthesis of pro-
gesterone in the latter part of the cycle is impaired. Because 
gonadotropin stimulation recruits individual follicles and does 
not promote steroidogenesis in the whole ovary, most follicles 

Table 13.5 Clinical and laboratory fi ndings in the congenital adrenal hyperplasias.

Enzyme Presentation Laboratory fi ndings Therapeutic measures

Lipoid CAH (StAR, 
P450scc)

Salt-wasting crisis
Male pseudohermaphroditism

Low/absent levels of all steroid hormones
Decreased/absent response to ACTH
Decreased/absent response to hCG in male 

pseudohermaphroditism
↑ACTH and PRA

Glucocorticoid and mineralocorticoid 
replacement and salt supplementation

Estrogen replacement at age 12 years
Gonadectomy of male 

pseudohermaphrodite
3β-HSD Salt-wasting crisis

↑Δ5/Δ4 serum steroids
Male and female 

pseudohermaphroditism

↑Δ5 steroids before and after ACTH
Suppression of elevated adrenal steroids after 

glucocorticoid administration
↑ACTH and PRA

Glucocorticoid and mineralocorticoid 
replacement

Salt supplementation
Surgical correction of genitalia
Sex hormone replacement as necessary

P450c21 Classic form:
Salt-wasting crisis
Female pseudohermaphroditism

Pre- and postnatal virilization

Non-classic form:
Premature adrenarche, menstrual 

irregularity, hirsutism, acne, 
infertility

↑17-OHP before and after ACTH
↑Serum androgens and urine 17-ketosteroids
Suppression of elevated adrenal steroids after 

glucocorticoid treatment
↑ACTH and PRA

Glucocorticoid and mineralocorticoid 
replacement

Salt supplementation
Surgical repair of female 

pseudohermaphroditism

P450c11β Female pseudohermaphroditism
Postnatal virilization in males and 

females

↑11-deoxycortisol and DOC before and after ACTH
↑Serum androgens and urine 17-ketosteroids
Suppression of elevated steroids after glucocorticoid 

administration
↑ACTH and ↓PRA
Hypokalemia

Glucocorticoid administration
Surgical repair of female 

pseudohermaphroditism

P450c11AS Failure to thrive
Weakness
Salt loss

Hyponatremia, hyperkalemia
↑Corticosterone
↓Aldosterone and ↑PRA

Mineralocorticoid replacement
Salt supplementation

P450c17 Male pseudohermaphroditism
Sexual infantilism
Hypertension

↑DOC, 18-OH-DOC, corticosterone, 
18-hydroxycorticosterone

Low 17α-hydroxylated steroids and poor response to 
ACTH

Poor response to hCG in male 
pseudohermaphroditism

Suppression of elevated adrenal steroids after 
glucocorticoid administration

↑ACTH and ↓PRA
Hypokalemia

Glucocorticoid administration
Surgical correction of genitalia and sex 

steroid replacement in male 
pseudohermaphroditism consonant with 
sex of rearing

Estrogen replacement in female at 12 
years

Testosterone replacement if reared as male 
(rare)

POR Infants with Antley–Bixler syndrome 
plus genital anomaly and adrenal 
insuffi ciency; maternal aromatase 
defi ciency. Adults with infertility.

↑Prog, 17-OHP, ACTH
↓DHEA androstenedione testosterone, estradiol
Poor cortisol response to ACTH
Normal mineralocorticoids

Glucocorticoid, mineralocorticoid and sex 
steroid replacement.

ACTH, adrenocorticotropic hormone; CAH, congenital adrenal hyperplasia; DHEA, dehydroepiandrosterone; DOC, deoxycorticosterone; 
hCG, human chorionic gonadotropin; PRA, plasma renin activity.
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remain undamaged and available for future cycles. Cyclicity is 
determined by the hypothalamo-pituitary axis and remains 
normal. With each new cycle, a new follicle is recruited and more 
estradiol is produced by StAR-independent steroidogenesis. 
Although net ovarian steroidogenesis is impaired, enough estro-
gen is produced (especially in the absence of androgens) to induce 
breast development, general feminization, monthly estrogen 
withdrawal and cyclic vaginal bleeding. However, progesterone 
synthesis in the latter half of the cycle is disturbed by the accu-
mulating cholesterol esters so that the cycles are anovulatory. 
Measurements of estradiol, progesterone and gonadotropins 
throughout the cycle in affected adult females with lipoid CAH 
confi rm this model. Similarly, examination of StAR knockout 
mice confi rms the two-hit model. Thus, examination of patients 
with lipoid CAH has elucidated the physiology of the StAR 
protein in each steroidogenic tissue.

Genetic analysis of patients with lipoid CAH has revealed 
numerous mutations in the StAR gene. These data reveal several 
genetic clusters. Lipoid CAH is common in Japan; about 65–70% 
of affected Japanese alleles and virtually all affected Korean alleles 
carry the mutation Q258X. The carrier frequency for this muta-
tion appears to be about 1 in 300, so that 1 in every 250 000–
300 000 newborns in these countries is affected, giving a total of 
about 500 patients in Japan and Korea. Other genetic clusters are 
found among Palestinian Arabs, most of whom carry the muta-
tion R182L, Saudis, who carry R182H and Swiss, who carry 
L260P.

Many other mutations have been found throughout the gene 
but all amino acid replacement (missense) mutations are found 
in the carboxy-terminal 40% of the protein, which is the biologi-
cally important domain. Deletion of only 10 carboxy-terminal 
residues reduces StAR activity by half and deletion of 28 carboxy-
terminal residues by the common Q258X mutation eliminates all 
activity. In contrast, deletion of the fi rst 62 amino-terminal resi-
dues has no effect on StAR activity, even though this deletes the 
entire mitochondrial leader sequence and forces StAR to remain 
in the cytoplasmic compartment. Studies of StAR’s mitochon-
drial import show that StAR acts exclusively on the outer mito-
chondrial membrane and that its level of activity is proportional 
to the length of time it resides there [22]. Although lipid CAH 
typically presents in early infancy, some patients with wholly 
inactivating mutations have survived without therapy for a year 
and patients with mutations retaining partial activity may present 
at age 2–4 years with normal male genitalia, a disorder termed 
“non-classical lipoid CAH” [23]. Treatment of lipoid CAH is 
straightforward if the diagnosis is made. Physiological replace-
ment with glucocorticoids, mineralocorticoids and salt permit 
survival to adulthood. The differential diagnosis includes P450scc 
defi ciency, 3β-HSD defi ciency and adrenal hypoplasia congenita 
(AHC). The glucocorticoid requirement is less than in the viril-
izing adrenal hyperplasias because it is not necessary to suppress 
excess adrenal androgen production. Growth in these patients 
should be normal. Genetic males with female external genitalia 
should undergo orchidectomy and be raised as females.

P450scc and SF1 defi ciencies
Fetoplacental P450scc is needed for placental synthesis of proges-
terone, which is required to suppress uterine contractility and 
maintain pregnancy in the fi rst trimester. This observation led to 
the presumption that human P450scc defi ciency is incompatible 
with term gestation. However, a few reports have now described 
patients with mutations in P450scc. Like patients with lipoid 
CAH, P450scc-defi cient patients have a severe defi ciency in the 
production of all steroid hormones but their adrenals are not 
enlarged [24]. Affected infants have either had some residual 
P450scc activity permitting survival to term or have been born 
prematurely, apparently when the maternal corpus luteum of 
pregnancy is no longer able to make suffi cient progesterone to 
suppress uterine contractility. A similar clinical presentation has 
been described in three patients with mutations in steroidogenic 
factor 1 (SF1), a transcription factor required for the adrenal and 
gonadal (but not for placental) expression of all steroidogenic 
enzymes. Thus, the hormonal fi ndings of lipoid CAH may be 
caused by mutations in factors other than StAR.

3b-Hydroxysteroid dehydrogenase defi ciency
3β-HSD defi ciency is a rare cause of glucocorticoid and miner-
alocorticoid defi ciency that is fatal if not diagnosed early. Genetic 
females may have mild cliteromegaly and virilization because the 
fetal adrenal overproduces large amounts of DHEA, a small 
portion of which is converted to testosterone by extra-adrenal 
3β-HSD type I and 17β-HSD-V. Genetic males also synthesize 
some androgens by peripheral conversion of adrenal and testicu-
lar DHEA but the concentrations are insuffi cient for complete 
male genital development so that these males have a small phallus 
and severe hypospadias. Thus, 3β−HSD defi ciency can lead to 
genital ambiguity in both sexes.

There are two functional human genes for 3β-HSD: the type I 
gene is expressed in the placenta and peripheral tissues and the 
type II gene in the adrenals and gonads. Genetic and endocrine 
studies of 3β-HSD defi ciency show that both the gonads and the 
adrenals are affected as a result of a single mutated 3β-HSD-II 
gene that is expressed in both tissues. However, considerable 
hepatic 3β-HSD activity persists in the face of complete absence 
of adrenal and gonadal activity as a result of the enzyme encoded 
by the 3β-HSD-I gene, thus complicating the diagnosis of 3β-
HSD defi ciency. Numerous mutations causing 3β-HSD defi -
ciency have been identifi ed, all in the type II gene [25]. Mutations 
have never been found in 3β-HSD-I, presumably because this 
would prevent placental biosynthesis of progesterone, resulting 
in a spontaneous fi rst-trimester abortion.

The presence of peripheral 3β-HSD activity complicates the 
diagnosis of this disease. Affected infants should have low con-
centrations of 17-OHP but some newborns with 3β-HSD defi -
ciency have high concentrations of serum 17-OHP, approaching 
those seen in patients with classic 21-OHD. These are due to 
extra-adrenal 3β-HSD-I. The adrenal of a patient with 3β-HSD-II 
defi ciency will secrete very large amounts of the principal Δ5 
compounds, pregnenolone, 17-hydroxypregnenolone and DHEA. 
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Some of the secreted 17-hydroxypregnenolone is converted to 
17-OHP by 3β-HSD-I. This 17-OHP is not effectively picked up 
by the adrenal for subsequent conversion to cortisol because the 
circulating concentrations are below the Km of P450c21. The ratio 
of the Δ5 to the Δ4 compounds remains high, consistent with the 
adrenal and gonadal defi ciency of 3β-HSD. Thus, the principal 
diagnostic test in 3β-HSD defi ciency is intravenous administra-
tion of ACTH with measurement of the three Δ5 compounds and 
their corresponding Δ4 compounds.

Mild or “partial” defects of adrenal 3β-HSD activity have been 
reported on the basis of ratios of Δ5 steroids to Δ4 steroids after 
an ACTH test that exceed 2 or 3 standard deviations (SD) above 
the mean. The patients are typically young girls with premature 
adrenarche or young women with a history of premature adre-
narche and complaints of hirsutism, virilism and oligomenor-
rhea. The 3β-HSD-II genes are normal in these patients and even 
patients with mild 3β-HSD-II mutations have ratios of Δ5 to Δ4 
steroids that exceed 8  SD above the mean [26]. The basis of the 
mildly elevated ratios of Δ5 to Δ4 steroids in these hirsute indi-
viduals with normal 3β-HSD genes is unknown. These patients 
prove that hormonal studies alone may be insuffi cient to make a 
diagnosis of a specifi c form of CAH. In adult women, the hirsut-
ism can be ameliorated and regular menses restored by suppress-
ing ACTH with 0.25  mg/day dexamethasone given orally but 
such treatment is contraindicated in girls who have not yet 
reached fi nal height.

17a-Hydroxylase/17,20-lyase defi ciency
P450c17 is a single enzyme that has both 17α-hydroxylase and 
17,20-lyase activities. Defi cient 17α-hydroxylase activity and 
defi cient 17,20-lyase activity have been described as separate 
genetic diseases but it is now clear that they represent different 
clinical manifestations of different lesions in the same gene. 
P450c17 defi ciency is fairly rare, although this disorder is 
common in Brazil, due to genetic founder effects, with the muta-
tion R362C predominating among individuals of Portuguese 
ancestry and W406R predominating among those of Spanish 
descent. Defi cient 17α-hydroxylase activity results in decreased 
cortisol synthesis, overproduction of ACTH and stimulation of 
the steps proximal to P450c17. The patients may have mild 
symptoms of glucocorticoid defi ciency but this is not life-threat-
ening as the lack of P450c17 results in the overproduction of 
corticosterone, which also has glucocorticoid activity. This is 
similar to the situation in rodents, the adrenals of which lack 
P450c17 and consequently produce corticosterone as their glu-
cocorticoid. Affected patients overproduce DOC in the zona fas-
ciculata, which causes sodium retention, hypertension and 
hypokalemia and also suppresses plasma renin activity and aldo-
sterone secretion from the zona glomerulosa. When P450c17 
defi ciency is treated with glucocorticoids, DOC secretion is sup-
pressed and plasma renin activity and aldosterone concentra-
tions rise to normal [27].

The absence of 17α-hydroxylase and 17,20-lyase activities in 
complete P450c17 defi ciency prevents the synthesis of adrenal 

and gonadal sex steroids. As a result, affected females are pheno-
typically normal but fail to undergo adrenarche and puberty; 
genetic males have absent or incomplete development of the 
external genitalia. The classic presentation is a teenage female 
with sexual infantilism and hypertension. The diagnosis is made 
by fi nding low or absent 17-hydroxylated C21 and C19 plasma 
steroids and low urinary 17-hydroxycorticosteroids and 17-KS, 
which respond poorly to stimulation with ACTH. Serum levels 
of DOC, corticosterone and 18-hydroxy-corticosterone are ele-
vated, show hyper-responsiveness to ACTH and are suppressible 
with glucocorticoids.

The single gene for P450c17 is located on chromosome 10q24.3. 
The molecular basis of 17α-hydroxylase defi ciency has been 
determined in many patients by cloning and sequencing of the 
mutated gene, identifying nearly 40 distinct mutations.

Selective defi ciency of the 17,20-lyase activity P450c17 has been 
reported in about a dozen cases, which initially led to the incor-
rect conclusion that 17α-hydroxylase and 17,20-lyase are separate 
enzymes. One of the original patients had two wholly inactivating 
mutations, which led to a corrected diagnosis of the patient as 
having complete 17α-hydroxylase defi ciency. Thus, because both 
17α-hydroxylase and 17,20-lyase activities of P450c17 are cata-
lyzed by the same active site, it was not clear that a syndrome of 
isolated 17,20-lyase defi ciency could exist until two patients with 
genital ambiguity, normal excretion of 17-hydroxycorticosteroids 
and markedly reduced production of C19 steroids were studied 
[28]. One was homozygous for the P450c17 mutation R347H and 
the other homozygous for R358Q. Both mutations changed the 
distribution of surface charges in the redox partner binding site 
of P450c17. When expressed in transfected cells, both mutants 
retained nearly normal 17α-hydroxylase activity but had no 
detectable 17,20-lyase activity. Enzymatic competition experi-
ments proved that the mutations did not affect the substrate 
binding site. When an excess of both P450 oxidoreductase and 
cytochrome b5 was provided, some 17,20-lyase activity was 
restored, demonstrating that the loss of lyase activity was caused 
by impaired electron transfer. The diagnosis of isolated 17,20 
lyase defi ciency is diffi cult, requiring accurate hormonal assays 
and sophisticated cell biology approaches. Three additional well-
characterized patients have been reported carrying mutations in 
R347 or R358 and one family has been described carrying 
E305G.

Computational modeling of P450c17 accurately predicts the 
effects of all known mutations, including those with partial reten-
tion of both activities and those causing selective 17,20-lyase defi -
ciency. The model identifi es both Arg-347 and Arg-358 and 
several other arginine and lysine residues in the redox partner 
binding site; mutations of these residues all cause varying degrees 
of selective loss of 17,20-lyase activity. Another example of the 
critical nature of redox partner interactions comes from the sole 
reported case of cytochrome b5 defi ciency; this patient was a male 
pseudohermaphrodite but was not evaluated hormonally. The 
central role of electron transfer in 17,20-lyase activity is now well 
established.
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21-Hydroxylase defi ciency
21-OHD results from mutations in the gene encoding adrenal 
P450c21. It is one of the most common inborn errors of metabo-
lism and accounts for about 95% of CAH cases. Because of success 
in diagnosis and treatment in infancy, many patients with severe 
forms of 21-OHD have reached adulthood, so management issues 
in CAH concern physicians dealing with all age groups. Detailed 
reviews of the complex physiology and molecular genetics of this 
disorder have appeared [29] and a consensus statement on its 
management has been endorsed by the world’s leading pediatric 
endocrine societies [30].

Pathophysiology
For patients with a complete absence of P450c21, the clinical 
manifestations can be deduced from Fig. 13.1. Inability to convert 
progesterone to DOC results in aldosterone defi ciency causing 
severe hyponatremia (Na+ often below 110  mmol/L), hyperkale-
mia (K+ often above 10  mmol/L) and acidosis (pH often below 
7.1) with concomitant hypotension, shock, cardiovascular col-
lapse and death. As the control of fl uids and electrolytes in the 
fetus can be maintained by the placenta and the mother’s kidneys, 
the salt-losing crisis develops only after birth, usually during the 
second week of life.

The inability to convert 17-OHP to 11-deoxycortisol results in 
cortisol defi ciency, which impairs postnatal carbohydrate metab-
olism and exacerbates cardiovascular collapse because a permis-
sive action of cortisol is required for full pressor action of 
catecholamines. Although a role for cortisol in fetal physiology is 
not established, cortisol defi ciency is also manifested prenatally. 
Low fetal cortisol stimulates ACTH secretion, which stimulates 
adrenal hyperplasia and transcription of the genes for all the ste-
roidogenic enzymes, especially for P450scc, the rate-limiting 

enzyme in steroidogenesis. This increased transcription increases 
enzyme production and activity, with consequent accumulation 
of non-21-hydroxylated steroids, especially 17-OHP. As the path-
ways in Fig. 13.1 indicate, these steroids are converted to 
testosterone.

In the male fetus, the testes produce large amounts of mRNA 
for the steroidogenic enzymes and concentrations of testosterone 
are high in early to mid-gestation. This testosterone differentiates 
external male genitalia from the pluripotential embryonic pre-
cursor structures. In the male fetus with 21-OHD, the additional 
testosterone produced in the adrenals has little if any phenotypic 
effect. In a female fetus, the ovaries lack steroidogenic enzyme 
mRNAs and are hormonally quiescent; no sex steroids or other 
factors are needed for differentiation of the female external geni-
talia. The testosterone inappropriately produced by the adrenals 
of the affected female fetus causes varying degrees of virilization 
of the external genitalia. This can range from mild cliteromegaly, 
with or without posterior fusion of the labioscrotal folds, to com-
plete labioscrotal fusion that includes a urethra traversing the 
enlarged clitoris (Fig. 13.8). These infants have normal ovaries, 
fallopian tubes and a uterus but have ambiguous external genita-
lia or may be suffi ciently virilized that they appear to be male, 
resulting in errors of sex assignment at birth.

The diagnosis of 21-OHD is suggested by genital ambiguity in 
females, a salt-losing episode in either sex or rapid growth and 
virilization in males. Plasma 17-OHP is markedly elevated and 
hyper-responsive to stimulation with ACTH (Fig. 13.7). Mea-
surement of 11-deoxycortisol, 17-OHP, DHEA and androstene-
dione is important to distinguish it from other forms of CAH and 
because adrenal or testicular tumors can also produce 17-OHP. 
High newborn 17-OHP values that rise further after ACTH can 
also be seen in 3β-HSD and P450c11 defi ciencies. 17-OHP is 

(a)

(b)

IV VIIIIIINormal

Figure 13.8 Virilization of the external genitalia. A continuous spectrum is shown from normal female to normal male in both sagittal section (a) and perineal views (b), 
using the staging system of Prader. Disorders of external genitalia can occur either by the virilization of a normal female, as in congenital adrenal hyperplasia or because 
of an error in testosterone synthesis in the male. In females with congenital adrenal hyperplasia due to 21-OHD, the degree of virilization correlates poorly with the 
presence or absence of clinical signs of salt loss.
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normally high in cord blood but falls to normal newborn levels 
after 12–24  h (Fig. 13.9) so that assessment of 17-OHP should 
not be made in the fi rst 24  h of life. Premature infants and term 
infants under severe stress (e.g. with cardiac or pulmonary 
disease) may have persistently elevated 17-OHP concentrations 
with normal 21-hydroxylase. Newborn screening programs mea-
suring 17-OHP have improved the ascertainment of newborns 
with CAH. The technologies and age-adjusted normal values vary 
substantially in different health care systems, thus each endocri-
nologist must become familiar with the local assays and the values 
found in premature infants, which may otherwise be suspected 
of having CAH.

Clinical forms of 21-OHD
The broad spectrum of clinical manifestations of 21-OHD 
depends on the mutations of the P450c21 alleles. The different 
forms are not different diseases but a spectrum of manifestations, 
ranging from severe salt wasting to clinically unapparent forms 
that may be normal variants. Thus, the disease forms described 
are mainly for clinical convenience.

Salt-wasting 21-OHD
Salt wasting is caused by a complete defi ciency of P450c21 activ-
ity, effectively eliminating both glucocorticoid and mineralocor-
ticoid synthesis. Females are frequently diagnosed at birth because 
of masculinization of the external genitalia. After appropriate 
resuscitation of the cardiovascular collapse, acidosis and electro-

lyte disorders, the mineralocorticoids and glucocorticoids can be 
replaced orally and the ambiguous genitalia can be corrected with 
plastic surgical procedures. The management of steroid replace-
ment is diffi cult because of the rapidly changing needs of a 
growing infant or child. Drug doses must be adjusted frequently 
and there is considerable individual variability in what constitutes 
physiological replacement. As underdosage of glucorticoids can 
be life-threatening, especially during illness, most pediatricians 
have tended to err on the safe side, so children have received 
inappropriately large doses. It is not possible to compensate for 
growth lost during the fi rst 2 years of life, when it is fastest, so 
these children almost always end up short. Female survivors may 
have sexual dysfunction, marry with a low frequency and have 
decreased fertility. Males are not generally diagnosed at birth and 
they come to medical attention either during the salt-losing crisis 
that follows 5–15 days later or they die, invariably having been 
diagnosed incorrectly.

Simple virilizing 21-OHD
Virilized females with elevated concentrations of 17-OHP but 
who do not suffer a salt-losing crisis have long been recognized 
as having the simple virilizing form of CAH. The existence of this 
clinical variant fi rst led to the incorrect belief that there were 
distinct 21-hydroxylases in the zona glomerulosa and in the zona 
fasciculata. Males often escape diagnosis until age 3–7 years, when 
they develop pubic, axillary and facial hair and phallic growth. 
The testes remain of prepubertal size in CAH, whereas gonado-
tropic stimulation in true precocious puberty results in pubertal-
sized testes. The children grow rapidly and are tall for age when 
diagnosed but their bone age advances at a disproportionately 
rapid rate so that adult height is compromised.

Untreated or poorly treated children may fail to undergo 
normal puberty and boys may have small testes and azoospermia 
because of the feedback effects of the adrenally produced testos-
terone. When treatment is begun at several years of age, suppres-
sion of adrenal testosterone secretion may remove tonic inhibition 
of the hypothalamus, occasionally resulting in true central preco-
cious puberty requiring treatment with a gonadotropin-releasing 
hormone (GnRH) agonist. High concentrations of ACTH in 
some poorly treated boys may stimulate enlargement of adrenal 
rests in the testes. These enlarged testes are usually nodular, 
unlike the homogeneously enlarged testes in central precocious 
puberty. Because the adrenal normally produces 100–1000 times 
as much cortisol as aldosterone, mild defects (amino acid replace-
ment mutations) in P450c21 are less likely to affect mineralocor-
ticoid than cortisol secretion. Thus, patients with simple virilizing 
CAH simply have a less severe disorder of P450c21. This is 
refl ected by increased plasma renin activity seen after moderate 
salt restriction.

Non-classic 21-OHD
Many people have very mild forms of 21-OHD. These may be 
evidenced by mild to moderate hirsutism, virilism, menstrual 
irregularities and decreased fertility in adult women (so-called 

3000

2000

1000

500

200

100

50

20

Pl
as

m
a 

17
-h

yd
ro

xy
p

ro
g

es
te

ro
n

e

Umbilical
vein

0–6
h

6–12
h

12 h–
7 days

7 days–
2 years

Figure 13.9 Means and ranges of 17-OHP in normal newborns (ng/100  mL). 
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late-onset CAH) but there may be no phenotypic manifestations 
at all, other than an increased response of plasma 17-OHP to an 
intravenous ACTH test (so-called cryptic CAH). Despite the 
minimal manifestations of this disorder, these individuals have 
hormonal evidence of a mild impairment in mineralocorticoid 
secretion, as predicted from the existence of a single adrenal 
21-hydroxylase.

There has been considerable debate about how to classify 
patients, principally because each diagnostic category represents 
a picture in a spectrum of disease resulting from a spectrum of 
lesions in the P450c21 gene. Furthermore, because many different 
mutant P450c21 alleles are common in the general population, 
most patients are compound heterozygotes, carrying a different 
mutation in the alleles inherited from each parent. Finally, many 
factors other than the specifi c mutations found in P450c21 infl u-
ence the clinical phenotype, including the presence of extra-
adrenal 21-hydroxylases (other than P450c21), undiagnosed 
P450c21 promoter mutations and variations in androgen sensi-
tivity. Discordances between genotype and phenotype are to be 
expected.

Incidence of 21-OHD
Perinatal screening for elevated concentrations of serum 17-OHP 
in several countries yields an incidence of 1 in 14 000 for salt-
wasting and simple virilizing CAH and 1 in 60 for heterozygous 
carriers. This calculation has been confi rmed through the screen-
ing of 1.9 million newborns in Texas [31]. The overall incidence 
was 1 in 16 000 and, because of the large numbers involved, an 
ethnic breakdown was possible showing an incidence of 1 in 
15 600 Caucasians, 1 in 14 500 Hispanics (primarily Mexican 
Americans of indigenous American ancestry) and 1 in 42 300 
African-Americans. Because about 20% of the African-American 
gene pool is of European descent, the calculated incidence in 
individuals of wholly African ancestry is about 1 in 250 000.

Non-classic 21-OHD is much more common but the data vary 
from 1 in 27 for Ashkenazi Jews, 1 in 53 for Hispanics, 1 in 63 for 
Yugoslavs, 1 in 333 for Italians to 1 in 1000 for other Whites. This 
indicates that one-third of Ashkenazi Jews, one-quarter of His-
panics, one-fi fth of Yugoslavs, one-ninth of Italians and one-
fourteenth of other Caucasians are heterozygous carriers. 
However, carrier rates of 1.2–6% for Caucasian populations that 
were not subdivided further have been recorded. These differ-
ences refl ect the small populations examined, the restricted and 
geographic localities involved and the errors that arise when hor-
monal data are used to distinguish individuals with non-classic 
CAH from heterozygous carriers of classic CAH. This error can 
be ameliorated by careful measurement of 17-OHP before and 
after stimulation with ACTH (Fig. 13.7).

In homozygotes for both classic and non-classic CAH, serum 
concentrations of 21-deoxycortisol rise in response to ACTH but 
ACTH-induced 21-deoxycortisol remains normal in heterozy-
gotes for both classic and non-classic CAH. However, these 
studies have classifi ed individuals by hormonal phenotype 
without examining the P450c21 genes directly to establish these 

incidences. Therefore, the diagnosis of non-classic CAH requires 
family studies, as the hormonal data (17-OHP responses to 
ACTH) in these individuals may be indistinguishable from those 
for unaffected heterozygous carriers of the more severe forms. 
The high incidence, lack of mortality and lack of decreased fertil-
ity in most individuals with non-classic CAH indicate that this is 
probably a variant of normal and not a disease in the classic sense. 
Nevertheless, patients may seek help for virilism and menstrual 
disorders.

Genetics of the 21-hydroxylase locus
21-Hydroxylase genes
There are two 21-hydroxylase loci, containing a functional gene 
(formally termed CYP21A2) and a non-functional pseudogene 
(formally termed CYP21A1P). These genes, P450c21B (functional 
gene) and P450c21A (pseudogene), are duplicated in tandem 
with the C4A and C4B genes encoding the fourth component of 
serum complement (Fig. 13.10). Although the P450c21A locus is 
transcribed, the resulting RNA does not encode a protein; only 
the P450c21B gene encodes adrenal 21-hydroxylase. The P450c21 
genes consist of 10 exons, are about 3.4  kb long and differ in only 
87 or 88 of these bases. This high degree of sequence similarity 
indicates that the two genes are evolving in tandem through 
intergenic exchange of DNA. The P450c21 genes of mice and 
cattle are also duplicated and linked to leukocyte antigen loci but 
only P450c21B functions in humans, only P450c21A functions in 
mice but both function in cattle. Sequencing of the gene duplica-
tion boundaries shows that the human locus, duplicated after 
mammalian speciation, is consistent with data indicating that 
other mammals have single P450c21 gene copies.

HLA linkage
The 21-hydroxylase genes lie within the class III region of the 
human major histocompatibility complex (MHC) (Fig. 13.10). 
The P450c21 locus lies about 600  kb from HLA-B and about 
400  kb from HLA-DR. HLA typing has been used for prenatal 
diagnosis and to identify heterozygous family members. Statisti-
cal associations (linkage disequilibrium) are well established 
between CAH and certain specifi c HLA types. Salt-losing CAH is 
associated with HLA-B60 and HLA-40 in some populations and 
the rare HLA type Bw47 is very strongly associated with salt-
losing CAH. HLA-Bw51 is often associated with simple virilizing 
CAH in some populations and 30–50% of haplotypes for non-
classic CAH carry HLA-B14. HLA-B14 is often associated with a 
duplication of the C4B gene. In contrast, all HLA-B alleles can be 
found linked to CAH. HLA-identical individuals in a single family 
may have different clinical features of 21-OHD despite HLA iden-
tity, possibly representing extra-adrenal 21-hydroxylation, de 
novo mutations or multiple genetic crossover events.

C4 genes
The tandemly duplicated C4A and C4B loci produce proteins that 
can be distinguished functionally and immunologically; the C4B 
protein has substantially more hemolytic activity, despite greater 
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than 99% sequence identity with C4A. The C4A gene is always 
22  kb long but there are long (22  kb) and short (16  kb) forms of 
C4B because of a variation in one intron. The 3′ ends of the C4 
genes are only 2466  bp upstream from the transcriptional start 
sites of the P450c21 genes. Promoter sequences needed for the 
transcription of the human P450c21B gene lie within intron 35 
of the C4B gene.

Other genes in the 21-hydroxylase locus
In addition to the P450c21 and C4 genes, there are numerous 
other genes within 100  kb of the P450c21 gene (Fig. 13.10). XA 
and XB genes are duplicated with the C4 and P450c21 genes. 
These lie on the strand of DNA opposite the C4 and P450c21 
genes and overlap the 3′ end of P450c21. The last exon of XA and 
XB lies within the 3′ untranslated region of exon 10 in P450c21A 
and P450c21B, respectively. Although the human XA locus was 

truncated during the duplication of the ancestral C4–P450c21–X 
genetic unit, the XA gene is abundantly transcribed in the adult 
and fetal adrenal. In contrast, the XB gene encodes a large extra-
cellular matrix protein (tenascin X) that is expressed in a wide 
variety of adult and fetal tissues, especially connective tissue [32]. 
The XB gene spans about 65  kb of DNA and includes 43 exons 
encoding a 12-kb mRNA. The XA gene also encodes a short 
truncated form of tenascin X with unknown function and arising 
from an intragenic promoter.

Identifi cation of a patient with a “contiguous gene syndrome” 
comprising a deletion of both the P450c21B and XB genes dem-
onstrated that defi ciency of tenascin X results in Ehlers–Danlos 
syndrome (EDS). EDS from tenascin X defi ciency is autosomal 
recessive and typically more severe than the common dominant 
form of EDS caused by mutations in collagen V [33]. Haploinsuf-
fi ciency of tenascin X is associated with joint hypermobility. 
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Figure 13.10 Genetic map of the human leukocyte antigen (HLA) locus 
containing the genes for P450c21. The top line shows the p21.1 region of 
chromosome 6, with the telomere to the left and the centromere to the right. 
Most HLA genes are found in the class I and II regions; the class III region 
containing the P450c21 genes lies between these two. The second line shows 
the scale (in kilobases) for the diagram immediately below, showing (from left to 
right) the genes for complement factor C2, properedin factor Bf, the RD gene of 
unknown function and the G11/RP gene encoding a nuclear serine/threonine 
kinase; arrows indicate transcriptional orientation. The bottom line shows the 
21-hydroxylase locus on an expanded scale, including the C4A and C4B genes 
for the fourth component of complement, the inactive CYP21A gene (21A) and 

the active CYP21B gene (21B) that encodes P450c21. XA, YA and YB are 
adrenal-specifi c transcripts that lack open reading frames. The XB gene encodes 
the extracellular matrix protein tenascin-X; XB-S encodes a truncated adrenal-
specifi c form of the tenascin-X protein whose function is unknown. ZA and ZB 
are adrenal-specifi c transcripts that arise within the C4 genes and have open 
reading frames but it is not known whether they are translated into protein; 
however, the promoter elements of these transcripts are essential components of 
the CYP21A and CYP21B promoters. The arrows indicate transcriptional 
orientation. The vertical dotted lines designate the boundaries of the genetic 
duplication event that led to the presence of A and B regions.
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Tenascin X is associated with and stabilizes collagen fi brils, thus 
explaining the related phenotype of mutations in tenascin X and 
collagen-associated genes. Although the various transcripts from 
the XA and XB genes are complementary to the mRNA for 
P450c21 and the other transcripts that arise from the P450c21 
promoters, these RNAs do not form RNA/RNA duplexes in vivo 
and hence do not regulate P450c21.

P450c21 gene lesions causing 21-OHD
21-OHD can be caused by P450c21B gene deletions, gene conver-
sions and apparent point mutations. Most of the point mutations 
in the P450c21B gene are actually small gene conversion events, 
so that gene conversions account for about 85% of the lesions in 
21-OHD. The P450c21 genes are autosomal; hence, each person 
has two alleles, one contributed by each parent. Most patients 
with 21-OHD are compound heterozygotes, having different 
lesions on their two alleles. Because gene deletions and large 
conversions eliminate all P450c21B gene transcription, these 
lesions cause salt-losing 21-OHD in the homozygous state. Some 
microconversions, such as those creating premature translational 
termination, are also associated with salt-losing CAH. Milder 
forms (simple virilizing and non-classic 21-OHD) are associated 
with amino acid replacements in the P450c21 protein caused by 
gene microconversion events. Patients with these forms of CAH 
are usually compound heterozygotes bearing a severely disor-
dered allele and a mildly disordered allele so that the clinical 
manifestations are based on the nature of the mildly disordered 
allele.

Mapping of P450c21 genes in normal subjects and in 
21-OHD
Although the P450c21B and P450c21A loci differ by only 87 or 
88 nucleotides, they can be distinguished by restriction endonu-
clease digestion and Southern blotting. Two unusual and related 
features of the 21-hydroxylase locus complicate its analysis. First, 
the gene deletions in this locus are most unusual in that they 
extend 30  kb from one of several points in the middle of P450c21A 
to the precisely homologous point in P450c21B. Thus, the 15% 
of alleles that carry deletions do not yield a typical Southern blot-
ting pattern with a band that is a different size from that of the 
normal, unless one uses very rare cutting enzymes and analyzes 
the resulting large DNA fragments by pulsed-fi eld gel electropho-
resis. The second unusual feature of this locus is that gene conver-
sions are extremely common.

Gene conversions
If a segment of gene A replaces the corresponding segment of the 
related gene B, the structure of recipient gene B is said to be 
“converted” to that of donor gene A. The hallmark of gene con-
version is that the number of closely related genes remains con-
stant but their diversity decreases. Two types of gene conversions 
commonly cause 21-OHD, large gene conversions that can be 
mistaken for gene deletions and small microconversions that 
resemble point mutations.

The relative frequency of large gene conversions compared 
with gene deletions in 21-OHD was formerly controversial, prin-
cipally because initial studies used relatively small groups of 
patients from single locations or ethnic groups. A compilation of 
the world literature on the genetics of 21-OHD found that 19% 
of mutant alleles had gene deletions, 8% large gene conversions, 
67% microconversions and 6% uncharacterized lesions (Fig. 
13.11). Such statistics must be viewed with caution because there 
is considerable ascertainment bias in favor of the more severely 
affected patients and because some studies excluded mildly 
affected patients. Thus, the above statistics are weighted in favor 
of gene deletions and large conversions, which can only yield a 
phenotype of salt-wasting 21-OHD.

Point mutations (microconversions) causing 21-OHD
About 75% of mutated P450c21 genes appear to be structurally 
intact by Southern blotting and thus appear to carry point muta-
tions. Many mutant P450c21B genes causing 21-OHD have been 
cloned and sequenced (Table 13.6), revealing that a relatively 
small number of mutations cause the condition, virtually all of 
which are also found in the P450c21A pseudogene. These obser-
vations indicate that most CAH alleles bearing apparent point 
mutations actually carry microconversions.

Effects of known point mutations on 21-hydroxylase activity
Three changes in the P450c21A pseudogene render its product 
non-functional. Each results in an altered reading frame and/or 
premature stop codon, hence eliminating all activity; all of these, 
the C→T transition at codon 318, the 8-bp deletion in exon 3 
and the T insertion in exon 7, have been found in P450c21B 
alleles that cause severe salt-losing 21-OHD. Three closely clus-
tered base changes alter the normal amino acid sequence Ile–Val–
Glu–Met at codons 236–239 in exon 6 to Asn–Glu–Glu–Lys in 
both P450c21A and in a small number of genes causing severe 

Normal genes

Microconversions (75%)

Gene deletion (15%)

Macroconversions (10%)

C4A C4B21A 21B

Figure 13.11 Classes of genetic rearrangements causing 21-OHD. Deletions or 
duplications of the C4A and C4B genes can occur with or without associated 
lesions in the P450c21B gene. Note that all “point mutations” in P450c21B are 
actually “microconversion.” Many authors combine the “gene deletion” and 
“macroconversion” groups because these are diffi cult to distinguish by Southern 
blotting, as both result in a loss of the P450c21B gene but the genotypes are 
clearly distinct, as shown.



CHAPTER 13

308

salt-losing 21-OHD. There is no assayable 21-hydroxylase activity 
when this sequence is expressed in vitro.

The most common lesion in classic 21-OHD is an A→G change 
in the second intron, 13 bases upstream from the normal 3′ splice 
acceptor site of this intron, a microconversion found in over 25% 
of severely affected alleles. This intronic mutation causes abnor-
mal splicing of the mRNA precursor, destroying activity. However, 
a small portion of this mRNA may be spliced normally in some 
patients so that the phenotypic presentation is variable; most such 
patients are salt losers but some are not salt losing. This intron 2 
microconversion is often associated with the Ser/Thr polymor-
phism at codon 268; this is a true polymorphism as S268T does 
not alter enzymatic activity. The microconversion R356W, which 
is found in about 10% of severely affected alleles, eliminates all 
detectable activity, apparently because it changes a residue in the 
binding site for P450 oxidoreductase. This mutation may retain 
slight activity and has been found in simple virilizing cases. Other, 
extremely rare mutations have been described in single 
individuals.

Missense mutations causing simple virilizing 21-OHD
The microconversion I172N is the most common cause of simple 
virilizing 21-OHD. Ile-172 is conserved in the other known mam-
malian P450c21 genes and may contribute to the hydrophobic 
interactions needed to maintain the correct conformation of the 
enzyme. When Ile-172 was changed to Asn, Leu, Gln or His and 
the constructed mutants were expressed in mammalian cells, the 
mutant constructions yielded only 3–7% of the 21-hydroxylase 
activity of normal P450c2. The intron 2 microconversion is occa-
sionally seen in simple virilizing cases. The microconversion P30L 
is generally associated with non-classic 21-OHD but is found in 
some patients with the simple virilizing form.

Missense mutations causing non-classic 21-OHD
The most common mutation causing non-classic 21-OHD is 
V281L. This microconversion is seen in all patients with the non-
classic form linked to HLA-B14 and HLA-DR1 but is also found 
in patients with other HLA types. This mutation does not alter 
the affi nity of the enzyme for substrate but drastically reduces its 
Vmax. The microconversion P30L is found in about 15–20% of 
non-classic alleles. In addition, the mutations R339H and P453S 
have been associated with the non-classic form. Initial surveys of 
the mutations in P450c21A failed to reveal these mutations, sug-
gesting that they are bona fi de point mutations rather than gene 
microconversions. Examination of large numbers of P450c21A 
pseudogenes shows that at least the P453S mutation is polymor-
phic in about 20% of P450c21A pseudogenes and hence also 
represents a microconversion event.

Structure–function inferences from P450c21 mutations
Each P450c21 missense mutation appears to occur in a functional 
domain of P450c21. By analogy with the computationally inferred 
structure of the closely related enzyme P450c17, Arg-356 may be 
part of the redox partner binding site, Val-281 appears to partici-
pate in coordinating the heme moiety and Cys-428 is the crucial 
cystine residue in the heme binding site found in all cytochrome 
P450 enzymes. All these mutations can arise by gene microcon-
versions. The N-terminal region of P450c21, including Pro-30, 
appears to be required for membrane insertion and enzyme sta-
bility. Finding most mutations in the amino-terminal portion of 
P450c21 is consistent with fi nding most gene conversion and 
gene deletion events occurring in exons 1–8 of the P450c21B 
gene. Changes in exons 9 and 10 are very rare, possibly as a result 
of evolutionary pressure to retain the 3′ untranslated and 3′ fl ank-
ing DNA of the P450c21B gene, as this DNA also contains the 3′ 
end of the XB gene.

Prenatal diagnosis of 21-OHD
The prenatal diagnosis and therapy of 21-OHD are being actively 
pursued but prenatal therapy remains experimental and contro-
versial [30,34–36]. The fetal adrenal is active in steroidogenesis 
from early in gestation, so a diagnosis can be made by amniocen-
tesis and measurement of amniotic fl uid 17-OHP. Concentra-
tions of Δ4 androstenedione are also elevated in the amniotic fl uid 
of fetuses with 21-OHD, providing a potentially useful adjunctive 
assay. However, amniotic fl uid concentrations of 17-OHP and Δ4 
androstenedione are reliable only for identifying fetuses affected 
with severe salt-losing 21-OHD, because these steroids may not 
be elevated above the broad range of normal in the non-salt-
losing or non-classic forms.

If a fetus is known to be at risk because the parents are 
known heterozygotes, 21-OHD can be diagnosed by HLA typing 
of fetal amniocytes or by analysis of fetal amniocyte DNA. 
However, this procedure is expensive and not wholly reliable 
because some HLA antigens are not expressed on fetal amnio-
cytes, hence HLA typing is rarely used for this purpose in clinical 
practice.

Table 13.6 Microconversions of the P450c21B gene that cause 21-hydroxylase 
defi ciency.

Mutation Location Associated 
phenotypes

Activity

Pro-30→Leu Exon 1 NC/SV 30–60%
A→G Intron 2 SV/SW Minimal
8-bp deletion Exon 3 SW 0
Ile-172→Asn Exon 4 SV 3–7%
Ile-236→Asp
Val-237→Glu Exon 6 SW 0
Met-239→Lys
Val-281→Leu Exon 7 NC 18 ± 9%
Gly-292→Ser Exon 7 SW
T insertion at 306 Exon 7 SW 0
Gly-318→Stop Exon 8 SW 0
Arg-339→His Exon 8 NC 20–50%
Arg-356→Trp Exon 8 SV/SW 2%
Pro-453→Ser Exon 10 NC 20–50%
GG→C at 484 Exon 10 SW 0



The Adrenal Cortex and its Disorders

309

Experimental prenatal treatment of CAH
Experimental prenatal treatment requires early and accurate pre-
natal diagnosis. Female fetuses affected with 21-OHD begin to 
become virilized at about 6–8 weeks’ gestation at the same time 
that a normal male fetal testis produces large amounts of testos-
terone, causing fusion of the labioscrotal folds, enlargement of 
the genital tubercle into a phallus and the formation of the phallic 
urethra. The adrenals of affected female fetuses can produce con-
centrations of testosterone that may approach those in a normal 
male, resulting in varying degrees of masculinization of the exter-
nal genitalia. If fetal adrenal steroidogenesis is suppressed in an 
affected fetus, the virilization can be reduced or eliminated. 
Several studies have reported the application of this approach by 
administering dexamethasone to the mother as soon as preg-
nancy is diagnosed. This can be done only when the parents are 
known to be heterozygotes by already having had an affected 
child. However, even in such pregnancies, only one in four fetuses 
will have CAH. Furthermore, as no prenatal treatment is needed 
for male fetuses affected with CAH, only one in eight pregnancies 
of heterozygous parents would harbor an affected female fetus 
that might potentially benefi t from prenatal treatment and seven 
would have been treated unnecessarily.

The effi cacy, safety and desirability of such prenatal treatment 
remain controversial [34–36]. It is not known precisely when the 
fetal hypothalamus begins to produce CRH, when the fetal pitu-
itary begins to produce ACTH, whether all fetal ACTH produc-
tion is regulated by CRH or whether these hormones are 
suppressible by dexamethasone in the early fetus. Although there 
is considerable evidence that pharmacological doses of glucocor-
ticoids do not harm pregnant women, few data exist for the fetus. 
Pregnant women with diseases such as nephrotic syndrome and 
systemic lupus erythematosus are generally treated with predni-
sone, which does not reach the fetus because it is inactivated by 
placental 11β-HSD. Treatment of a fetus requires the use of fl uo-
rinated steroids that escape metabolism by these enzymes and few 
data are available about the long-term use of such agents through-
out gestation. The available studies indicate that the response of 
the fetal genital anatomy to treatment is generally good if the 
treatment is started very early (before week 6); thereafter, the 
virilization is reduced but may not be eliminated, so that at least 
one reconstructive surgical procedure may still be needed in the 
infant.

Successful treatment requires dexamethasone doses of 
20  μg/kg maternal body weight. For a 70-kg woman, this is 
1.4  mg, which is equivalent to that in the low-dose dexametha-
sone suppression test. As the physiological replacement dose of 
dexamethasone is less than 0.2  mg/m2 body surface area, this dose 
is three to six times the physiological replacement dose. The fetus 
normally develops in the presence of very low cortisol concentra-
tions (less than 100  nmol/L, 3.6  μg/dL), i.e. about 10% of the 
corresponding maternal level. Thus, the doses used in prenatal 
treatment appear to achieve effective concentrations of active 
glucocorticoid that may be up to 60 times physiological for the 
fetus. Treatment of pregnant rats with 20  μg/kg dexamethasone 

predisposes the fetuses to hypertension in adulthood and some 
studies indicate that even moderately elevated concentrations of 
glucocorticoids can be neurotoxic. Thus, prenatal treatment of 
CAH remains an experimental and controversial therapy that 
should be performed only in research centers. Follow-up studies 
of very long duration are needed to evaluate its effects fully, 
especially on the seven fetuses treated unnecessarily.

Other non-traditional approaches to CAH have been pro-
posed. Experimental combined treatment with an aromatase 
inhibitor (e.g. testolactone) and an antiandrogen (e.g. fl utamide), 
in addition to cortisol replacement, has been reported to improve 
growth [37]. Inhibition of aromatase will ameliorate the rapid 
advancement of bone age, as it is estrogens, not androgens, that 
stimulate epiphyseal closure, while the antiandrogen ameliorates 
virilization. The advantage of this approach is that it permits the 
use of physiologic replacement doses of cortisol (8  mg/m2/day) 
rather than the traditional supraphysiologic dose of 12–15  mg/
m2/day needed to suppress ACTH and the abnormal adrenal ste-
roidogenesis of CAH. However, the drugs involved are expensive 
and not approved for this use.

Another controversial experimental approach is the perfor-
mance of adrenalectomy in patients with severe salt-losing CAH. 
Laparascopic adrenalectomy is itself relatively low-risk. Among 
18 adrenalectomized patients with CAH, fi ve had adrenal crisis 
when glucocorticoid replacement therapy was insuffi cient and 
two became hypoglycemic in association with another illness 
[38]. It is not clear whether this represents an increased risk 
compared to children receiving conventional therapy without 
adrenalectomy.

Diagnosis
The key diagnostic maneuver in all forms of 21-OHD is the mea-
surement of the 17-OHP response to intravenous synthetic 
ACTH. Individual patient responses must be compared with age- 
and sex-matched data from normal children (Table 13.4; Fig. 
13.7). Other ancillary tests are listed in Table 13.5.

PRA and its response to salt restriction constitute an especially 
useful test. Most patients with simple virilizing 21-OHD have 
high PRA, which increases further on sodium restriction, con-
fi rming that these patients are partially mineralocorticoid defi -
cient and can maintain a normal serum sodium only by 
hyperstimulation of the zona glomerulosa. Mineralocorticoid 
therapy in these patients returns plasma volume to normal and 
eliminates the hypovolemic drive to ACTH secretion. Thus, min-
eralocorticoid therapy often permits the use of lower doses of 
glucocorticoids in patients with simple virilizing CAH, optimiz-
ing growth in children and diminishing unwanted weight gain in 
adults.

Long-term management is diffi cult and requires clinical and 
laboratory evaluation. Growth should be measured at 3- to 4-
month intervals, along with an annual assessment of bone age. 
Each visit should be accompanied by measurement of urinary 
17-KS and serum Δ4 androstenedione, DHEA, DHEAS and tes-
tosterone. Measurement of 3α-androstenediol glucuronide may 
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also be useful. In general, plasma 17-OHP is a suboptimal indica-
tor of therapeutic effi cacy because of its great diurnal variation 
and hyperresponsiveness to stress (e.g. clinic visits).

Treatment
Although effective treatment of 21-OHD with cortisone was 
demonstrated in 1950, the management of this disorder remains 
diffi cult. Overtreatment with glucocorticoids causes delayed 
growth, even when the degree of overtreatment is insuffi cient to 
produce signs and symptoms of Cushing syndrome. Undertreat-
ment results in continued overproduction of adrenal androgens, 
which hastens epiphyseal maturation and closure, again resulting 
in compromised growth and other manifestations of androgen 
excess.

Doses of glucocorticoids should be based on the expected 
normal cortisol secretory rate. Widely cited classic studies have 
reported that the secretory rate of cortisol is 12.5 ± 3  mg/m2/day 
and have led most authorities to recommend doses of 10–20  mg/
m2/day hydrocortisone (cortisol). However, the cortisol secretory 
rate is actually substantially lower, at 6–7 ± 2  mg/m2/day. Newly 
diagnosed patients, especially newborns, do require substantially 
higher initial dosages to suppress their hyperactive CRH-ACTH-
adrenal axis: simple physiological replacement is usually insuffi -
cient to suppress adrenal androgens.

The glucocorticoid used is important. Most tables of glucocor-
ticoid dose equivalences are based on their equivalence in anti-
infl ammatory assays. However, the growth-suppressant 
equivalences of various glucocorticoids do not parallel their anti-
infl ammatory equivalences. Thus, long-acting synthetic steroids 
such as dexamethasone have a disproportionately greater growth-
suppressant effect and must be avoided when treating growing 
children and adolescents (Table 13.7). Most authorities favor the 
use of oral hydrocortisone or cortisone acetate in three divided 
daily doses in growing children. However, adults and older teen-

agers who have already fused their epiphyses may be managed 
very effectively with prednisone or dexamethasone.

Only one oral mineralocorticoid preparation, fl udrocortisone 
(9α-fl uorocortisol), is generally available. It must be given as 
crushed tablets, not as a suspension, which delivers the medica-
tion unreliably. When the oral route is not available in severely 
ill patients, mineralocorticoid replacement is achieved through 
intravenous hydrocortisone plus sodium chloride. Hydrocorti-
sone (20  mg) has a mineralocorticoid effect of about 100  μg 9α-
fl uorocortisol (Table 13.7). Mineralocorticoids are unique in 
pharmacology in that their doses are not based on body mass or 
surface area. In fact, newborns are quite resistant to mineralocor-
ticoids, as refl ected by their high serum aldosterone concentra-
tions (Fig. 13.12) and require larger doses (100–200  μg/day) than 
do adults. In older children, the replacement dose of 9α-
fl uorocortisol is 50–150  μg/day. A mineralocorticoid is useless 
unless adequate sodium is presented to the renal tubules. Thus, 
additional salt supplementation, usually 1–2  g/day NaCl in the 
newborn, is also needed. Patients with severe salt-losing CAH can 
sometimes discontinue mineralocorticoid replacement and salt 
supplementation as adults. They certainly need lower doses, pos-
sibly because they become more sensitive to the mineralocorti-
coid action of hydrocortisone via a developmental decrease in 
renal 11β-HSD activity, which normally inactivates cortisol to 
cortisone.

P450 oxidoreductase defi ciency – a disorder affecting 
multiple P450 enzymes
P450 oxidoreductase (POR) defi ciency is a newly described and 
surprisingly common disorder of steroidogenesis. POR is the 
single enzyme that donates electrons to all microsomal forms of 
cytochrome P450, as well as to some other enzymes. Having such 
a broad array of functions, it was not surprising that deletion of 
the P450 oxidoreductase gene in mice caused early embryonic 

Table 13.7 Potency of various therapeutic steroids (set relative to the potency of cortisol).

Steroid Anti-infl ammatory 
glucocorticoid effect

Growth-retarding 
glucocorticoid effect

Salt-retaining 
mineralocorticoid effect

Plasma half-life 
(min)

Biological half-life 
(h)

Cortisol (hydrocortisone) 1.0 1.0 1.0 80–120  8
Cortisone acetate (oral) 0.8 0.8 0.8 80–120  8
Cortisone acetate (IM) 0.8 1.3 0.8 18
Prednisone 3.5–4 5 0.8 200 16–36
Prednisolone 4 0.8 120–300 16–36
Methyl prednisolone 5 7.5 0.5
Betamethasone 25–30 0 130–330
Triamcinolone 5 0
Dexamethasone 30 80 0 150–300 36–54
9α-Fluorocortisone 15 200
DOC acetate 0 20
Aldosterone 0.3 200–1000

IM, intramuscularly.
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lethality. Thus, it was most surprising that POR defi ciency was 
compatible with human life. The fi rst four patients described 
included three infants with the Antley–Bixler skeletal malforma-
tion syndrome and one phenotypically normal adult woman with 
a form of polycystic ovary syndrome [9]. Antley–Bixler syndrome 
is characterized by craniosynostosis, radio-ulnar synostosis, 
bowed femora and other mild malformations. Most genetic forms 
of craniosynostosis are caused by autosomal dominant, gain-of-
function mutations in the gene for fi broblast growth factor recep-
tor 2 (FGFR2). Some patients have been described having 
Antley–Bixler syndrome and FGFR2 mutations but those patients 
have normal steroidogenesis and normal external genitalia. By 
contrast, patients with severe autosomal recessive POR mutations 
have the Antley–Bixler phenotype plus a complex disorder of 
steroidogenesis characterized by partial defi ciencies in the activi-
ties of P450c17, P450c21 and, in some cases, P450aro (aroma-
tase). As a result of the disordered steroidogenesis, external 
genitalia in males are underdeveloped and in females are partially 
virilized, so that there is genital ambiguity in both genetic sexes. 
Other patients have milder mutations in POR, have no malfor-
mations associated with the Antley–Bixler syndrome but have 
reproductive disorders in both sexes. The undervirilization of 
severely affected male infants and the infertility in mildly affected 
adult males is a consequence of underproduction of testosterone 
associated with decreased activity of the 17,20 lyase activity of 
P450c17. In fact, some individuals with POR defi ciency were 
initially thought to have 17,20 lyase defi ciency.

The virilization in females is more complex and appears to 
involve either or both of two mechanisms. One mechanism for 

the virilization of newborn females with POR defi ciency is dimin-
ished activity of P450aro, which aromatizes androgens to estro-
gens. Patients with P450aro mutations are virilized at birth 
because the placental defect in P450aro results in a failure to 
convert androgenic precursor steroids from the fetal adrenal to 
estrogens, so that these fetal adrenal androgens are not inacti-
vated and consequently partially virilize the fetus. Pregnant 
women carrying a fetus (and placenta) with P450aro mutations 
will also become virilized for the same reason: failure of placental 
inactivation of fetal adrenal androgens. Some but not all women 
who have given birth to infants with severe POR mutations have 
also become virilized during pregnancy, suggesting that the POR 
defi ciency impaired the activity of the placental P45aro [9]. The 
other mechanism that may be involved in virilized female fetuses 
with POR defi ciency is the diversion of accumulated 17-hydroxy-
progesterone through the so-called “backdoor pathway of andro-
gen synthesis” [39]. Current data indicate that both mechanisms 
are active, with their relative importance depending on the spe-
cifi c POR mutations involved.

Although fi rst described in 2004 [9], about 50 patients were 
described by 2007, having a wide variety of disordered steroids 
[40]. The typical pattern includes normal basal concentrations 
of cortisol that respond poorly to stimulation with ACTH and 
increased basal and ACTH-stimulated 17-OHP; deoxycortico-
sterone is typically elevated while there is an irregular pattern 
of normal or decreased concentrations of DHEA androstenedi-
one and testosterone. The elevated 17-OHP values may be 
detected on newborn screening programs but rarely reach the 
levels seen in 21-hydroxylase defi ciency. Because there is a 
broad spectrum of severity among the many POR mutations 
to date, each patient should be evaluated with basal and 
ACTH-stimulated measurements of cortisol, 17-OHP and, if 
possible, 21-deoxycortisol. Measurements of progesterone, 
deoxycorticosterone, DHEA androstenedione and testosterone 
should be carried out in all infants. We recommend physio-
logic cortisol replacement therapy and the use of increased 
“stress doses” of glucocorticoids for surgery, major trauma or 
febrile illness, as with any other patient with an impaired cor-
tisol response to ACTH.

A wide variety of mutations have been found in the gene for 
POR but two are especially common: A287P in patients of Euro-
pean ancestry and R457H in patients of Japanese ancestry. All 
patients described to date have had a missense mutation on at 
least one allele. It seems unlikely that patients will be found who 
are homozygous for mutations that destroy all activity, as knock-
out of P450 oxidoreductase in mice causes embryonic lethality. 
As P450 oxidoreductase is required for the activities of all hepatic 
drug-metabolizing P450 enzymes, it is likely that such patients 
will also have abnormal drug metabolism. While this issue has 
not yet been studied directly, reports of Antley–Bixler syndrome 
in some infants of mothers who ingested fl uconazole (an antifun-
gal agent that interferes with the fungal P450 catalyzing lanos-
terol14-demethylase activity) suggest that defective drug 
metabolism due to defective P450 oxidoreductase may result in 
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abnormal metabolism of otherwise benign drugs, thus rendering 
them teratogenic [9,40].

Lesions in isozymes of P450c11: 11b-hydroxylase 
defi ciency, corticosterone methyl oxidase defi ciency and 
glucocorticoid-suppressible hypertension
There are two distinct forms of 11-hydroxylase. P450c11β medi-
ates the 11β-hydroxylation of 11-deoxycortisol to cortisol and 
that of DOC to corticosterone in the zonae fasciculata and reticu-
laris. P450c11AS, aldosterone synthase, is found only in the zona 
glomerulosa and mediates 11β-hydroxylation, 18-hydroxylation 
and 18-oxidation; thus, it is the sole enzyme required to convert 
DOC to aldosterone. Defi cient P450c11β activity is a rare cause 
of CAH in persons of European ancestry but accounts for about 
15% of cases in both Moslem and Jewish Middle Eastern popula-
tions. Severe defi ciency of P450c11β decreases the secretion of 
cortisol, causing CAH and virilization of affected females. 
However, because one of the steroids that accumulates in 
P450c11β defi ciency, DOC, is a mineralocorticoid, these patients 
can retain sodium.

Although DOC is less potent than aldosterone, it is secreted at 
high levels in 11β-hydroxylase defi ciency, so that salt is retained 
and the serum sodium remains normal. Overproduction of DOC 
frequently leads to hypertension; as a result, 11β-hydroxylase 
defi ciency is often termed “the hypertensive form of CAH.” 
However, newborns often manifest mild, transient salt loss, pre-
sumably as a result of the normal newborn resistance to miner-
alocorticoids (Fig. 13.12); this may lead to incorrect diagnosis and 
treatment. Thus, there may be a poor correlation between DOC 
concentrations, serum potassium and blood pressure or between 
the degree of virilization in affected females and the electrolyte 
and cardiovascular manifestations. The diagnosis is established 
by demonstrating elevated basal concentrations of DOC and 11-
deoxycortisol, which hyperrespond to ACTH; a normal or sup-
pressed plasma renin activity is also a hallmark of this disease.

The genetic lesions causing 11β-hydroxylase defi ciency are in 
the CYP11B1 gene that encodes P450c11β. In a study of Sephardic 
Jews of Moroccan ancestry, 11 of 12 affected alleles bore the 
mutation R448H but at least two frameshifts, four premature 
stop codons and fi ve amino acid replacement mutations have also 
been described in other populations [11]. A milder, non-classic 
form of 11β-hydroxylase defi ciency, analogous to non-classic 21-
OHD, has been reported in otherwise asymptomatic women with 
hirsutism, virilism and menstrual irregularities. However, true 
non-classic 11β-hydroxylase defi ciency is rare; only two of fi ve 
hyperandrogenemic women who had 11-deoxycortisol values 
more than three times higher than the 95th percentile in response 
to stimulation with ACTH had mutations of P450c11β, all of 
which retained 15–37% of normal activity. Repeated ACTH 
testing in two of the three women who lacked mutations showed 
much lower (but still elevated) 11-deoxycortisol values. Thus, just 
as in the case of non-classic 3β-HSD defi ciency, an abnormal 
steroid response to ACTH is not suffi cient to diagnose a genetic 
lesion.

P450c11AS, the isozyme of P450c11β that is 93% identical in 
its amino acid sequence, is expressed exclusively in the zona glo-
merulosa, where it catalyzes 11β-hydroxylase, 18-hydroxylase 
and 18-methyl oxidase activities. Both P450c11AS and P450c11β 
are expressed in the zona glomerulosa and both can convert DOC 
to corticosterone but the conversion of corticosterone to 18-
hydroxycorticosterone and subsequently to aldosterone is per-
formed exclusively by P450c11AS. Disorders of P450c11AS cause 
the so-called corticosterone methyl oxidase (CMO) defi ciencies, 
in which aldosterone biosynthesis is impaired while the zonae 
fasciculata continues to produce corticosterone and DOC. The 
absence of aldosterone biosynthesis will generally result in a salt-
wasting crisis in infancy, at which time the normal secretory rate 
of DOC is insuffi cient to meet the newborn’s mineralocorticoid 
requirements (similarly to the newborn with P450c11β 
defi ciency).

These infants typically present with hyponatremia, hyperkale-
mia and metabolic acidosis but the salt-wasting syndrome is typi-
cally less severe than in patients with 21-OHD or lipoid CAH 
because of the persistent secretion of DOC. These patients may 
recover spontaneously and grow to adulthood without therapy. 
This probably refl ects the increasing sensitivity to mineralocorti-
coid action with advancing age in childhood, as refl ected by the 
usual age-related decrease in serum aldosterone (Fig. 13.12). 
Consistent with this, plasma renin activity is markedly elevated 
in affected children but may be normal in affected adults.

CMO-I defi ciency results from a complete loss of P450c11AS 
activity so that no 18-hydroxylase or 18-methyl oxidase activity 
persists, eliminating the biosynthesis of 18OH corticosterone and 
aldosterone while preserving the biosynthesis of corticosterone 
by P450c11β. Thus, the diagnosis for CMO-I defi ciency is usually 
based on an increased ratio of corticosterone to 18-OH corticos-
terone. Only a few cases of CMO-I defi ciency have been fully 
characterized genetically, including a frameshift mutation, a pre-
mature stop codon and the missense mutation R384P.

CMO-II defi ciency results from amino acid replacement muta-
tions in P450c11AS that selectively delete the 18-methyl oxidase 
activity while preserving the 18-hydroxylase activity. The diagno-
sis of CMO-II defi ciency requires an increased 18-OH corticos-
terone and very low aldosterone concentration. CMO-II defi ciency 
is common in Sephardic Jews of Iranian origin, where all affected 
individuals appear to be homozygous for two different muta-
tions: R181W and V385A [11]. Family members who were homo-
zygous for only one of these mutations were clinically unaffected; 
both mutations are required to cause disease. The distinction 
between CMO-I and CMO-II is not precise and these disorders 
should be regarded as different degrees of severity on a clinical 
spectrum, just as the various forms of 21-OHD.

Rats have four CYP11B genes encoding three P450c11 enzymes 
but there are only two CYP11B genes in the human genome, 
encoding P450c11β and P450c11AS. This genetic anatomy is 
reminiscent of the P450c21A and P450c21B genes. Although gene 
conversion can cause CMO-II defi ciency, gene conversion appears 
to be much rarer than in the P450c21 locus. This may be due to 
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the higher recombinational frequency in the HLA region carrying 
the P450c21 genes.

Although gene conversion events in the P450c11 locus are rare, 
an unusual gene duplication causes glucocorticoid-suppressible 
hyperaldosteronism [41]. This homologous recombination event 
creates a third P450c11 gene, which fuses the 5′ fl anking DNA of 
the P450c11β gene on to the gene for P450c11AS. These hybrid 
genes produce a hybrid P450c11 that retains aldosterone synthase 
activity; however, as the hybrid gene has P450c11β regulatory 
regions, its transcription is induced by ACTH and cAMP, as is 
the normal P450c11β gene. Thus, these patients make P450c11AS 
in response to physiology that should stimulate P450c11β. The 
excess P450c11AS causes hyperaldosteronism and hypertension, 
which is then suppressible by glucocorticoid suppression of 
ACTH, which normally suppresses P450c11β.

It is conceivable that localized microconversions, similar to 
those that cause most cases of 21-OHD, could insert sequences 
crucial for aldosterone synthase activity into the P450c11β gene. 
Expression of chimeric proteins produced in vitro identifi ed the 
residues Ser-288 and Val-320 as important for this activity. 
However, examination of large numbers of patients with low-
renin hypertension has failed to show mutations in this gene 
system, other than the gene conversions that cause glucocorti-
coid-suppressible hypertension.

Adrenal insuffi ciency

Besides CAH, many other conditions cause adrenal insuffi ciency, 
including ACTH defi ciency and primary adrenal disorders. 
Primary adrenal insuffi ciency is commonly termed Addison 
disease, a vague term that encompasses many disorders (Table 
13.8). Up until World War II, most patients with “Addison 

disease” had tuberculosis of the adrenal but over 80% of contem-
porary adult patients have autoimmune adrenalitis and the term 
Addison disease is now widely used to indicate an autoimmune or 
idiopathic cause.

Chronic primary adrenal insuffi ciency
Autoimmune adrenalitis
Autoimmune adrenalitis is most commonly seen in 25- to 45-
year-old adults, about 70% of whom are women. The incidence 
in adults is about 1 in 25 000 [42]. The incidence in children is 
unknown but much less. Boys constitute about 75% of patients. 
Chronic adrenal insuffi ciency is suggested by poor weight gain or 
weight loss, weakness, fatigue, anorexia, hypotension, hyponatre-
mia, hypochloremia, hyperkalemia, frequent illnesses, nausea and 
vague gastrointestinal complaints (Table 13.9), refl ecting chronic 
defi ciency of both glucocorticoids and mineralocorticoids. Early 
in the course of autoimmune adrenalitis, one may see signs of 
glucocorticoid defi ciency (weakness, fatigue, weight loss, hypo-
glycemia, anorexia) without signs of mineralocorticoid defi ciency 
[hyponatremia, hyperkalemia, acidosis, tachycardia, hypoten-
sion, low voltage on electrocardiogram (ECG), small heart on 
chest X-ray] or evidence of mineralocorticoid defi ciency without 
glucocorticoid defi ciency. Thus, an initial clinical presentation 
that spares one category of adrenal steroids does not mean it will 
be spared in the long run. The symptoms listed in Table 13.9 can 
be seen in chronic adrenal insuffi ciency that is either primary or 
secondary.

Table 13.8 Causes of adrenal insuffi ciency.

Primary adrenal insuffi ciency
Autoimmune adrenalitis
Autoimmune polyglandular syndromes (types I and II)
Tuberculosis, fungal infections
Sepsis
AIDS
Congenital adrenal hyperplasia
Adrenal hemorrhage or infarction
Congenital adrenal hypoplasia
Adrenoleukodystrophy
Primary xanthomatosis
Unresponsiveness to ACTH

Secondary adrenal insuffi ciency
Withdrawal from glucocorticoid therapy
Hypopituitarism
Hypothalamic tumors
Irradiation of the CNS

Table 13.9 Signs and symptoms of adrenal insuffi ciency.

Features shared by acute and chronic insuffi ciency
Anorexia
Apathy and confusion
Dehydration
Fatigue
Hyperkalemia
Hypoglycemia
Hyponatremia
Hypovolemia and tachycardia
Nausea and vomiting
Postural hypotension
Salt craving
Weakness

Features of acute insuffi ciency (adrenal crisis)
Abdominal pain
Fever

Features of chronic insuffi ciency (Addison disease)
Decreased pubic and axillary hair
Diarrhea
Hyperpigmentation
Low-voltage electrocardiogram
Small heart on X-ray
Weight loss



CHAPTER 13

314

In primary chronic adrenal insuffi ciency, the low concentra-
tions of plasma cortisol stimulate the hypersecretion of ACTH 
and other POMC peptides, including the various forms of MSH, 
which result in hyperpigmentation of the skin and mucous mem-
branes. Such hyperpigmentation is most prominent in skin 
exposed to sun and in extensor surfaces such as knees, elbows and 
knuckles. The diagnosis is suggested by the signs and symptoms, 
verifi ed by a low morning cortisol level with a high ACTH and 
confi rmed by a minimal response of cortisol to a 60-min intra-
venous ACTH test. Associated fi ndings may include the appear-
ance of a small heart on chest X-ray, anemia, azotemia, 
eosinophilia, lymphocytosis and hypoglycemia. Treatment con-
sists of physiological glucocorticoid and mineralocorticoid 
replacement therapy.

Autoimmune adrenalitis is associated with specifi c HLA hap-
lotypes. The diagnosis of an autoimmune cause is based on 
fi nding circulating antiadrenal antibodies. In many cases, the 
adrenal antigens are the steroidogenic P450 enzymes, especially 
P450c21. It appears that the primary process is initiated by T 
lymphocytes and that the antibodies to steroidogenic P450 
enzymes are secondary markers, analogous to the antibodies to 
insulin and glutamic acid decarboxylase seen in type 1 diabetes 
mellitus.

Type 1 autoimmune polyendocrine syndrome (APS1), also 
known as autoimmune polyendocrinopathy-candidiasis-ectoder-
mal dysplasia (APECED), is characterized by chronic mucocuta-
neous candidiasis, autoimmune Addison disease and 
hypoparathyroidism. At least two of these features must be 
present to make the diagnosis and their age of onset can be highly 
variable. Chronic mucocutaneous candidiasis usually affects the 
mouth and nails in early childhood. Hypoparathyroidism can 
present with clinical hypocalcemia during mid- or late childhood, 
although in some cases hypocalcemia may be masked by untreated 
adrenal insuffi ciency. The adrenal insuffi ciency typically becomes 
apparent in childhood or adolescence. Other fi ndings related to 
autoimmunity may also be present, including alopecia and viti-
ligo; gastritis, chronic diarrhea and malabsorption with or without 
pernicious anemia; and hypergonadotropic hypogonadism. Hep-
atitis, thyroiditis, interstitial nephritis, myositis, dental enamel 
hypoplasia and type 1 diabetes mellitus are rare. Keratoconjunc-
tivitis may be an associated feature that requires careful monitor-
ing and treatment to prevent blindness. Oral or esophageal 
squamous cell carcinoma occurs in 10% of affected adults. 
Although rare in most populations, APS1 is common among 
people of Finnish, Sardinian and Iranian Jewish ancestry. APS1 
is caused by autosomal recessive mutations in a transcription 
factor called AIRE (for autoimmune regulator). More than 50 
AIRE mutations have been described and R257X is especially 
common in the Finnish population. The mechanism by which 
these mutations result in the clinical fi ndings of APS1 are not yet 
clear, although deletion of AIRE in mice results in ectopic expres-
sion of peripheral tissue antigens in thymic medullary epithelial 
cells, resulting in the development of an autoimmune disorder 
similar to APS1/APECED.

Type 2 autoimmune polyendocrine syndrome (APS2), also 
known as Schmidt syndrome, refers to the common association 
of autoimmune adrenalitis with thyroiditis and/or type 1 diabe-
tes. APS2 is more common in females (3 : 1 ratio), is HLA-linked 
and is generally seen in young or middle-aged adults but can 
present at almost any age. Primary (hypergonadotropic) ovarian 
failure is seen in up to one-quarter of post-pubertal females with 
APS2 but primary testicular failure is rare. Pernicious anemia, 
hepatitis, vitiligo and alopecia may also be seen but the hypopara-
thyroidism and mucocutaneous candidiasis typical of APS1 are 
not seen in APS2. APS2 is associated with the same HLA markers 
as idiopathic autoimmune adrenalitis, which may simply be a 
form of APS2.

Metabolic causes
Metabolic disorders cause chronic primary adrenal insuffi ciency, 
including adrenoleukodystrophy (Schilder disease), primary xan-
thomatosis (Wolman disease), cholesterol ester storage disease, 
hereditary unresponsiveness to ACTH and adrenal hypoplasia 
congenita.

Adrenoleukodystrophy is caused by mutations in a gene on 
chromosome Xq28a termed ALDP but the mechanism by which 
these mutations cause the disease is unclear. ALDP encodes a 
peroxisomal membrane protein termed ABCD1, which belongs 
to the superfamily of ATP-binding cassette transporters. ALDP 
imports acyl CoA derivatives of very-long-chain fatty acids into 
peroxisomes, where they are shortened by β-oxidation, thus 
affected individuals and carrier females have a surplus of very-
long-chain fatty acids. This X-linked disorder is seen almost 
exclusively in males, with an incidence of about 1 in 20 000, 
although a rare severe infantile autosomal recessive form also 
occurs. The disease is characterized by high ratios of C26 : C22 very-
long-chain fatty acids in plasma and tissues, permitting diagnosis 
of carriers and affected fetuses as well as individual patients. 
Symptoms commonly develop in mid-childhood but a variant of 
the disorder, adrenomyeloneuropathy, presents in early adult-
hood. Both adrenoleukodystrophy and adrenomyeloneuropathy 
are caused by mutations in the gene for ALDP. The same muta-
tion causes both forms of the disease, so it is likely that other 
genetic loci are also involved.

Earliest fi ndings are associated with the central nervous system 
leukodystrophy and include behavioral changes, poor school per-
formance, dysarthria and poor memory, progressing to severe 
dementia. Symptoms of adrenal insuffi ciency usually appear after 
symptoms of white-matter disease but adrenal insuffi ciency may 
be the initial fi nding in up to 20% of cases. In contrast, adreno-
myeloneuropathy begins with adrenal insuffi ciency in childhood 
and adolescence and signs of neurological disease follow 10–15 
years later. A small number of female carriers may also develop 
neurologic symptoms and adrenal insuffi ciency with time. Mea-
surement of C26 and C22 very-long-chain fatty acids can provide 
accurate early diagnosis if adrenoleukodystrophy is considered. 
Treatment is largely supportive. Dietary therapy with so-called 
Lorenzo’s oil improves circulating concentrations of very-long-
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chain fatty acids but is ineffective in reversing established neuro-
logic disease, although its potential role in preventing the onset 
of neurologic symptoms with early treatment is being evaluated 
[43,44].

Wolman disease (primary xanthomatosis) and cholesterol ester 
storage disease are two allelic variants in the secreted form of 
lysosomal acid lipase (cholesterol esterase) that mobilizes choles-
terol esters from adrenal lipid droplets. The gene for this enzyme 
on chromosome 10q has been cloned and the mutations in it 
causing one case of Wolman disease have been identifi ed. Because 
insuffi cient free cholesterol is available to P450scc, there is adrenal 
insuffi ciency. The disease is less severe than congenital lipoid 
adrenal hyperplasia with respect to steroidogenesis and patients 
may survive for several months after birth. However, the disease 
affects all cells, not just steroidogenic cells, as all cells must store 
and utilize cholesterol; hence, the disorder is relentless and 
fatal.

Vomiting, steatorrhea, failure to thrive, hepatosplenomegaly 
and adrenal calcifi cation are the usual presenting fi ndings. The 
diagnosis is established by bone marrow aspiration yielding foam 
cells containing large lysosomal vacuoles engorged with choles-
terol esters and is confi rmed by fi nding absent cholesterol esterase 
activity in fi broblasts, leukocytes or marrow cells. Cholesterol 
ester storage disease appears to be a milder defect in the same 
enzyme, generally presenting in childhood or adolescence among 
the 10 reported cases.

Hereditary unresponsiveness to ACTH (familial glucocorticoid 
defi ciency) can present as an acute adrenal crisis precipitated by 
an intercurrent illness in an infant or with the signs and symp-
toms of chronic adrenal insuffi ciency in childhood [20]. Unlike 
patients with autoimmune adrenalitis, adrenal hypoplasia or 
other forms of destruction of adrenal tissue, patients with heredi-
tary unresponsiveness to ACTH continue to produce mineralo-
corticoids normally because production of aldosterone by the 
adrenal zona glomerulosa is regulated principally by the renin-
angiotensin system. Thus, the presenting picture consists of 
failure to thrive, lethargy, pallor, hyperpigmentation, delayed 
milestones and hypoglycemia (often associated with seizures) but 
serum electrolytes are normal and dehydration is usually seen 
only as part of the precipitating intercurrent illness. There are two 
forms of familial glucocorticoid defi ciency. FGD1 is caused by 
mutations in the ACTH receptor (MC2R). More than 20 muta-
tions have been found in at least 40 affected individuals [45] but 
these appear to account for only about 25% of all patients who 
appear to have familial glucocorticoid defi ciency. Hypoglycemia 
is common and tall stature and increased head circumference 
may be associated fi ndings. FGD2 is clinically indistinguishable 
from FGD1 but is caused by mutations in the MC2R accessory 
protein MRAP and accounts for about 20% of cases of ACTH 
resistance [20]; thus the cause of about 55% of FGD remains 
unknown. Both forms of FGD present with dramatically elecated 
concentrations of ACTH and skin hyperpigmentation. Treatment 
is with physiologic replacement doses of glucocorticoids; sup-
pression of the ACTH values into the normal range requires 

supraphysiologic doses of glucocorticoids, which should be 
avoided.

Triple A (Allgrove) syndrome is a rare disorder consisting of 
ACTH-resistant adrenal (glucocorticoid) defi ciency, achalasia 
of the cardia and alacrima. Each feature is seen in 80–90% of 
patients. The disorder is autosomal dominant and resembles 
ACTH resistance [20]. Many patients also have progressive neu-
rological symptoms, including intellectual impairment, sensori-
neural deafness, peripheral neuropathies and autonomic 
dysfunction [45]. The disorder is caused by mutations in a gene 
called ALADIN, which encodes a WD-repeat protein in the 
nuclear pore [46]. The clinical fi ndings in triple A syndrome may 
be quite variable, even within a single family. Adrenal insuffi -
ciency is rarely the presenting symptom; affected children are 
typically fi rst evaluated for achalasia or failure to progress 
neurologically.

Adrenal hypoplasia congenita (AHC, congenital adrenal hypo-
plasia) generally affects males because the principal form is caused 
by mutations of the DAX-1 gene on chromosome Xp21. This 
gene encodes a nuclear transcription factor that participates at 
various steps in the differentiation of adrenal and gonadal tissues, 
as well as in gonadotropin expression, so that successfully treated 
children may not enter puberty. In this disorder, the defi nitive 
zone of the fetal adrenal does not develop and the fetal zone is 
vacuolated and cytomegalic. Poor function of the fetal zone 
results in low maternal estriol concentrations during pregnancy 
but parturition is normal. Neonatal glucocorticoid and mineralo-
corticoid defi ciencies manifest with a typical salt-wasting crisis 
and respond well to replacement therapy. Deletions of the DAX-1 
gene may also encompass adjacent genes, causing glycerol kinase 
defi ciency, Duchenne muscular dystrophy and mental retarda-
tion [47]. Genetic 46XY males with adrenal hypoplasia have 
normal male external genitalia but, in 46XX females, the distinc-
tion between adrenal hypoplasia congenita and congenital lipoid 
adrenal hyperplasia cannot be made hormonally and requires 
imaging of the adrenals, which are small in adrenal hypoplasia 
and large in lipoid CAH. Boys with AHC respond well to gluco-
corticoid and mineralocorticoid replacement therapy and to tes-
tosterone replacement at the age of puberty. Female carriers of 
DAX1 mutations are unaffected. AHC is relatively common, 
having been described in over 200 families.

A rare autosomal recessive “miniature” form of AHC affects 
both sexes equally but the underlying defect remains unclear. A 
small number of patients have also been described with muta-
tions in SF1 (steroidogenic factor 1), a transcription factor 
required for adrenal development, transcription of adrenal and 
gonadal steroidogenic enzymes and for hypothalamic induction 
of puberty [47].

Primary adrenal failure has also been reported in association 
with Smith–Lemli–Opitz syndrome, Pallister–Hall syndrome, 
Pena–Shoekir syndrome, Meckel syndrome, IMAGe syndrome 
(intrauterine growth retardation, metaphyseal dysplasia, adrenal 
hypoplasia and genitourinary anomalies) and mitochondrial dis-
orders such as the Kearns–Sayre syndrome.
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Other causes
Chronic adrenal insuffi ciency may result from causes other than 
these. Adrenal hypoplasia, hemorrhage and infections, all dis-
cussed below as causes of acute primary adrenal insuffi ciency, 
may spare some adrenal tissue, leaving severely compromised, 
rather than totally absent, adrenal function. The result, as with 
autoimmune adrenalitis, is a chronic disorder with insidious 
onset of the broad range of non-specifi c fi ndings described above. 
Tuberculosis, fungal infections and amyloidosis may cause a 
similar clinical picture.

Acute primary adrenal insuffi ciency
Acute adrenal crisis occurs most commonly in the child with undi-
agnosed chronic adrenal insuffi ciency who is subjected to an 
additional stress such as major illness, trauma or surgery. The 
major presenting symptoms and signs include abdominal pain, 
fever, hypoglycemia with seizures, weakness, apathy, nausea, vom-
iting, anorexia, hyponatremia, hypochloremia, acidemia, hyper-
kalemia, hypotension, shock, cardiovascular collapse and death. 
Treatment consists of fl uid and electrolyte resuscitation, ample 
doses of glucocorticoids, chronic glucocorticoid and mineralocor-
ticoid replacement and treatment of the precipitating illness.

Massive adrenal hemorrhage with shock from blood loss can 
occur in large infants who have had a traumatic delivery. A fl ank 
mass is usually palpable and can be distinguished from renal vein 
thrombosis by microscopic rather than gross hematuria. The 
diagnosis is confi rmed by CT or ultrasonography. Massive adrenal 
hemorrhage is more commonly associated with meningococce-
mia (Waterhouse–Friderichsen syndrome). Meningitis is often 
but not always present. The characteristic petechial rash of 
meningococcemia can progress rapidly to large ecchymoses; the 
blood pressure drops and respirations become labored, frequently 
leading rapidly to coma and death. Immediate intervention with 
intravenous fl uids, antibiotics and glucocorticoids is not always 
successful. A similar adrenal crisis may also occur rarely with 
septicemia from Streptococcus, Staphylococcus, Pneumococcus or 
diphtheria.

Secondary adrenal insuffi ciency
Chronic adrenal insuffi ciency may result from insuffi cient trophic 
stimulation of the adrenal and tissue insensitivity to adrenal ste-
roids. Insuffi cient trophic stimulation of the adrenal can be 
caused by idiopathic hypopituitarism, central nervous system 
tumors that damage the cells producing CRH and/or POMC or 
chronic suppression of these cells by long-term glucocorticoid 
therapy.

Idiopathic hypopituitarism (multiple anterior pituitary hormone 
defi ciency) is a hypothalamic rather than a pituitary disorder. The 
defi cient secretion of growth hormone, gonadotropins, thyroid-
stimulating hormone and ACTH is caused by insuffi cient stimu-
lation of the pituitary by the corresponding hypothalamic 
hormones. Isolated growth hormone defi ciency, a common dis-
order and isolated ACTH defi ciency, a rare disorder, are variants 
of this theme. In hypopituitarism from most causes, growth 

hormone secretion is generally lost fi rst, followed in order by 
gonadotropins, thyroid-stimulating hormone (TSH) and ACTH. 
Combined defi ciency of growth hormone and ACTH will strongly 
predispose the patient to hypoglycemia, as both hormones act to 
raise plasma glucose. Patients with ACTH defi ciency, either with 
or without defi ciency of other anterior pituitary hormones, have 
a relatively mild form of adrenal insuffi ciency. Mineralocorticoid 
secretion is normal, whereas cortisol secretion is reduced but not 
absent. However, adrenal reserve is severely compromised by the 
chronic understimulation of biosynthesis of the steroidogenic 
enzymes.

Because some cortisol synthesis continues, the diagnosis may 
not be apparent unless a CRH or metyrapone test of pituitary 
ACTH production capacity and an intravenous ACTH test of 
adrenal reserve are performed. This can be especially true when 
TSH defi ciency is a component of hypopituitarism. The hypothy-
roidism resulting from TSH defi ciency will result in slowed 
metabolism of the small amount of cortisol produced, which 
therefore protects the patient from the symptoms of adrenal 
insuffi ciency. Treatment of the hypothyroidism with thyroxine 
will accelerate metabolism of the small amounts of cortisol, thus 
unmasking adrenal insuffi ciency resulting from ACTH defi ciency 
and, on occasion, precipitating an acute adrenal crisis. Careful 
evaluation of the pituitary-adrenal axis is required in hypopitu-
itarism with secondary hypothyroidism. Many clinicians will 
choose to “cover” a patient with small doses of glucocorticoids 
(one-quarter to one-half of physiological replacement) during 
initial treatment of such secondary hypothyroidism.

Hypothalamic and pituitary tumors, such as craniopharyngi-
oma, are associated with ACTH defi ciency in about 25% of 
patients, perhaps more in tumors such as germinoma and astro-
cytoma. Adrenal insuffi ciency is rarely the presenting complaint 
but may contribute to the clinical picture. After surgery and 
radiotherapy, the great majority of these patients have ACTH 
defi ciency as part of their pituitary damage and all patients should 
receive glucocorticoid coverage during treatment, irrespective of 
the status of the hypothalamo-pituitary-adrenal axis at the time 
the tumor is identifi ed. Cortisol is required for the kidney to 
excrete free water. Treatment of secondary adrenal insuffi ciency 
in some central nervous system tumors can unmask a previously 
latent defi ciency of antidiuretic hormone (ADH) and thus pre-
cipitate diabetes insipidus so close attention must be given to a 
patient’s fl uids and electrolytes when glucocorticoid therapy is 
begun.

Metabolic causes of ACTH insuffi ciency include disorders of the 
development of the hypothalamic-pituitary axis from mutations 
in the transcription factors HESX1, LHX4 and SOX3. HESX1 
mutations are one of many causes of septo-optic dysplasia, spe-
cifi cally affecting optic nerve development, while LHX4 muta-
tions are associated with cerebellar anomalies. Mutations in 
PROP1, a transcription factor associated with Pit1, are a frequent 
cause of multiple pituitary hormone defi ciencies, including 
ACTH defi ciency. Defects in POMC synthesis and processing can 
also cause adrenal insuffi ciency. Rare cases can be caused by 
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mutations in TBX19, a transcription factor that directly regulates 
POMC gene transcription. Deletion or mutation of the POMC 
gene itself can affect multiple POMC-derived peptides, causing a 
distinct syndrome of red hair, pale skin, obesity and adrenal 
insuffi ciency. Defects in PC1, the prohormone convertase that 
cleaves POMC into its products also cause hypocortisolemia asso-
ciated with obesity, malabsorptive diarrhea and hypogonado-
tropic hypogonadism.

Long-term glucocorticoid therapy can suppress POMC gene 
transcription and the synthesis and storage of ACTH. Further-
more, long-term therapy apparently decreases the synthesis and 
storage of CRH and diminishes the abundance of receptors for 
CRH in the pituitary. Therefore, recovery of the hypothalamo-
pituitary axis from long-term glucocorticoid therapy entails 
recovery of multiple components in a sequential cascade and 
often requires considerable time. Patients successfully withdrawn 
from glucocorticoid therapy or successfully treated for Cushing 
disease may exhibit a fairly rapid normalization of plasma cortisol 
values while continuing to have diminished adrenal reserve for 
over 6 months.

Glucocorticoid therapy of pregnant women can suppress the 
fetal adrenal. Treatment of pregnant women with cortisone or 
prednisone will result in minimal suppression of the fetal adrenal, 
because placental 11β-HSD converts the biologically active form 
of these steroids, cortisol and prednisolone, back to their biologi-
cally inactive parent compounds. Thus, when radiolabeled corti-
sol or prednisolone is administered to a pregnant woman, the 
equilibrium concentrations in maternal plasma are 10 times 
higher than those in cord plasma. However, dexamethasone is a 
poor substrate for 11β-HSD, so that administration of low doses 
to a pregnant woman can affect fetal adrenal steroidogenesis.

Adrenal excess

Cushing syndrome
The term Cushing syndrome describes any form of glucocorticoid 
excess. Cushing disease designates hypercortisolism caused by 
pituitary overproduction of ACTH. The related disorder caused 
by ACTH of non-pituitary origin is termed the ectopic ACTH 
syndrome. Other causes of Cushing syndrome include adrenal 
adenoma, adrenal carcinoma and multinodular adrenal hyper-
plasia. All these are distinct from iatrogenic Cushing syndrome, 
which is the clinical constellation resulting from administration 
of supraphysiological quantities of ACTH or glucocorticoids.

Although generally described in great detail and illustrated 
with striking photographs in endocrine texts, Cushing disease is 
rare in adults but 25% of patients referred to large centers are 
children, so it is clear that the disorder is more common in chil-
dren than generally recognized. Many patients fi rst seen as adults 
actually experienced the onset of symptoms in childhood or ado-
lescence. Harvey Cushing’s original patient was a young woman 
of only 23 years whose history and clinical features indicated 
long-standing disease. In adults and children over 7 years of age, 

the most common cause of Cushing syndrome is Cushing disease. 
Adult women have a higher incidence of Cushing disease than 
adult men but the sex ratio is equal in adolescence and prepuber-
tal boys are affected more frequently than prepubertal girls. In 
infants and children under 7 years, adrenal tumors predominate. 
Among 60 infants under 1 year of age with Cushing syndrome, 
48 had adrenal tumors (Table 13.10) [48].

Clinical fi ndings
The physical features of Cushing syndrome are familiar. Central 
obesity, “moon facies,” hirsutism and facial fl ushing are seen in 
over 80% of adults. Striae, hypertension, muscular weakness, 
back pain, buffalo hump fat distribution, psychological distur-
bances, acne and easy bruising are also very commonly described 
(35–80%). These are the signs of advanced Cushing disease. 
When annual photographs of such patients are available, it is 
often apparent that the features can take 5 years or longer to 
develop. Thus, the classic cushingoid appearance will usually not 
be the initial picture seen in the child with Cushing syndrome.

The earliest, most reliable indicators of hypercortisolism in 
children are weight gain and growth arrest (Table 13.11) [49]; 
any overweight child who stops growing should be evaluated for 
Cushing syndrome. The obesity of Cushing disease in children is 
initially generalized rather than centripetal and a buffalo hump 
is evidence of long-standing disease. Psychological disturbances, 
especially compulsive overachieving behavior, are seen in about 
40% of children and adolescents with Cushing disease and are 
distinctly different from the emotional lability and depression 
typically seen in adults. An underappreciated aspect is the sub-
stantial degree of bone loss and undermineralization in these 
patients. It is likely that Cushing disease is generally regarded as 
a disease of young adults because the diagnosis was missed, rather 
than absent, during adolescence. Rarely, Cushing syndrome 
caused by adrenal carcinoma and the ectopic ACTH syndrome 
can produce a rapid fulminant course.

Cushing disease
The recent development of trans-sphenoidal surgical approaches 
to the pituitary has led to pituitary exploration in large numbers 

Table 13.10 Etiology of Cushing syndrome in infancy. Data from Miller et al. 
[48].

Males Females

Adrenal tumors (n = 48)

 Carcinoma 5 20
 Adenoma 4 16
 Not defi ned 2 1
Ectopic ACTH syndrome 1 1
Nodular adrenal hyperplasia 1 4
Undefi ned adrenal hyperplasia 2 2
ACTH-producing tumor 1 0
Total 16 44
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of patients with Cushing disease. Among adults, over 90% of such 
patients have identifi able pituitary microadenomas, which are 
generally 2–10  mm in diameter, are not encapsulated, have ill-
defi ned boundaries and are frequently detectable with a contrast-
enhanced pituitary MRI. They are often identifi able only by 
minor differences in their appearance and texture from sur-
rounding tissue, so the frequency of surgical cure is correlated 
with the technical skill of the surgeon. Although histological tech-
niques may not distinguish the tumor from normal tissue, molec-
ular biological techniques confi rm increased synthesis of POMC 
in these tissues. Among children and adolescents, about 80–85% 
of those with Cushing disease have surgically identifi able micro-
adenomas. Although removal of the tumor usually appears to be 
curative, 20% of such “cured” patients suffer relapse and manifest 
Cushing disease again within about 5 years, so that the net cure 
rate is 65–75%. Trans-sphenoidal surgery offers the best initial 
approach for rapid and complete cure of most patients, thus 
maximizing fi nal height, which is typically reduced by 1.5–2.0  SD 
by the long-term hypercortisolism. Following the removal of the 
excessive ACTH produced by the microadenoma, the remaining 
corticotropes of the pituitary respond slowly, over several months, 
so that postoperative patients have secondary adrenal insuffi -
ciency requiring low-dose physiologic replacement and stress 
coverage for up to several months.

The high cure rate of trans-sphenoidal microadenomectomy 
in Cushing disease indicates that the majority of patients have 
primary disease of the pituitary itself, rather than secondary 
hyperpituitarism resulting from hyperstimulation of the pituitary 
by CRH or other agents. In most postoperative patients, the cir-
cadian rhythms of ACTH and cortisol return to normal, ACTH 
and cortisol respond appropriately to hypoglycemia, cortisol is 
easily suppressed by low doses of dexamethasone and the other 
hypothalamo-pituitary systems return to normal.

Some patients with Cushing disease have no identifi able micro-
adenoma and some “cured” patients relapse. This suggests that 
this smaller population of patients may have a primary hypotha-
lamic disorder. Effective treatment of Cushing disease with 
cyproheptidine, a serotonin antagonist, has been reported in 
adults, further suggesting a hypothalamic disturbance. Thus, 
present clinical investigation suggests that Cushing disease is 
usually caused by a primary pituitary adenoma but that some-
times it is caused by hypothalamic dysfunction. Microsurgery can 
be curative in the former but not in the latter. Unfortunately, no 
diagnostic maneuver is available to distinguish the two possibili-
ties, so trans-sphenoidal exploration remains the preferred initial 
therapeutic approach to the patient with Cushing disease.

Other therapeutic approaches include hypophysectomy, pitu-
itary irradiation, cyproheptidine, adrenalectomy and drugs that 
inhibit adrenal function. All have signifi cant disadvantages, espe-
cially in children. Hypophysectomy eliminates pituitary secretion 
of growth hormone, TSH and gonadotropins, causing growth 
failure, hypothyroidism, failure to progress in puberty and 
infertility.

Pituitary irradiation has been touted to avoid many of these 
problems but the defi ciency of various pituitary hormones may 
be obscured by delayed onset and the delayed onset in elimina-
tion of the hypersecretion of ACTH will further compromise the 
fi nal adult height of the child with Cushing disease. Furthermore, 
large doses of radiation increase the risk of cerebral arteritis, leu-
koencephalopathy, leukemia, glial neoplasms, bone tumors 
involving the skull and congenital defects in subsequent 
offspring.

Cyproheptidine is not useful in pediatric Cushing disease, 
partly because of the side effects (weight gain, irritability, hallu-
cinations) often seen with the doses needed.

Laparascopic adrenalectomy is the preferred approach when 
two trans-sphenoidal procedures fail. In addition to the obvious 
effects of eliminating normal production of glucocorticoids and 
mineralocorticoids, removal of the adrenal eliminates the physi-
ological feedback inhibition of the pituitary. In some adults, this 
results in the development of pituitary macroadenomas, produc-
ing very large quantities of ACTH. These can expand and impinge 
on the optic nerves and can produce suffi cient POMC to yield 
enough MSH to produce profound darkening of the skin (Nelson 
syndrome) but this is rarely seen in children. There is little pedi-
atric experience with ketoconazole and other drugs that inhibit 
steroidogenesis but these may provide a useful form of therapy 
for selected patients. Metyrapone is not useful for long-term 
therapy. Ortho, para-DDD (mitotane), an adrenolytic agent, may 
be used to effect a chemical adrenalectomy but its side effects of 
nausea, anorexia and vomiting are severe.

Other causes of Cushing syndrome
The ectopic ACTH syndrome is commonly seen in adults with oat 
cell carcinoma of the lung, carcinoid tumors, pancreatic islet cell 
carcinoma and thymoma. Ectopically produced POMC and 
ACTH are derived from the same gene that produces pituitary 

Table 13.11 Findings in 39 children with Cushing disease. Data from Devoe 
et al. [49].

Sign/symptom Number of patients %

Weight gain 36/39 92
Growth failure 31/37 84
Ostopenia 14/19 74
Fatigue 26/39 67
Hypertension 22/35 63
Delayed or arrested puberty 21/35 60
Plethora 18/39 46
Acne 18/39 46
Hirsutism 18/39 46
Compulsive behavior 17/39 44
Striae 14/39 36
Bruising 11/39 28
Buffalo hump 11/39 28
Headache 10/39 26
Delayed bone age  2/23 13
Nocturia  3/39  8
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POMC but it is not sensitive to glucocorticoid feedback in the 
malignant cells. This phenomenon permits distinction between 
pituitary and ectopic ACTH by suppressibility of the former by 
high doses of dexamethasone. Although the ectopic ACTH syn-
drome is rare in children, it has been described in infants younger 
than 1 year of age. Associated tumors have included neuroblas-
toma, pheochromocytoma and islet cell carcinoma of the pan-
creas. The ectopic ACTH syndrome is typically associated with 
ACTH concentrations 10–100 times higher than those seen in 
Cushing disease.

Adults and children with this disorder may show little or no 
clinical evidence of hypercortisolism, probably because of the 
typically rapid onset of the disease and the general catabolism 
associated with malignancy. Unlike patients with Cushing disease, 
patients frequently have hypokalemic alkalosis, presumably 
because the extremely high levels of ACTH stimulate the produc-
tion of DOC by the adrenal fasciculata and may also stimulate 
the adrenal glomerulosa in the absence of hyper-reninemia.

Adrenal tumors, especially adrenal carcinomas, are the more 
typical cause of Cushing syndrome in infants and small children 
(Table 13.10). They occur with much greater frequency in girls 
for unknown reasons. Adrenal adenomas almost always secrete 
cortisol with minimal secretion of mineralocorticoids or sex 
steroids. In contrast, adrenal carcinomas tend to secrete 
both cortisol and androgens. Congenital bodily asymmetry 
(hemihypertrophy) may be associated with adrenal adenoma or 
carcinoma, with or without association with the Beckwith–
Wiedemann syndrome. CT and MRI are useful in the diagnosis 
of adrenal tumors. The treatment is surgical, although the 
prognosis for adrenal carcinoma is generally poor. A few patients 
have done well with adjunctive therapy with ortho, para-DDD. 
The histologic distinction between carcinoma and adenoma is 
particularly diffi cult in the adrenal; size is the best guide to dif-
ferentiating adenoma (<10  cm) from carcinoma.

ACTH-independent multinodular adrenal hyperplasia is a rare 
entity characterized by the secretion of both cortisol and adrenal 
androgens. It is seen in infants, children and young adults, with 
females affected more frequently. Familial instances have been 
seen and many of these have an autosomal dominant disorder 
(Carney complex), consisting of pigmented lentigines and blue 
nevi on the face, lips and conjunctivae atrial myxomas and a 
variety of other tumors including schwannomas and Sertoli cell 
tumors [50]. Carney complex, which accounts for up to 80% of 
patients with bilateral micronodular adrenal hyperplasia, is linked 
to two distinct genetic loci. The PRKAR1A gene on chromosome 
17q22–24, which encodes regulatory subunit 1A of cyclic AMP-
dependent protein kinase A (PKA), is mutated in about half of 
affected patients. Most other patients appear to have mutations 
in phosphodiesterase 11A4, identifi ed by linkage to chromosome 
2q31–2q35 [51]. Because the hypercortisolism is resistant to sup-
pression with high doses of dexamethasone and because both 
glucocorticoids and sex steroids are produced, this entity was 
diffi cult to distinguish from the ectopic ACTH syndrome before 
plasma ACTH assays became available. Adrenalectomy is usually 

indicated, although some successes have been reported with sub-
total resections. A form of multinodular adrenal hyperplasia is 
occasionally seen in the McCune–Albright syndrome, suggesting 
that this form of adrenal hyperfunction may be associated with a 
G-protein defect.

Differential diagnosis
The suspicion of Cushing syndrome in children is usually raised 
by weight gain, growth arrest, mood change and change in facial 
appearance (plethora, acne, hirsutism). The diagnosis may be 
subtle and diffi cult when it is sought early in the natural history 
of the disease. Absolute elevations of concentrations of plasma 
ACTH and cortisol are often absent. Rather than fi nding morning 
concentrations of cortisol >20  μg/dL or of ACTH >50  pg/mL, it 
is more typical to fi nd mild, often equivocal elevations in the 
afternoon and evening values. This loss of diurnal rhythm, evi-
denced by continued secretion of ACTH and cortisol throughout 
the afternoon, evening and night-time, is usually the earliest reli-
able laboratory index of Cushing disease. A single plasma cortisol 
measurement at midnight, obtained from an indwelling venous 
catheter while the patient remains asleep, should be less than 
2  μg/dL and is the most sensitive single test for Cushing disease. 
Values for ACTH and cortisol are typically extremely high in the 
ectopic ACTH syndrome, whereas cortisol is elevated but ACTH 
suppressed in adrenal tumors and in multinodular adrenal hyper-
plasia (Table 13.12). Inferior petrosal sinus sampling for ACTH 
has been widely used to distinguish pituitary Cushing disease 
from ectopic ACTH syndrome in adults but there are few indica-
tions for this procedure in adolescents and it is technically 
impractical in smaller children.

The performance of low- and high-dose dexamethasone sup-
pression tests can be useful. Two days of baseline (control) data 
should be obtained. Low-dose dexamethasone (20  μg/kg/day) 
should be given, divided into equal doses given every 6  h for 2 
days followed by high-dose dexamethasone (80  μg/kg/day) given 
in the same fashion. Values at 08.00  h and 20.00  h for ACTH and 
cortisol and 24-h urine collections for 17-OHS, 17-ketosteroids, 
free cortisol and creatinine (to monitor the completeness of the 
collection) should be obtained on each of the 6 days of the test. 
Because of variations due to episodic secretion of ACTH, 08.00 
and 20.00  h blood values should be drawn in triplicate: on the 
hour and 15 and 30  min after. In patients with exogenous obesity 
or other non-Cushing disorders, cortisol, ACTH and urinary ste-
roids will be suppressed readily by low-dose dexamethasone. 
Plasma cortisol should be less than 5  μg/100  mL, ACTH less than 
20  pg/mL and 24-h urinary 17-OHS less than 1  mg/g 
creatinine.

Patients with adrenal adenoma, adrenal carcinoma or the 
ectopic ACTH syndrome have values relatively insensitive to both 
low- and high-dose dexamethasone, although some patients with 
multinodular adrenal hyperplasia may respond to high-dose sup-
pression. Patients with Cushing disease classically respond with a 
suppression of ACTH, cortisol and urinary steroids during the 
high-dose treatment but not during the low-dose treatment. 
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Table 13.12 Diagnostic values in various causes of Cushing syndrome.

Test Values Normal Adrenal 
carcinoma

Nodular 
adrenal

Adrenal hyperplasia 
adenoma

Cushing 
disease

Ectopic ACTH 
syndrome

Plasma cortisol 
concentration

AM >14 ↑ ↑ ↑ ± ↑↑
PM <8 ↑ ↑ ↑ ↑ ↑↑

Plasma ACTH 
concentration

AM <100 ↓ ↓ ↓ ↑ ↑↑
PM <50 ↓ ↓ ↓ ↑ ↑↑

Low-dose dex 
suppression

Cortisol <3 No Δ No Δ No Δ * No Δ
ACTH <30 No Δ No Δ No Δ * No Δ
17-OHCS <2 No Δ No Δ No Δ * No Δ

High-dose dex 
suppression

Cortisol ↓↓ No Δ No Δ † ↓ No Δ
ACTH ↓↓ No Δ No Δ † ↓ No Δ
17-OHCS ↓↓ No Δ No Δ † ↓ No Δ

IV ACTH test Cortisol >20 No Δ ±↑ ±↑ ↑ No Δ
Metyrapone test Cortisol ↓ ±↓ No Δ ±↓ ↓ ±↓

11-Deoxycortisol ↑ ±↑ No Δ ±↑ ↑ ±↑
ACTH ↑ No Δ No Δ ±↑ ↑ No Δ
17-OHCS ↑ No Δ No Δ ± ↑ No Δ

24-h urinary excretion 17-OHCS ↑↑ ↑ ↑ ↑ ↑ (basal)
17-Ketosteroids ↑↑ ±↑ ↑ ↑ ↑

Plasma concentration DHEA or DHEAS ↑↑ ↓ ±↑ ↑ ↑

Dex, dexamethasone.
Cortisol concentration in mg/dL. ACTH concentration in pg/mL. 17-OHCS in mg/24  h.
*Incomplete response, i.e. ±.
†Usually no Δ.

However, some children, especially those early in the course of 
their illness, may exhibit partial suppression in response to low-
dose dexamethasone. Thus, if the low dose exceeds 20  μg/kg/day 
or if the assays used are insuffi ciently sensitive to distinguish 
partial from complete suppression, false-negative tests may result. 
In general, the diagnosis of Cushing disease is considerably more 
diffi cult to establish in children than in adults.

Virilizing and feminizing adrenal tumors
Most virilizing adrenal tumors are carcinomas producing a mixed 
array of androgens and glucocorticoids. Virilizing and feminizing 
adrenal adenomas are rare. Virilizing tumors in boys have a pre-
sentation similar to that of simple virilizing CAH with phallic 
enlargement, erections, pubic and axillary hair, increased muscle 
mass, deepening of the voice, acne and scrotal thinning; however, 
testicular size will remain prepubertal. Elevated concentrations of 
testosterone in young boys alter behavior, with increased irrita-
bility, rambunctiousness, hyperactivity and rough play without 
evidence of libido. Diagnosis is based on hyperandrogenemia that 
is non-suppressible by glucocorticoids. The treatment is surgical; 
all such tumors should be handled as if they are malignant, with 
care exerted not to cut the capsule and seed cells onto the peri-
toneum. The pathological distinction between adrenal adenoma 
and carcinoma is diffi cult.

Feminizing adrenal tumors are extremely rare. P450aro, the 
enzyme aromatizing androgenic precursors to estrogens, is not 

normally found in the adrenals but is found in peripheral tissues 
such as fat. Expression of P450aro has been described in some 
feminizing adrenocortical carcinomas. Feminizing adrenal (or 
extra-adrenal) tumors can be distinguished from true (central) 
precocious puberty in girls by the absence of increased circulating 
concentrations of gonadotropins and by a prepubertal response 
of LH to an intravenous challenge of GnRH. In boys, such tumors 
will cause gynecomastia, which will resemble the benign gyneco-
mastia that often accompanies puberty. However, as with viriliz-
ing adrenal tumors, testicular size and the gonadotropin response 
to GnRH testing will be prepubertal. The diagnosis of a feminiz-
ing tumor in a pubertal boy can be extremely diffi cult but is 
usually suggested by an arrest in pubertal progression and can be 
proved by the persistence of circulating plasma estrogens after the 
administration of testosterone.

Other disorders
Conn syndrome, characterized by hypertension, polyuria, hypo-
kalemic alkalosis and low PRA because of an aldosterone-
producing adrenal adenoma, is well described in adults but is 
exquisitely rare in children. The diagnostic task is to differentiate 
primary aldosteronism from physiological secondary hyperaldo-
steronism occurring in response to another physiological distur-
bance. Any loss of sodium, retention of potassium or decrease in 
blood volume will result in hyper-reninemic secondary hyperal-
dosteronism. Renal tubular acidosis, treatment with diuretics, 
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salt-wasting nephritis or hypovolemia due to nephrosis, ascites or 
blood loss are typical settings for physiological secondary hyper-
aldosteronism. Primary aldosteronism is characterized by hyper-
tension and hypokalemic alkalosis. The cause is a small adrenal 
adenoma, usually confi ned to the zona glomerulosa of one 
adrenal. Both adrenals need to be explored surgically because 
adrenal vein catheterization is not possible in children and is dif-
fi cult in adults.

Familial glucocorticoid resistance is a very rare disorder caused 
by mutations in the glucocorticoid receptor. Decreased glucocor-
ticoid action results in grossly increased ACTH secretion, which 
stimulations production of cortisol and other adrenal steroids. 
Thus, these patients may present with fatigue, hypertension and 
hypokalemic alkalosis, suggesting a mineralocorticoid excess syn-
drome but may also have hyperandrogenism [52]. Patients have 
been described who are homozygous for missense mutations or 
who are heterozygous for a gene deletion, so that in each case 
some receptor activity remains. No patients have been described 
with homozygous deletion of this receptor but glucocorticoid 
receptor-knockout mice also have disordered hepatic gluconeo-
genesis, absent adrenomedullary chromaffi n cells and die from 
neonatal respiratory distress syndrome. Thus, familial glucocor-
ticoid resistance is a syndrome of only partial resistance to the 
action of glucocorticoids.

Pseudohypoaldosteronism (PHA) is a rare salt-wasting disorder 
of infancy characterized by hyponatemia, hyperkalemia and 
increased plasma renin activity in the face of elevated aldosterone 
concentrations. The more common autosomal recessive form of 
PHA (pseudohypoaldosteronism type II) is caused by inactivat-
ing mutations in any of the three subunits (α, β, γ) of the 
amiloride-sensitive sodium channel, ENaC. This condition is 
often associated with lower respiratory tract disease consisting of 
chest congestion, cough and wheezing (but not pulmonary infec-
tions) as ENaC mutations increase the volume of pulmonary 
fl uid. This disease persists into adulthood, requiring vigorous 
salt-replacement therapy throughout life. Gain-of-function 
mutations due to carboxy-terminal truncation of β-ENaC cause 
Liddle syndrome, an autosomal dominant form of salt-retaining 
hypertension.

Autosomal dominant type I pseudohypoaldosteronism (PHA 
type I) is caused by inactivating mutations in the mineralocorti-
coid receptor. Approximately 20 different mutations have been 
found in this receptor, which interfere with mineralocorticoid 
binding and gene transcription [53]. This disease is milder than 
the recessive forms of PHA caused by ENaC mutations and remits 
with age but requires sodium replacement therapy in infancy and 
childhood. Rarely, point mutations in the mineralocorticoid 
receptor have been found in association with an autosomal domi-
nant form of severe hypertension, which begins in adolescence 
and worsens in pregnancy. In these cases, alterations in the struc-
ture of the ligand-binding domain of the mineralocorticoid 
receptor result in mild constitutive activation as well as permit-
ting binding and activation of the receptor by progesterone. An 
acquired, transient form of PHA is often seen in infants with 

obstructive uropathy, especially shortly following surgical relief 
of the obstruction. The lesion is renal tubular so that mineralo-
corticoid treatment is generally ineffective; salt replacement gen-
erally suffi ces while the renal lesion resolves.

Glucocorticoid therapy and withdrawal

Since their introduction into clinical medicine in the early 1950s, 
glucocorticoids have been used to treat virtually every known 
disease. At present, their rational use falls into two broad catego-
ries: replacement in adrenal insuffi ciency and pharmacothera-
peutic use. The latter category is largely related to the 
anti-infl ammatory properties of glucocorticoids but also includes 
their actions to lyze leukemic leukocytes, lower plasma calcium 
concentrations and reduce increased intracranial pressure. Virtu-
ally all these actions are mediated through glucocorticoid recep-
tors, which are found in most cells. Because there appears to be 
only one major type of glucocorticoid receptor, all glucocorti-
coids affect all tissues containing such receptors. Thus, with the 
exception of the distinction between glucocorticoids and miner-
alocorticoids, tissue-specifi c, disease-specifi c or response-specifi c 
analogs of naturally occurring glucocorticoids cannot be pro-
duced. The only differences among the various glucocorticoid 
preparations are their ratio of glucocorticoid to mineralocorti-
coid activity, their capacity to bind to various binding proteins, 
their molar potency and their biological half-life. Dexamethasone 
is commonly used in reducing increased intracranial pressure and 
brain edema. Neurosurgical experience indicates that the optimal 
doses are 10–100 times those that would thoroughly saturate all 
available receptors, suggesting that this action of dexamethasone 
may not be mediated through the glucocorticoid receptor.

Glucocorticoids are so termed because of their major actions 
to increase plasma concentrations of glucose. This occurs by their 
induction of the transcription of the genes encoding the enzymes 
of the Embden–Myerhoff glycolytic pathway and other hepatic 
enzymes that divert amino acids, such as alanine, to the produc-
tion of glucose. Thus, the coordinated action to increase the 
transcription of these genes can result in increased plasma con-
centrations of glucose, obesity and muscle wasting. The other 
features of Cushing syndrome are similarly attributable to the 
increased transcriptional activity of specifi c glucocorticoid-sensi-
tive genes.

Replacement therapy
Glucocorticoid replacement therapy is complicated by undesir-
able side effects with even minor degrees of overtreatment or 
undertreatment. Overtreatment can cause the signs and symp-
toms of Cushing syndrome and even minimal overtreatment can 
impair growth. Undertreatment will cause the signs and symp-
toms of adrenal insuffi ciency (Table 13.9) only if the extent of 
undertreatment (dose and duration) is considerable. However, 
undertreatment may impair the individual’s capacity to respond 
to stress.
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To optimize pediatric glucocorticoid replacement therapy, 
physicians have gauged their therapy to resemble the endogenous 
secretory rate of cortisol. Previous authorities recommended 
treatment equivalent to a secretory rate of 12.5  mg cortisol per 
square meter of body surface area per day, 9.5–15.5  mg/m2/day. 
The time-honored value of 12.5  mg/m2 is too high and appropri-
ate replacement may be as low as 6  mg/m2 in younger children 
and 9  mg/m2 in older children and adolescents.

The management of the delicate balance between over- and 
undertreatment is confounded by considerable variation in the 
normal cortisol secretory rate among different children of the 
same size and the probability that most conventional guidelines 
err on the side of overtreatment. Additional factors must, however, 
be considered in tailoring a specifi c child’s glucocorticoid replace-
ment regimen.

The specifi c form of adrenal insuffi ciency infl uences therapy. 
When treating autoimmune adrenalitis or any other form of 
Addison disease, it is prudent to err slightly on the side of under-
treatment. This will eliminate the possibility of glucocorticoid-
induced iatrogenic growth retardation and permit the pituitary 
to continue to produce normal to slightly elevated concentrations 
of ACTH. This ACTH will continue to stimulate the remaining 
functional adrenal steroidogenic machinery and provide a con-
venient means of monitoring the effects of therapy. In contrast, 
when treating CAH, the adrenal should be suppressed more com-
pletely, as any adrenal steroidogenesis will result in the produc-
tion of unwanted androgens, with their consequent virilization 
and rate of advancement of bony maturation that is more rapid 
than the rate of advancement of height.

The presence or absence of associated mineralocorticoid defi -
ciency is important. Children with mild degrees of mineralocor-
ticoid insuffi ciency, such as those with simple virilizing CAH, 
may continue to have mildly elevated ACTH values, suggesting 
insuffi cient glucocorticoid replacement in association with ele-
vated PRA. In some children, the ACTH is elevated in response 
to chronic compromised hypovolemia, attempting to stimulate 
the adrenal to produce more mineralocorticoid. In these chil-
dren, who do not manifest overt signs and symptoms of miner-
alocorticoid insuffi ciency, treatment with mineralocorticoid 
replacement may permit one to decrease the amount of gluco-
corticoid replacement needed to suppress plasma ACTH and 
urinary 17-ketosteroids. This reduction in glucocorticoid therapy 
reduces the likelihood that adult height will be compromised.

The specifi c formulation of glucocorticoid is of great impor-
tance. Potent long-acting glucocorticoids, such as dexamethasone 
or prednisone, are preferred in the treatment of adults but are 
rarely appropriate for children. Small, incremental dose changes 
are more easily carried out with weaker glucocorticoids. It is easy 
to change from 25 to 30  mg hydrocortisone but virtually impos-
sible to change from an equivalent 0.5 to 0.6  mg dexamethasone. 
The effi cacy of attempting to mimic the physiological diurnal 
variation in steroid hormone secretion remains controversial. As 
ACTH and cortisol concentrations are high in the morning and 
low in the evening, it is logically appealing to attempt to duplicate 

this circadian rhythm in replacement therapy but the results do 
not indicate clearly that better growth is achieved by giving larger 
doses in the morning and lower doses at night.

This probably refl ects the fact that ACTH and cortisol secretion 
are episodic throughout the day and that this well-established 
circadian variation is not smooth. The pattern of high in the 
morning and low in the evening is only an averaged result. 
Furthermore, the adrenal releases cortisol episodically through-
out the day in response to various physiological demands (e.g. 
hypoglycemia, exercise, stress); thus, under normal circum-
stances, the plasma concentrations are high when the clearance 
and disposal rates are also high. A planned program of replace-
ment therapy cannot possibly anticipate these day-to-day 
variations.

Finally, dosage equivalents among various glucocorticoids can 
be misleading (Table 13.7) because most preparations of gluco-
corticoids are intended for pharmacotherapeutic use rather than 
replacement therapy and because the most common indication 
for pharmacological doses of glucocorticoids is for their anti-
infl ammatory properties.

All these variables explain why there is little unanimity in rec-
ommendations for designing a glucocorticoid replacement 
regimen. An understanding of them will permit appropriate 
monitoring of the patient and encourage the physician to vary 
the treatment according to the responses and needs of the indi-
vidual child.

Commonly used glucocorticoid preparations
Numerous chemical derivatives and variants of the naturally 
occurring steroids are commercially available in a huge array of 
dosage, forms, vehicles and concentrations, all carrying confusing 
and uninformative brand names. Choosing the appropriate 
product can be simplifi ed by considering only the most widely 
used steroids listed in Table 13.7. There are four relevant 
considerations.

First, the glucocorticoid potency of the various drugs is gener-
ally calculated and described according to the anti-infl ammatory 
potency. The pharmaceutical industry has chosen this standard 
for convenience and because the majority of their sales are to 
physicians using pharmacological doses of these steroids to 
achieve anti-infl ammatory effects.

Second, the growth-suppressant effect of a glucocorticoid 
preparation may be signifi cantly different from its anti-infl am-
matory effect. This results from differences in half-life, metabo-
lism and protein-binding and receptor affi nity (potency) but it is 
not because of receptor specifi city as all known receptor-medi-
ated effects of glucocorticoids are mediated through a single type 
of receptor.

Third, the mineralocorticoid activity of various glucocorticoid 
preparations varies widely. Both glucocorticoid and mineralocor-
ticoid hormones can bind to both glucocorticoid (type I) and 
mineralocorticoid (type II) receptors and most authorities now 
regard these as two different types of glucocorticoid receptors and 
fi nd that there is no true specifi c mineralocorticoid receptor. 
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Mineralocorticoid activity is intimately related to the activity of 
11β-HSD, which metabolizes glucocorticoids but not mineralo-
corticoids to a form that cannot bind the receptor. Thus, the rela-
tive mineralocorticoid potency of various steroids is determined 
by both their affi nity for the type II receptor and their resistance 
to the activity of 11β-HSD. An understanding that some com-
monly used glucocorticoids, such as cortisol, cortisone, predniso-
lone and prednisone, have signifi cant mineralocorticoid activity 
is especially important when large doses are used as stress doses 
in a patient on replacement therapy. Stress doses of the glucocor-
ticoid preparation may provide suffi cient mineralocorticoid 
activity to meet physiological needs, so mineralocorticoid supple-
mentation is not needed.

Fourth, the plasma half-life and biological half-life of the 
various preparations may be discordant and vary widely. This is 
mainly related to binding to plasma proteins, hepatic metabolism 
and hepatic activation. For example, cortisone and prednisone 
are biologically inactive (and even have mild steroid antagonist 
actions) until they are metabolized by hepatic 11β-HSD-I to their 
active forms, cortisol and prednisolone. Thus, the relative gluco-
corticoid potency of these preparations will also be affected by 
hepatic function. Cortisone and prednisone are cleared more 
rapidly in patients receiving drugs such as phenobarbital or phe-
nytoin, which induce hepatic enzymes and are cleared more 
slowly in patients with liver failure.

In addition to these chemical considerations, the route of 
administration is critical. Glucocorticoids are available for oral, 
intramuscular, intravenous, intrathecal, intra-articular, inhalant 
and topical use on skin, mucous membranes and conjunctivae. 
Each preparation is designed to deliver the maximal concentra-
tion of steroid to the desired tissue while delivering less steroid 
systemically. All the preparations are absorbed to varying extents, 
so that the widely used inhalant preparations used to treat asthma 
can, in suffi cient doses, cause growth retardation and other signs 
of Cushing syndrome.

In general, and in contradistinction to many other drugs, orally 
administered steroids are absorbed rapidly but incompletely, 
whereas intramuscularly administered steroids are absorbed 
slowly but completely. Thus, if the secretory rate of cortisol is 
8  mg/m2 body surface area, the intramuscular or intravenous 
replacement dose of cortisol (hydrocortisone) would be 8  mg/m2. 
However, because only about half of an oral dose is absorbed 
intact, the oral equivalent would be about 15  mg hydrocortisone. 
The effi ciency of absorption of glucocorticoids can vary con-
siderably depending on diet, gastric acidity, bowel transit 
time and other individual factors. Thus, the dosage equivalents 
listed in Table 13.7 are only general approximations. The 
equivalences shown are estimated biological equivalences with a 
broad range of variability and are not physical chemical 
equivalents.

ACTH can also be used for glucocorticoid therapy by its action 
to stimulate endogenous adrenal steroidogenesis. Although intra-
venous and intramuscular ACTH are useful in diagnostic tests, 
the use of ACTH as a therapeutic agent is no longer favored, 

principally because it will stimulate synthesis of mineralocorti-
coids and adrenal androgens as well as glucocorticoids. Further-
more, the need to administer ACTH parenterally further 
diminishes its usefulness.

Intramuscular ACTH (1–39) in a gel form is the treatment of 
choice for infantile spasms (West syndrome) and possibly also 
for other forms of epilepsy in infants resistant to conventional 
anticonvulsants. Whether this action is mediated by ACTH itself, 
by other peptides in the biological preparation, by ACTH-induced 
adrenal steroids or by ACTH-responsive synthesis of novel 
“neurosteroids” in the brain has not been determined. When 
pharmacological doses of ACTH are used therapeutically, as in 
infantile spasms, the patient should be given a low-sodium diet 
to ameliorate steroid hypertension.

Although greatly elevated concentrations of ACTH, as in the 
ectopic ACTH syndrome, cause pituitary suppression, treatment 
with daily injections of ACTH results in less hypothalamo-pitu-
itary suppression than treatment with equivalent doses of oral 
glucocorticoids, presumably because the effect on the adrenal is 
transient. Adrenal suppression obviously does not occur in ACTH 
therapy. Because the effects of ACTH on adrenal steroidogenesis 
are highly variable, it is even more diffi cult to determine dosage 
equivalences for ACTH and oral steroid preparations than it is 
among the various steroids. A very rough guide from studies in 
adults is that 40 units of ACTH (1–39) gel is approximately equiv-
alent to 100  mg cortisol.

Pharmacological steroid therapy
Pharmacological doses of glucocorticoids are used in an endless 
variety of clinical situations. The choice of glucocorticoid prepa-
ration to be used is guided by pharmacological parameters 
(described above and in Table 13.7) and by custom (e.g. the use 
of betamethasone rather than dexamethasone to induce fetal lung 
maturation in impending premature deliveries). There is sub-
stantial variation in the relative glucocorticoid and mineralocor-
ticoid activities of different steroids, depending on the assay used, 
hence Table 13.7 is a summary from multiple studies and can 
only be regarded as an imprecise guide.

Pharmacological doses of glucocorticoids administered for 
more than 1–2 weeks will cause signs and symptoms of iatrogenic 
Cushing syndrome. These are similar to the glucocorticoid-
induced fi ndings in Cushing disease but may be more severe 
because of the high doses involved (Table 13.13). Iatrogenic 
Cushing syndrome is not associated with adrenal androgen effects 
and mineralocorticoid effects are rare.

Alternate-day therapy can decrease the toxicity of pharmaco-
logical glucocorticoid therapy, especially suppression of the 
hypothalamo-pituitary-adrenal axis and growth. The basic 
premise of alternate-day therapy is that the disease state can be 
suppressed with intermittent therapy, while there is signifi cant 
recovery of the hypothalamo-pituitary-adrenal axis during the 
“off” day. Alternate-day therapy requires the use of a short-acting 
glucocorticoid administered once in the morning of each thera-
peutic day to ensure that the “off” day is truly “off.” Long-acting 
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glucocorticoids, such as dexamethasone, should not be used for 
alternate-day therapy; results are best with oral prednisone or 
methyl prednisolone.

Withdrawal of glucocorticoid therapy
Withdrawal of glucocorticoid therapy can lead to symptoms of 
glucocorticoid insuffi ciency. When glucocorticoid therapy has 
been used for only 1 week or 10 days, therapy can be discontinued 
abruptly, even if high doses have been used. Although only one 
or two doses of glucocorticoid are needed to suppress the hypo-
thalamo-pituitary-adrenal axis, this axis recovers very rapidly 
from short-term suppression. When therapy has persisted for 2 
weeks or longer, recovery of hypothalamo-pituitary-adrenal 
function is slower and tapered doses of glucocorticoids are indi-
cated. Acute discontinuation of therapy in such patients will lead 
to symptoms of glucocorticoid insuffi ciency, the so-called steroid 
withdrawal syndrome. This symptom complex does not include 
salt loss, as adrenal glomerulosa function regulated principally by 
the renin-angiotensin system remains normal. However, blood 
pressure can fall abruptly, as glucocorticoids are required for the 
action of catecholamines in maintaining vascular tone.

The most prominent symptoms of the steroid withdrawal syn-
drome include malaise, anorexia, headache, lethargy, nausea and 
fever. In reducing pharmacological doses of glucocorticoids, it 
might appear logical to reduce the dosage precipitously to physi-
ological replacement doses. This is rarely successful and occasion-
ally disastrous. Even when given physiological replacement, 
patients who have been receiving pharmacological doses of glu-
cocorticoids experience steroid withdrawal.

Although the mechanism is not known, it is most likely that 
long-term pharmacological glucocorticoid therapy inhibits tran-
scription of the gene(s) for glucocorticoid receptors, thus reduc-
ing the number of receptors per cell. If this is so, physiological 
concentrations of glucocorticoids will elicit subphysiological cel-
lular responses, resulting in the steroid withdrawal syndrome. 
Thus, it is necessary to taper gradually from the outset. The dura-
tion of glucocorticoid therapy is a critical consideration in design-

ing a glucocorticoid withdrawal program. Therapy for a couple 
of months will completely suppress the hypothalamo-pituitary-
adrenal axis but will not cause adrenal atrophy. Therapy of years’ 
duration may result in almost total atrophy of the adrenal fas-
ciculata/reticularis, which may require a withdrawal regimen that 
takes months.

Procedures for tapering steroids are empirical. Their success is 
determined by the length and mode of therapy and by individual 
patient responses. Patients who have been on alternate-day 
therapy can be withdrawn more easily than those receiving daily 
therapy, especially daily therapy with a long-acting glucocorticoid 
such as dexamethasone. In patients on long-standing therapy, a 
25% reduction in the previous level of therapy is generally recom-
mended weekly. When withdrawal is carried out with steroids 
other than cortisone or cortisol, measurement of morning corti-
sol values can be a useful adjunct. Morning cortisol values of 
10  μg/dL or more indicate that the dose can be reduced safely.

Even after the successful discontinuation of therapy, the hypo-
thalamo-pituitary-adrenal axis is not wholly normal and may be 
incapable of responding to severe stress for 6–12 months after 
successful withdrawal from long-term high-dose glucocorticoid 
therapy. Evaluation of the hypothalamus and pituitary by a CRH 
or metyrapone test and evaluation of adrenal responsiveness to 
pituitary stimulation with an intravenous ACTH test should be 
performed at the conclusion of a withdrawal program and 6 
months thereafter. The results of these tests will indicate if there 
is a need for steroid cover in acute surgical stress or illness.

Stress doses of glucocorticoids
The cortisol secretory rate increases signifi cantly during physio-
logical stress such as trauma, surgery or severe illness. Patients 
receiving glucocorticoid replacement therapy or those recently 
withdrawn from pharmacological therapy need cover with stress 
doses. The indications for this cover and the appropriate dose are 
controversial and diffi cult to establish; most practitioners prefer 
to err on the safe side of steroid overdosage. This is a good tactic 
in the short term but can have a signifi cant effect on growth over 
a period of years.

It is generally said that doses 3–10 times physiological replace-
ment are needed for the stress of surgery. The stress accompany-
ing a surgical procedure can vary greatly. Modern techniques of 
anesthesiology, better anesthetic, analgesic and muscle-relaxing 
drugs and increased awareness of the particular needs of children 
in managing intraoperative fl uids and electrolytes have greatly 
reduced the stress of surgery. In the past, a signifi cant portion of 
such stress had to do with pain and hypovolemia but these should 
be minimized in contemporary practice. Similarly, part of the 
stress of acute illness is fever and fl uid loss, factors now familiar 
to all pediatricians. Although it remains appropriate and neces-
sary to give about three times physiological requirements during 
such periods of stress, it is probably not necessary to give much 
higher doses. Similarly, it is not necessary to triple a child’s physi-
ological replacement regimen during simple colds, upper respira-
tory infection, otitis media or after immunizations.

Table 13.13 Complications of high-dose glucocorticoid therapy.

Short-term therapy Long-term therapy

Gastritis
Growth arrest
Increased appetite
Hypercalciuria
Glycosuria
Immunosuppression
Masked symptoms of infection, especially 

fever and infl ammation
Toxic psychoses

Gastric ulcers
Short stature
Weight gain
Osteoporosis, fractures
Slipped epiphyses
Ischemic bone necrosis
Poor wound healing
Catabolism
Cataracts
Bruising (capillary fragility)
Adrenal/pituitary suppression
Toxic psychosis
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The preparation of the hypoadrenal patient on replacement 
therapy for surgery is simple if planned in advance. Although 
stress doses of steroids can be administered intravenously by the 
anesthetist during surgery, this may be suboptimal. Doses admin-
istered as an intravenous bolus are short acting and may not 
provide cover throughout the procedure. The transition from 
ward to operating room to recovery room usually involves a 
transition among three or more teams of personnel, increasing 
the risk for error. Because intramuscularly administered corti-
sone acetate has a biological half-life of about 18  h, we recom-
mend intramuscular administration of twice the day’s physiolog-
ical requirement at 18  h before surgery and again at 8  h before 
surgery. This provides the patient with a body reservoir of gluco-
corticoid throughout the surgical and immediate postoperative 
period. Regular therapy at two to three times physiological 
requirements can then be reinstituted on the day after the surgical 
procedure.

Mineralocorticoid replacement
Replacement therapy with mineralocorticoids is indicated in salt-
losing CAH and in syndromes of adrenal insuffi ciency that affect 
the zona glomerulosa. Only one mineralocorticoid, 9α-fl uoro-
cortisol (Fluorinef), is currently available. There is no parenteral 
mineralocorticoid preparation, so hydrocortisone and salt must 
be used.

Mineralocorticoid doses used are essentially the same irrespec-
tive of the size or age of the patient. Newborns are quite insensi-
tive to mineralocorticoids and may require larger doses than 
adults. The replacement dose of 9α-fl uorocortisol is usually 50–
100  μg/day; sodium must be available to the nephrons for min-
eralocorticoids to promote reabsorption of sodium.

Cortisol has signifi cant mineralocorticoid activity and, when 
given in stress doses, provides adequate mineralocorticoid activ-
ity so that mineralocorticoid replacement can be interrupted. 
Because 9α-fl uorocortisol can be administered only orally and 
because this may not be possible in the postoperative period, the 
appropriate drug for glucocorticoid replacement is cortisol or 
cortisone, which have mineralocorticoid activity, rather than a 
synthetic steroid such as prednisone or dexamethasone, which 
have little mineralocorticoid activity.
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The autoimmune polyglandular endocrinopathy syndromes 
(APS) encompass a wide clinical spectrum of disease with mono-
genic and complex genetic etiologies. The fi rst manifestation of 
these disorders is frequently in childhood or adolescence and 
their presentation is heterogeneous.

Autoimmune polyglandular syndrome type I

Defi nition
Autoimmune polyglandular syndrome type 1 (APS1), known as 
the autoimmune polyendocrinopathy–candidiasis–ectodermal 
dystrophy syndrome (APECED), is a rare and frequently debili-
tating disorder of childhood. It is inherited as an autosomal 
recessive condition; heterozygotes have no manifestations. The 
female : male ratio is close to 1. The clinical diagnosis of APS1 
requires the presence of two of the three cardinal components: 
chronic mucocutaneous candidiasis, autoimmune hypoparathy-
roidism and autoimmune adrenal failure [1–6]. Only one of these 
manifestations is required if a sibling has the syndrome [1]. There 
is a spectrum of associated minor components, which include 
endocrine and non-endocrine manifestations.

Large cohorts of APS1 patients have been reported from several 
countries including Finland [2,6], Norway [5], Israel [3], Sardinia 
[7], northern Italy [4] and northern America [1]. Although a rare 
disorder in most countries (about two or three cases per million 
in the UK [8]), it shows a founder effect leading to a much higher 
prevalence in certain populations: Finns 1 in 25 000 [2], Iranian 
Jews 1 in 9000 [3] and Sardinians 1 in 14 500 [7]. There are also 
differences in the phenotype between different populations: for 
example, chronic mucocutaneous candidiasis and adrenal failure 
are among the most common manifestations in most patients of 
European descent but are present in only about 20% of Iranian 
Jews [3,6].

Clinical features and course
The fi rst manifestation is typically mucocutaneous candidiasis, 
which develops in infancy or early childhood. Hypoparathyroid-
ism characteristically develops around the age of 7 years and 
adrenocortical failure by the age of 13 years (Fig. 14.1) [4,8,9]. 
The complete evolution of the three cardinal features usually 
occurs in the fi rst 20 years, with additional minor manifestations 
continuing to appear at least until the fi fth decade [1]. Although 
this temporal sequence of appearance of the major manifestations 
is frequently observed in childhood, APS1 subjects not uncom-
monly present in other ways, either with one cardinal feature and 
several minor manifestations or with several minor manifesta-
tions and characteristic ectodermal dystrophy. This variability 
in the early clinical picture can make the diagnosis of APS1 
challenging.

The median number of disease components is four, with up to 
10 manifestations in some subjects. The cardinal triad occurs in 
around 60% of subjects and there may be a delay in diagnosis in 
the early years when rarer components may dominate the clinical 
picture. Patients who present initially with adrenal insuffi ciency 
rather than candidiasis tend to develop fewer components than 
others [2,6]. It has also been reported that the earlier the fi rst 
component presents, the more likely that multiple components 
will develop [1,4]. Table 14.1 lists the cardinal and more common 
minor manifestations together with their frequency.

Cardinal manifestations
Chronic mucocutaneous candidiasis
Chronic or periodic mucocutaneous candidiasis (CMC) is com-
monly the fi rst manifestation of the syndrome, occurring as early 
as 1 month of age but more typically in the fi rst 2 years of life and 
it should alert the clinician to the possibility of APS1. It is fre-
quently mild or intermittent and responds well to periodic sys-
temic anticandidal treatment. In some subjects, CMC does not 
develop until adulthood [1,2] but it is the most frequently occur-
ring cardinal manifestation, present in 73–100% of patients 
[1,2,4–6]. It is considered to be the clinical expression of dysfunc-
tional presentation of Candida albicans antigens to T lympho-
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cytes. Oral candidiasis is the most common presentation but 
esophagitis is also found, causing substernal pain and odynopha-
gia. Infection of the intestinal mucosa leads to abdominal dis-
comfort and diarrhea. Candidal infection can also affect the 
vaginal mucosa, nails and skin.

Hypoparathyroidism
This is frequently the fi rst endocrine feature of APS1 [1–6,10], 
with a peak incidence between 2 and 11 years of age. Hypopara-
thyroidism occurs in 75–95% [1,2,4–6,9], although there appears 
to be a slightly reduced penetrance and later age of onset in males 
[11,12]. Hypoparathyroidism may be asymptomatic but presents 
typically with tetany and generalized seizures. Presentation may 
be precipitated by factors such as fasting, low calcium or high 
phosphate intake. The diagnosis is confi rmed by a low or unde-
tectable plasma parathyroid hormone (PTH) concentration in 
the presence of hypocalcemia. Hyperphosphatemia and hypo-
magnesemia are common, with low urinary calcium excretion. 
Autopsy studies of parathyroid glands from these patients show 
atrophy and an infi ltration of the parathyroids with mononuclear 
cells [10].

Adrenal failure
Autoimmune adrenal failure (Addison disease) is typically the 
third of the cardinal manifestations to present in APS1, with a 
peak incidence around 13 years [1–6,9]. In most populations of 
APS1 patients, it occurs less frequently than the other major 
components (72–100%) [1,2,4–6]. The destruction of the adrenal 
cortex may develop gradually and defi ciencies of cortisol and 
aldosterone can appear in either order up to 20 years apart [6]. 
At autopsy, the adrenals of these patients are atrophic, with the 
adrenal cortex being almost completely destroyed and having an 
extensive infl ammatory cell infi ltrate. The diagnosis of adrenal 
insuffi ciency is confi rmed by a normal or low cortisol concentra-
tion with increased adrenocorticotrophic hormone (ACTH) and 
a subnormal cortisol response to ACTH stimulation. A temporary 
hypermineralocorticoid-like state is seen in some patients with 
cortisol defi ciency, paradoxically leading to hypokalemia [6,12]. 
Defi ciency of aldosterone may be heralded by postural hypoten-
sion or salt craving and is confi rmed by a raised plasma renin 
activity even before the development of overt electrolyte 
disturbance.

Minor manifestations
Autoimmune endocrinopathies
Primary hypogonadism
Primary hypogonadism is the most common minor manifesta-
tion of APS1, occurring in 17–61% of cases [1–6,9,13]. It is almost 
invariably accompanied by adrenal failure. About half of APS1 
females with hypogonadism present with primary amenorrhea 
and the remainder have secondary amenorrhea. Male hypogo-
nadism has been reported from puberty onwards [6]. One male 
patient has been reported with azoospermia and possible anti-
sperm autoimmunity [6].
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Figure 14.1 Incidence of the three most common components of APS1 
according to age. (After Perheentupa [6]).

Table 14.1 Frequencies of the major and main minor components of APS1.

Disease Frequency (%)

Main manifestations
Chronic mucocutaneous candidiasis 72–100
Autoimmune hypoparathyroidism 76–93
Autoimmune adrenal failure 73–100

Common minor manifestations
Autoimmune endocrinopathies
 Hypergonadotropic hypogonadism 17–69
 Autoimmune thyroid disease  4–31
 Type 1 diabetes mellitus  0–33
 Pituitary defects  7
Gastrointestinal components
 Pernicious anemia 13–31
 Malabsorption 10–22
 Cholelithiasis 44
 Chronic active hepatitis  5–31
Skin autoimmune diseases
 Vitiligo  8–31
 Alopecia 29–40
 Urticarial-like erythema with fever 15
Ectodermal dysplasia
 Nail dystrophy 10–52
 Dental enamel hypoplasia 40–77
 Tympanic membrane calcifi cation 33
Other manifestations
 Keratoconjunctivitis  2–35
 Hyposplenism/asplenia 15–40

Data from European and North American patients [1,2,4–6,9,12]. Iranian Jews 
have distinctly different frequencies from the other populations and have been 
excluded.
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Type 1 diabetes mellitus
Type 1 diabetes mellitus is relatively infrequent in APS1 com-
pared with other polyendocrinopathy syndromes. There is an 
age-related penetrance with a peak presentation towards middle 
age [12]. There is a wide range in the reported prevalence between 
different APS1 populations from 0 to 23%, depending on age of 
the cohort [1–6,9].

Autoimmune thyroid diseases
Destructive autoimmune thyroid diseases (Hashimoto thyroiditis 
or primary atrophic thyroiditis) are relatively uncommon in APS1, 
occurring in 4–18% of cases. The age of presentation varies from 
around 10 years for Hashimoto thyroiditis to 17 years for primary 
atrophic thyroiditis [1,2,4]. Hyperthyroidism is very rare.

Pituitary defects
Pituitary defects such as lymphocytic hypophysitis or autoim-
mune pituitary disease have occasionally been described (approx-
imately 5%) and can induce single or multiple hormonal defects 
[9]. Cases of secondary hypogonadism [2], growth hormone defi -
ciency [12,14] and idiopathic diabetes insipidus [4] have been 
reported.

Gastrointestinal components
Chronic atrophic gastritis
This affects up to one-third of patients with APS1, with a peak 
incidence at 10–20 years [1–6,9]. It can lead to a megaloblastic 
anemia due to vitamin B12 defi ciency (pernicious anemia) or a 
microcytic anemia because of iron defi ciency.

Malabsorption
This occurs in 10–22% of cases [1–6,9] and can be due to a variety 
of causes including villous atrophy, exocrine pancreatic insuffi -
ciency, intestinal infections (Giardia lamblia or Candida), defec-
tive bile acid reabsorption and intestinal lymphangiectasia 
[4,6,15]. Autoimmune destruction of the enterochromaffi n cells 
of the small intestine leading to defi ciency of cholecystokinin and 
serotonin has been implicated [16]. The malabsorption presents 
with periodic or chronic diarrhea, usually with steatorrhea but 
may be associated with constipation. It can be a characteristic 
feature of an early “atypical” presentation of APS1 in the fi rst year 
of life, being an initial manifestation in around 10%. There is a 
strong association with the hypocalcemia of hypoparathyroidism, 
as hypocalcemia impairs the secretion of cholecystokinin leading 
to a failure of normal gallbladder contraction and pancreatic 
enzyme secretion.

Cholelithiasis
This is present in up to 40% by ultrasonography [9], is frequently 
asymptomatic and is thought to be secondary to disruption of the 
enterohepatic circulation.

Chronic active hepatitis
This develops in 5–30% of cases [1–6,9]. The clinical course 
varies from chronic but asymptomatic in the majority of cases to 

the development of cirrhosis or fulminant hepatic failure with a 
potentially fatal outcome [1,17]. It may present in early child-
hood and can be the fi rst manifestation of APS1 but the risk of 
hepatitis is low after adolescence. Elevation of serum alanine ami-
notransferase for more than 3 months, when no other cause such 
as viral or drug-induced hepatitis can be found, is an indication 
for liver biopsy [2]. Clinicians should be particularly vigilant in 
the early weeks after the identifi cation of abnormal liver function 
in APS1 subjects as rapid decompensation to frank liver failure 
may occur.

Skin autoimmune diseases
Vitiligo
Vitiligo can appear at any age but most commonly in childhood 
[1,9], affecting up to one-quarter of APS1 patients [1–6,9]. It is 
highly variable in extent and often worsens with time.

Alopecia
Alopecia affects about one-third of patients and can involve all 
body sites in varying degrees [1–6,9]. It can develop rapidly and 
at any age.

Recurrent urticaria with fever
This has been reported as an unusual manifestation in about 10% 
of patients during childhood. It may persist for many years and 
is strongly associated with uveitis. High concentrations of immu-
noglobulin G (IgG) and circulating immune complexes are found 
and skin biopsy reveals a lymphoplasmacytic vasculitis [6].

Other manifestations
Ectodermal dystrophy
This affects the nails and tooth enamel (Fig. 14.2). The pitted nails 
are unrelated to candidal infection and can be an important clue 
to the diagnosis of APS1. Dental enamel hypoplasia has been 
reported in 40–75% of patients [1–6,9], although deciduous teeth 
are never affected. Enamel hypoplasia can precede hypoparathy-
roidism and is unrelated to serum calcium concentrations. Even 
in the absence of ear infection, one-third of patients have calcifi ed 
plaques on the tympanic membranes [2,6].

Keratoconjunctivitis
Incidence varies from 10% to 40% between reports [1–6,9,10]. It 
is the fi rst manifestation of APS1 in some cases. The initial symp-
toms are intense photophobia, blepharospasm and lacrimation; 
permanent visual impairment and even blindness is not infre-
quent [6]. Some patients enter a quiescent phase around 10 years 
after onset.

Asplenia
Aspenia or hyposplenism has been documented by ultrasonogra-
phy or suggested by hematological parameters in up to 15% of 
APS1 cases [6]. It may be congenital or acquired, secondary to 
progressive autoimmune-mediated destruction or vascular insult 
to the spleen. It is suspected by a typical blood smear including 
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Howell–Jolly bodies and thrombocytosis. It causes an additional 
secondary immunodefi ciency, rendering subjects susceptible to 
pneumococcal sepsis.

Rarer associations
Several cases of selective IgA defi ciency and hypergammaglobu-
linemia have been reported [15]. Many patients have tuberculin 
anergy but whether this indicates an abnormal susceptibility to 
tuberculosis is unclear. Impairment of renal function, due to 
interstitial nephritis or iatrogenic nephrocalcinosis, was reported 
in more than 5% of Finnish cases and necessitates transplantation 
in some cases [6]. Neoplasia, most commonly squamous carci-
noma of the oral mucosa (in subjects with chronic oral Candida 
who smoke cigarettes) and adenocarcinoma of the stomach, is 
also seen. Other rare manifestations are listed in Table 14.2.

Sudden death
Sudden death is well recognized in established APS1 patients, 
their siblings and from postmortem studies of subjects in whom 

the diagnosis was not suspected [2,5,8]. It is presumed that these 
deaths result from undiagnosed adrenal failure, fulminant sepsis, 
hypoparathyroidism or a combination of these.

Genetics
The gene defective in APS1 was identifi ed by positional cloning 
in 1997 and is located on chromosome 21q22.3. It is named the 
autoimmune regulator or AIRE gene [18,19]. AIRE encodes a 
putative nuclear protein, containing several motifs suggestive of 
a transcription factor, including two zinc fi ngers. It is expressed 
in a variety of tissues of the immune system but particularly in 
the medullary epithelial antigen-presenting cells in the thymus, 
where it is thought to have an important role in the central induc-
tion of self-tolerance. The molecular mechanism by which the 
AIRE protein induces central tolerance is still unexplained; 
however, it is thought to be involved in the negative selective of 
potentially autoreactive thymocytes by regulating expression of 
self-antigens in the antigen presenting cells of the thymus [5,20]. 
In subjects with AIRE mutations, autoreactive T cells escape to 
the periphery leading to autoimmunity in selected organs [21]. 
AIRE has also been found to be expressed in peripheral dendritic 
cells and so may also have an additional role in the maintenance 
of peripheral immune tolerance [21]. A markedly reduced 
number of CD4+CD25+ T regulatory cells have been found in the 
peripheral blood of APS1 subjects which could be a secondary 
effect of AIRE mutations [22].

Over 60 different disease-causing mutations have now been 
described in the AIRE gene [2,4,5,7,18,19,21,23]. These include 
point mutations, insertions and deletions and are spread through 
the whole coding region of the gene. Mutations affecting splice 
sites have also been reported. The most frequent AIRE mutations 
include the founder Finnish mutation in exon 6 (R257X) [18,19] 
and the common northern European mutation in exon 8 
(964del13) [23]. This 13-bp deletion is seen frequently in Norwe-
gian patients and in White people from the USA and UK [23], 
where it accounts for more than 70% of all mutant AIRE alleles. 
Many patients with this 13-bp deletion carry the same haplotype 
over the 21q.22 region, which is evidence for a founder effect. The 
common Finnish AIRE mutation is also fairly prevalent (5–30%) 
in other subjects of White European ancestry [4,5]. Additional 
common mutations are found in isolated populations such as a 
mutation in exon 3 (R139X) found in Sardinians [7] and a muta-
tion in exon 2 (Y85C) in the Iranian Jewish population [2]. In 
several instances, only one mutant allele of the AIRE gene has 

(a) (b)

Figure 14.2 Ectodermal features of APS1 
illustrating (a) nail dystrophy and (b) dental enamel 
hypoplasia.

Table 14.2 Rarer minor manifestations having reported association with APS1 
[1–6,9].

Rare components of APS 1

Immunological
Selective IgA defi ciency
Hypergammaglobulinemia
Tuberculin anergy

Hematological
Pure red cell aplasia
Autoimmune hemolytic anemia

Renal
Interstitial nephritis
Hypercalcemia-based nephrocalcinosis

Malignant
Oral squamous cell carcinoma
Esophageal carcinoma
Adenocarcinoma of the stomach

Neurological
Intracranial calcifi cation
Progressive myopathy

Ophthalmic
Iridiocyclitis
Optic nerve atrophy
Retinal degeneration

Connective tissue
Sjögren syndrome
Cutaneous vasculitis
Scleroderma
Rheumatoid arthritis
Lupus-like panniculitis

Other
Metaphyseal dysplasia
Primary pulmonary hypertension
Lymphocytic myocarditis
Bronchiolitis obliterans pneumonia
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been reported in typical APS1 patients, suggesting that the second 
mutation might be located in the regulatory regions of the gene. 
Most of these mutations are believed to form null alleles that lead 
either to the synthesis of a truncated product or to the production 
of a nonsense transcript with a rapidly degraded mRNA. Missense 
mutations in the amino terminus of the protein may inhibit func-
tion by preventing dimerization or altering the distribution of the 
AIRE protein [24].

It is possible that the specifi c manifestations that develop in a 
particular APS1 patient may depend on alleles at other loci such 
as human leukocyte antigens (HLA), because the same AIRE 
mutations are associated with varying phenotypes and clinical 
course even among affected siblings [12,25]. No consistent asso-
ciations between APS1 manifestations and HLA alleles have been 
found but HLA-A28 shows a weak association with hypoparathy-
roidism, keratopathy and alopecia in this disease [2] and HLA-A3 
with ovarian failure [26]. Addison disease has been associated 
with HLA DRB1*03 and alopecia with HLA DRB1*04, DQB1*0302. 
Type 1 diabetes shows negative correlation with DRB1*15, 
DQB1*0602 [27]. Thus, HLA polymorphisms may explain some 
of the variability in phenotype seen in APS1, although no associa-
tion between HLA type and autoantibodies in APS1 patients is 
seen [27]. No correlation between cytotoxic T lymphocyte antigen 
4 (CTLA4) gene polymorphisms and APS1 have been found to 
date [9]; however, a negative correlation has been shown between 
the insulin gene polymorphism and the development of type 1 
diabetes in these subjects [28]. The factors determining an indi-
vidual phenotype are not understood and it is likely that there are 
several loci involved.

Autoantibodies and pathogenesis
The pathogenesis of many of the manifestations of APS1 is 
unclear but autoimmunity is involved in the development of the 
endocrinopathies and patients have circulating autoantibodies to 
a variety of antigens from other affected tissues. One recently 
identifi ed autoantibody is directed against interferons, in particu-
lar α-interferon (IFN-α) and IFN-ω and has almost 100% preva-
lence in APS1 subjects, regardless of the clinical picture or 
mutation type [29]. These anti-IFN autoantibodies have been 
found to be present at a very early stage and persist, being present 
after over 30 years of disease. They have not been found in any 
subjects with isolated AAD or APS2, so appear to be disease-
specifi c [25,29]. This clearly provides an excellent tool to aid in 
the diagnosis of APS1 in the prodromal stage or in atypical cases 
and suggests the intriguing possibility that these autoantibodies 
may modulate the expression of immune responses directly.

Steroid 21-hydroxylase (P450c21) and cholesterol side-chain 
cleavage enzyme (P450scc) are the major adrenal autoantigens; 
P450scc is the major gonadal autoantigen in APS1 patients [30]. 
Antibodies against at least one of P450scc, steroid 17α-
hydroxylase (P450c17) and P450c21 were found in 81% of APS1 
patients with and in 21% of those without adrenal failure. The 
presence of antibodies for at least one of these three enzymes 
correlates signifi cantly with gonadal failure in female but not 

male patients [4,5]. This is possibly because of the blood–testis 
barrier protecting the Leydig cells from immunological attack. 
Adrenal cell autoantibodies are frequently detectable in patients 
with candidiasis or hypoparathyroidism without adrenal failure. 
These patients are almost certain to develop adrenal failure [9].

Autoantibodies to the extracellular domain of the calcium-
sensing receptor have been reported in idiopathic hypoparathy-
roidism including up to 86% of subjects with APS1 [31,32]. This 
has not been replicated in several other studies [11,30], probably 
because of differences in assay technique and sensitivity [32,33]. 
In addition, antibodies against a novel parathyroid-specifi c 
antigen, NALP5, have recently been found in about half of APS1 
patients with hypoparathyroidism [34]. The prognostic signifi -
cance and pathophysiological role of these autoantibodies remains 
undetermined.

Glutamic acid decarboxylase 65 (GAD-65) autoantibodies 
have been found in 75% of patients with diabetes up to 8 years 
before the onset but these are non-specifi c and are also found 
in 40% of non-diabetic APS1 patients [35]. Antibodies against 
the IA-2 tyrosine phosphatase-like protein and insulin are less 
common in these patients compared with non-APS1-associated 
type 1 diabetes but have higher specifi city (96–100%) [11]. Cir-
culating antithyroid antibodies have been found to be a poor 
marker for predicting hypothyroidism in APS1 [4].

The main autoantigens for hepatitis in APS1 appear to be 
cytochrome P450 1A2 (CYP1A2), P450 2A6 (CYP2A6) and aro-
matic l-amino acid decarboxylase (AADC) [36]. CYP1A2 in par-
ticular appears to be a highly specifi c but insensitive marker for 
APS1 hepatitis [36]. Liver–kidney microsomal (LKM) autoanti-
bodies have been found in 50% of APS1 patients with chronic 
active hepatitis and 11% of APS1 patients without increased con-
centrations of hepatic enzymes [36]. Other hepatic autoantigens 
associated with non-APS1 autoimmune hepatitis, such as smooth 
muscle and antinuclear antibodies, are not found [36]. Trypto-
phan hydroxylase autoantibodies have been found to be a sensi-
tive predictor of autoimmune hepatitis in APS1 [30]. Although a 
rise in antibody titers to liver antigens may predate biochemical 
evidence of liver disease, raised autoantibodies are not found in 
all APS1 patients with autoimmune hepatitis at biopsy [17]. This, 
together with the broad spectrum of autoantigens found, suggests 
heterogeneity in pathogenesis, as well as outcome.

Antiparietal cell and intrinsic factor autoantibodies precede 
parietal cell atrophy. Villous atrophy is associated with endo-
mysial and/or tissue transglutaminase (TTG) autoantibodies [4]. 
Gastrointestinal dysfunction has been associated with autoanti-
bodies to tryptophan hydroxylase (48% cases), histidine decar-
boxylase and GAD-65 [30]. Vitiligo in APS1 is associated with the 
presence of complement-fi xing melanocyte autoantibodies [4] 
and has been associated with antibodies to the transcription 
factors SOX9, SOX10 [37] and to AADC [30]. Antibodies to 
tyrosine hydroxylase are found in APS1 subjects with alopecia 
areata [9].

Measurement of autoantibodies may be of limited use in 
patients with APS1 in determining their risk of developing new 
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components because the sensitivity of the antibody test may fre-
quently be less than the patient’s pre-existing risk of the compli-
cation. However, there are certain autoantibodies that are almost 
exclusive to APS1, particularly AADC, CYP1A2, tyrosine hydrox-
ylase, tryptophan hydroxylase, IFN-α and IFN-ω. This unique 
spectrum of autoantibodies can thus help to differentiate APS1 
and other autoimmune diseases (Table 14.3) [29,30].

Diagnosis of APS1
Perheentupa [6] found the classic criteria (two out of three car-
dinal manifestations) to be fulfi lled by 5 years in only 22%, by 10 
years in 67%, by 20 years in 89% and by 30 years in 93.5% of 
cases. In order to make a prompt diagnosis, all the different 
disease components should be considered. Suspicion should be 
high in patients under 30 years with mucocutaneous candidiasis, 
hypoparathyroidism, adrenal failure, ectodermal dystrophy, ker-
atoconjunctivitis, prolonged diarrhea, vitiligo or non-infectious 
hepatitis. Such patients should be checked for other manifesta-
tions, particularly the sometimes subtle nail signs of ectodermal 
dystrophy oral or ophthalmic components. DNA screening for 
AIRE mutations and an autoantibody screen should be consid-
ered in subjects with an atypical presentation.

There is often no clinical value in DNA analysis in subjects with 
two or more cardinal features but the molecular fi ndings in a 
proband will be of value in counseling and for screening siblings. 
All patients with established APS1 and those with one or more 
suspicious features need close follow-up for the development of 
new components. Their siblings should also be examined, as one 
of the cardinal manifestations or a defi nite ectodermal compo-
nent is diagnostic.

Diagnosis is often delayed, perhaps because of the long interval 
between development of the fi rst and second manifestation. Up 
to two-thirds of patients are not diagnosed until admission to 
hospital with acute adrenal insuffi ciency or hypocalcemic crisis 
and nearly half of these already have one major component of 
APS1 present [5]. Increased awareness of APS1 is essential to 
prevent fatalities. Mutational analysis has aided the early diagno-
sis of APS1 but it must be remembered that there are a large 
number of possible mutations and, in the UK, only the most 
common two are routinely screened. Thus, APS1 is not excluded 
by negative routine DNA analysis and the presence of one abnor-
mal allele in a child with a major or minor manifestation makes 
the diagnosis highly likely. The use of the recently identifi ed anti-
IFN autoantibodies may well have an important role in aiding 
diagnosis in the future [29]. The individual disease components 
of APS1 should be recognized by the standard endocrine surveil-
lance methods. The search for antibodies predicting new diseases 
can be an additional tool in aiding early diagnosis (Table 14.3).

Follow-up
The most important goal of this is the recognition of new disease 
components, which is essential as some manifestations are life-
threatening. These patients should be seen three or four times a 
year and have rapid access to an “expert” if any new problems 
arise. Each visit requires a thorough history and examination, 
particularly for oral mucocutaneous candidiasis and signs of 
evolving adrenal insuffi ciency, such as postural change in blood 
pressure. Blood should be taken for basal hormone, hematologi-
cal and biochemical markers and an occasional antibody screen 
performed (Table 14.4). This, together with a high index of clini-
cal suspicion, allows earlier diagnosis and treatment of additional 
components as they develop.

The early diagnosis of Addison disease is of particular impor-
tance. Individuals at risk need an annual measurement of ACTH 
until adrenocortical failure develops [2]. Plasma renin activity 
should be measured at the same time. Adrenal failure can evolve 
rapidly in APS1 and annual assessment may not be suffi cient to 
prevent acute presentations. The patient, immediate family and 
primary health care team must be made aware of the signs and 
symptoms of adrenal failure [8]. Postural blood pressure and 
serum electrolytes should be determined at each clinic visit, together 
with periodic screening for 21-hydroxylase autoantibodies.

Treatment
Treatment of the individual disorders is no different from treat-
ing patients with the isolated disorders, except that polypharmacy 

Table 14.3 The identifi ed autoantigens in APS1 for the more common disease 
components.

Disease component Autoantigens

APS1 (non-specifi c) IFN-α2, IFN-ω*

Major manifestations
Addison disease P450c21, P450scc, P450c17
Hypoparathyroidism Calcium-sensing receptor,† NALP5*

Minor manifestations
Gonadal failure P450c17, P450scc
Type 1 diabetes GAD65, insulin, 1A-2
Hashimoto thyroiditis Thyroid peroxidase, thyroglobulin
Graves disease TSH receptor, thyroid peroxidase
Autoimmune hepatitis CYP1A2,* CYP2A6, AADC,* LKM
Autoimmune gastritis/pernicious 

anemia
H/K-ATPase of gastric parietal cells, 

intrinsic factor
Celiac disease Transglutaminase, gliadin
Gastrointestinal dysfunction TPH,* histidine decarboxylase, GAD65
Vitiligo SOX9 and SOX10, AADC*
Alopecia Tyrosine hydroxylase*

Those marked *are almost exclusive to APS1 and thus helpful in differentiating 
APS1 from other autoimmune diseases [4,5,9,11,17,29–31,34–37].
†Not unequivocally proven, detection critically dependent on assay system [32].
1A-2, tyrosine phosphatase-like protein 1A-2; AADC, aromatic L-amino acid 
decarboxylase; CYP1A2, cytochrome P450 1A2; CYP2A6, cytochrome P450 2A6; 
GAD65, glutamic acid decarboxylase 65; LKM, liver–kidney microsomal; 
P450c21, steroid 21-hydroxylase; P450scc, cholesterol side-chain cleaving 
enzyme; P450c17, steroid 17α-hydroxylase; SOX, transcription factors; 
TPH, tryptophan hydroxylase.
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is the rule and that malabsorption may complicate therapy. The 
different endocrine failures are managed by conventional hor-
monal replacement, which may be complex when a patient has 
several endocrine defi ciencies. Immunosuppressive treatment 
with glucocorticoids can also complicate matters. Professional 
psychological support is needed for many patients. A high rate of 
depression, social isolation, alcoholism and substance misuse is 
reported, particularly as patients reach adulthood.

Mucocutaneous candidiasis is treated with local and/or sys-
temic antifungal drugs, dental care and oral hygiene, with expert 
oral surgical follow-up for refractory cases. Suppression of oral 
candidiasis is important because of the risk of oral carcinoma. 
Fluconazole or ketoconazole are indicated if topical treatments 
fail. Itraconazole is preferable to treat nail candidiasis but requires 
a course of 4–6 months [4]. These drugs can cause transient eleva-
tion of liver enzymes and occasionally hepatitis, so close monitor-
ing is required. Ketoconazole is a global P450 cytochrome 
inhibitor and so can precipitate decompensation in patients with 
marginal adrenal reserve.

In APS1 patients with adrenal failure and/or hypoparathyroid-
ism, serum calcium concentrations appear to be labile com-
pared with non-APS1 hypoparathyroidism and serious 
hypercalcemia can occur despite previous long periods of normo-
calcemia. Although standard doses of calcitriol or alfacalcidol can 
be used initially (20–50  ng/kg/day), patients with APS1 often 
require much larger doses of vitamin D analogs to maintain 
eucalcemia (3–5  μg/day being not unusual). This is presumed to 

be due to malabsorption and the intermittent nature of this 
can lead to marked hypercalcemia with rapid onset of renal 
impairment.

Our practice is to monitor serum calcium and phosphate con-
centrations 8-weekly with regular determinations of urinary 
calcium excretion. Standard treatment with vitamin D analogs 
often leads to hypercalciuria, so serum calcium concentrations 
need to be maintained at around the lower end of the normal 
range (2.0–2.2  mmol/L total serum calcium). The vicious cycle of 
hypocalcemia and malabsorption can usually be broken by an 
increased oral dose but parenteral therapy may be required in 
severe situations. Refractory cases may benefi t from monthly 
intramuscular (IM) injections of calciferol to maintain basal con-
centrations, in addition to the daily use of a short-acting sterol. 
Hypomagnesemia may contribute to resistance and require treat-
ment. Owing to the prevalence of nephrocalcinosis, our practice 
is to perform occasional (approximately 3- to 5-yearly) renal 
ultrasonography in subjects with hypoparathyroidism, taking the 
additional opportunity to assess the gallbladder and the size of 
the spleen. In patients with adrenal insuffi ciency, alteration of the 
cortisol dose will lead to an alteration in calcium absorption. Also 
of note is that unexplained hypercalcemia may be the fi rst sign of 
the development of adrenal failure.

There is a lack of prospective data regarding the treatment and 
outcome of APS1-associated hepatitis. Autoimmune hepatitis is 
treated with immunosuppressive therapy, most experience being 
with the use of prednisolone and/or azathioprine. Liver trans-
plantation has occasionally been reported in APS1-associated 
hepatitis [17]. Immunosuppressive therapy may increase the risk 
of Candida-related cancer and predispose the patient to general-
ized candidal infection [4]. Immunosuppressants are occasionally 
required for severe intestinal dysfunction with diarrhea and there 
can be an associated improvement in control of serum calcium 
concentrations. The use of prednisolone with azathioprine, 
methotrexate or cyclosporin A has been reported with varying 
symptomatic benefi ts [6]. Milder diarrhea has been found to 
respond to gut motility-reducing agents such as loperamide. Oral 
bile acid replacement therapy may help with fat malabsorption 
in patients with steatorrhea resulting from cholecystokinin defi -
ciency [16].

Live vaccines must be avoided in view of the underlying immu-
nodefi ciency [6] but, as splenic atrophy is a common component, 
all APS1 patients should receive polyvalent pneumococcal vaccine 
with measurement of antibody response 6–8 weeks later. Non-
responders or those who are asplenic should receive prophylactic 
daily antibiotics [8].

Prognosis
Many patients feel chronically unwell and the physical and psy-
chological impact of the multiple problems should not be under-
estimated. Despite improved survival, mortality rates are still high 
at 10–20% and a recent review in Finland has found the average 
age of death to be 34 years (range 6.8–63 years) [12]. Death is 
from a variety of causes including adrenal crisis, diabetic ketoaci-

Table 14.4 Investigations recommended in the routine follow-up of APS1 
patients to attempt to identify early development of new complications.

Disease component Blood screening investigation

Major manifestation
Addison disease U&E, ACTH, plasma renin activity, 

annual synacthen test
Hypoparathyroidism Serum calcium, phosphate, and 

magnesium

Minor manifestation
Hypogonadism Gonadotropin concentrations
Type 1 diabetes Glycosylated hemoglobin
Autoimmune thyroid disease fT3, fT4 and TSH
Autoimmune hepatitis Liver function tests
Atrophic gastritis/pernicious anemia FBC*
Hyposplenism/asplenism FBC*, blood smear†

ACTH, adenocorticotropic hormone; FBC, full blood count; TSH, thyroid 
stimulating hormone; U&E, urea and electrolytes.
*The presence of anemia on FBC results needs further investigation with ferritin, 
transferrin and serum iron concentrations if the anemia is microcytic and vitamin 
B12 concentrations if macrocytic.
†A blood smear indicating hyposplenism/asplenism (Howell–Jolly bodies, 
anisocytes, poikilocytes, target cells and burr cells) and/or the presence of 
thrombocytosis needs follow-up with an abdominal ultrasound to assess spleen 
presence and size.
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dosis, fulminant hepatic failure, oral carcinoma, septicemia, 
hypocalcemia, generalized candidal infection during immuno-
suppressive treatment, complications of kidney failure and alco-
holism [2,4,6]. Around 3% die before the diagnosis of APS1 has 
been made, with adrenal failure the likely cause. Depression and 
suicide is high among this patient group as the disease poses a 
great psychological burden, with the constant risk of developing 
life-threatening complications, disfi guring disease components 
and the requirement for multiple medications. Working capacity 
may be maintained in subjects with a limited number of mani-
festations but many are signifi cantly incapacitated [6,12].

Summary
The clinical presentation of APS1 is very variable. Diagnosis can 
be diffi cult initially when only one manifestation is present and 
it often takes years for others to appear. Increased awareness of 
the condition, combined with analysis of specifi c autoantibodies 
and mutational analysis of the AIRE gene, should help to diag-
nose this condition earlier and prevent serious complications and 
fatalities.

Autoimmune polyglandular syndrome type 2 
and associated disorders

Defi nition
APS2 is defi ned by the presence of primary adrenocortical insuf-
fi ciency with either autoimmune thyroid disease or type 1 diabe-
tes in the same individual. An autoimmune origin of all the major 
components should be demonstrated for the correct diagnosis of 
APS2. The association of autoimmune Addison disease and auto-
immune thyroid disease is known as Schmidt syndrome and the 
association of Addison disease with type 1 diabetes is also called 
Carpenter syndrome. Other endocrine and non-endocrine auto-
immune disorders occur with increased frequency in these indi-
viduals and their families [1].

APS3 is defi ned as the association between autoimmune 
thyroid disease and an additional autoimmune disease other than 
Addison disease [9]. Many clinical combinations can be found in 
APS3 and it can therefore be subdivided into 3A–D, depending 
on the associated conditions (Table 14.5) [9]. Some authors use 
the term APS4 to encompass an association of autoimmune dis-
eases not falling into the categories APS1–3 [9]. Many of these 
patients develop more classic APS2/3 manifestations later and 
this classifi cation describes an extremely heterogeneous group of 
patients. We feel that there is little clinical benefi t in its use and 
that it is generally more helpful to describe the individual 
components.

APS2
Clinical features and course
APS2 is rare, with an estimated prevalence of 4–5 per 100 000 
[38,39]. Clinical presentation can be at any age but is most fre-
quently in early adulthood, with a peak onset in the fourth decade. 

It is recognized less commonly in children and adolescents. It 
affects both sexes, with a female : male ratio of 3 : 1 [38].

Major manifestations
By defi nition, Addison disease is present in 100% of APS2 cases. 
Autoimmune thyroid disease occurs in 70–90% and type 1 dia-
betes in 20–50% [1,9,40,41]. Only about 10% have the complete 
triad [9,41]. Adrenal failure is the fi rst endocrine abnormality in 
around 50% but several minor APS2 components are often 
present at the diagnosis of adrenal failure, raising the possibility 
of APS2. On presentation with Addison disease, type 1 diabetes 
already exists in around 20% and autoimmune thyroid disease in 
around 30% but they may present more than 20 years before the 
diagnosis of adrenal failure. Autoimmune thyroid disease encom-
passes a variety of thyroid disorders, including Hashimoto thy-
roiditis, atrophic hypothyroidism, Graves disease and postpartum 
thyroiditis. Hypothyroidism is more common than Graves disease 
but Graves disease tends to present at a younger age in the context 
of APS2.

Delayed diagnosis and preventable deaths still occur in patients 
with undiagnosed adrenal failure. Signs and symptoms are often 
vague and non-specifi c until an adrenal crisis ensues. Low 
morning serum cortisol concentrations and electrolyte abnor-
malities (hyponatremia and hyperkalemia) represent late changes, 
occurring at or just before the onset of clinical adrenal insuffi -
ciency. Hyperpigmentation may be observed but may be absent 
in fair or red-headed subjects. Adrenal insuffi ciency may present 
as hypoglycemic seizures in children.

In those who already have type 1 diabetes, deterioration of 
glycemic control with recurrent hypoglycemia and a decrease in 
total insulin requirements can be the presenting sign. The onset 
of autoimmune hyperthyroidism or thyroxine replacement for 
newly diagnosed hypothyroidism leads to enhanced cortisol 
clearance and can precipitate adrenal crisis in subjects with sub-
clinical adrenocortical failure [42]. Clinicians should maintain a 
high degree of alertness for underlying adrenal failure before ini-
tiating thyroid hormone replacement. Conversely, cortisol inhib-
its thyrotrophin release, so thyroid stimulating hormone (TSH) 

Table 14.5 Classifi cation of APS3 [9].

Autoimmune 
thyroid disease 
plus

Autoimmune endocrinopathy excluding Addison 
disease, e.g. type 1 diabetes, POF, lymphocytic 
hypophysitis

3A

Autoimmune gastrointestinal disease, e.g. 
pernicious anaemia, celiac disease, autoimmune 
hepatitis

3B

Skin or neurological manifestations, e.g. alopecia, 
vitiligo, myasthenia gravis

3C

Connective tissue disease, e.g. SLE, rheumatoid 
arthritis, Sjögren syndrome

3D

POF, premature ovarian failure; SLE, systemic lupus erythematosus.
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concentrations are often high at the initial diagnosis of adrenal 
insuffi ciency (typically 5–10  mU/L) but return to normal after 
initiation of glucocorticoid replacement in the absence of coex-
istent thyroid disease. Adrenal insuffi ciency can mask the hyper-
glycemia of type 1 diabetes.

An increasingly recognized component of APS2 is latent auto-
immune diabetes in adults (LADA). By defi nition, this is diabetes 
developing in adulthood with a delay from diagnosis in the need 
for insulin therapy but with the presence of diabetes-associated 
autoantibodies [43]. Thus, the clinician needs to remain vigilant 
for the development of other autoimmune conditions regardless 
of the age of the patient.

Minor manifestations
These are listed in Table 14.6 together with their frequency. All 
these associated autoimmune disorders are present at lower fre-
quency in APS2 compared with APS1 and they are usually associ-
ated with their respective immunological markers. Primary 
hypogonadism is one of the most common minor manifestations 
in APS2/3 females, with premature ovarian failure leading to 
secondary amenorrhea in around 10% of women under 40 years. 
Testicular failure is very rare in APS2/3 [44]. Pituitary involve-
ment is very occasionally seen in APS2/3, with lymphocytic 
hypophysitis leading to empty sella syndrome, panhypopituita-

rism or isolated failure of any of the anterior pituitary hormones 
[45].

In contrast to APS1, hypoparathyroidism is very rare in APS2/3. 
If hypocalcemia does occur in APS2, celiac disease is the most 
likely reason and the fi nding of an elevated PTH concentration 
in the latter will distinguish the two. Hypoparathyroidism has 
been described in a few adult patients with parathyroid-suppress-
ing antibodies [31,44], often coexisting with autoimmune thyroid 
disease. Autoimmune hypoparathyroidism in childhood is almost 
pathognomic of APS1.

Incomplete APS2
Patients with autoimmune thyroid disease or type 1 diabetes and 
adrenal autoantibodies in the serum or patients with Addison 
disease and either thyroid and/or islet cell autoantibodies are 
sometimes classifi ed as incomplete APS2 [9]. Self-evidently, these 
patients may develop APS2 in the future, particularly those with 
evidence of subclinical disease such as an elevated TSH or 
impaired glucose tolerance. Annual screening by ACTH and 
renin measurement, together with education about the likely pre-
sentation of adrenal failure, is recommended for such individuals. 
About 30% of subjects with positive adrenal antibodies progress 
to adrenal failure over a 6-year period [46]. Patients with either 
autoimmune thyroid disease or type 1 diabetes alone but who 
have a sibling with APS2, are also classifi ed by some authors as 
having incomplete APS2, because of their possible higher risk of 
adrenal failure [9].

APS3
APS3 is defi ned as the association between autoimmune thyroid 
disease and autoimmune disorders other than Addison disease. 
Hashimoto thyroiditis is the most common form of autoimmune 
thyroid disease, although Graves disease and postpartum thyroid-
itis are also seen. Autoimmune thyroid diseases tend to increase 
in incidence in the teenage years, with a peak in the fourth decade 
for Graves disease and in the fi fth and sixth decades for autoim-
mune hypothyroidism. Autoimmune thyroid disease is most 
commonly isolated and polyglandular involvement in the form 
of APS3 or APS2 is rare (approximately 5%). Only 1% of patients 
with isolated autoimmune thyroid disease have adrenal autoan-
tibodies (with risk of APS2), whereas 3–5% have either pancreatic 
islet autoimmunity and/or clinical type 1 diabetes [47].

Autoimmune thyroid disease is more commonly associated 
with pernicious anemia, vitiligo, alopecia, myasthenia gravis and 
Sjögren syndrome and autoimmune thyroid disease should be 
sought prospectively in patients with these conditions. Around 
30% of subjects with vitiligo have another autoimmune disorder, 
with autoimmune thyroid disease and pernicious anemia 
being the most common. Many patients with vitiligo are asymp-
tomatic and other autoimmune diseases are diagnosed only by 
prospective screening, including evaluation of autoantibody 
status [44,48]. Up to 15% of patients with alopecia and nearly 
30% of those with myasthenia gravis have autoimmune thyroid 
disease.

Table 14.6 Minor manifestations frequently associated with APS2 [9,40,41,44].

Frequency (%)

Minor manifestation
Pernicious anemia 1–25
Gonadal failure:

 Females 3.5–10
 Males 1–2
Vitiligo 4–12
Alopecia 2–5
Autoimmune hepatitis 4
Malabsorption (including celiac disease) 1–2
Sjögren syndrome 1
Neoplasias 3

Rarer manifestations
Endocrine Neurological
Pituitary involvement Myositis
Hypophysitis Myasthenia gravis
Empty sella syndrome Neuropathy
Late-onset hypoparathyroidism Stiff man syndrome

Gastrointestinal Other
Ulcerative colitis Sarcoidosis
Primary biliary cirrhosis Serositis

Dermatological Selective IgA defi ciency
Granuloma annulare Idiopathic heart block
Dermatitis herpetiformis Idiopathic thrombocytopenia purpura

Rheumatoid arthritis
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Genetics
APS2 is a genetically complex and multifactorial disease. It clus-
ters in families and appears to show an autosomal dominant 
pattern of inheritance with incomplete penetrance in some [49]. 
Susceptibility is determined by multiple genetic loci that interact 
with environmental factors. Only two genes have shown consis-
tent association with APS2: HLA and CTLA4. Of these, HLA 
appears to have the strongest gene effect [1]. Two further genes 
show some evidence for association in autoimmune Addison 
disease (ADD) and are thus likely to have a role in APS2, PTPN22 
and CYP27B1.

HLA and APS2
Many of the component disorders in APS2, including autoim-
mune thyroid disease, type 1 diabetes, Addison disease, celiac 
disease, myasthenia gravis, selective IgA defi ciency and dermatitis 
herpetiformis, are associated with the same extended HLA hap-
lotype: HLA-A1, HLA-B8, HLA DR3, DQA1*0501, DQB1*0201 
(DQ2). Thus, unsurprisingly, HLA DR3, DQB1*0201 is associated 
with APS2 [9,50]. Type 1 diabetes and, to a lesser extent, Addison 
disease also show association with HLA DR4, DQA1*0301, 
DQB1*0302 (DQ8) [50,51] and HLA DR5 shows association in 
patients with a combination of Addison disease and autoimmune 
hypothyroidism [9]. Some 35% of individuals with type 1 diabe-
tes are heterozygous for the HLA DR3/DR4 combination, with 
about 50% of children developing type 1 diabetes under 5 years 
having this combination of haplotypes.

Although specifi c HLA haplotypes infl uence susceptibility to 
APS component disorders, others appear to be protective. The 
haplotype DR2 (DRB1*1501), DQA1*0102, DQB1*0602 appears 
to provide dominant protection against type 1 diabetes, even in 
the presence of insulin autoantibodies [49]. Similarly patients 
with P450c21 autoantibodies and DRB1* 0401 and DRB1*0402 
appear to progress to adrenal failure less often [52].

CTLA4
CTLA4 encodes an important negative regulator of T-cell activa-
tion that is expressed on the surface of activated T lymphocytes. 
Alleles of CTLA4 have been linked primarily to autoimmune 
thyroid disease, both Graves disease and Hashimoto thyroiditis 
[53,54] but there is also a weaker effect in type 1 diabetes [51,55]. 
Addison disease (either isolated or as part of APS2) has been 
shown to be associated with CTLA4 alleles, particularly in a sub-
group of patients carrying HLA DQA1*0501 [53,56,57]. Other 
studies have shown association with Addison disease in certain 
populations only [51] or failed to fi nd association [58].

PTPN22 and CYP27B1
The PTPN22 gene encodes lymphoid tyrosine phosphatase (LYP), 
which has a key role in early T-cell activation. Association with a 
functionally signifi cant tryptophan for arginine variant in LYP 
has been found in a mixed UK cohort of AAD and APS2 subjects 
[59] and in Norwegian subjects [60] but this was not replicated 
in a German AAD cohort [61]. CYP27B1, the gene encoding 

vitamin D 1α-hydroxylase, is involved in immune regulation and 
cell proliferation. Two small studies have shown association of 
CYP27B1 alleles with AAD [62,63].

The association of the component disorders in APS2 is there-
fore, in part, related to the shared susceptibility alleles of HLA, 
CTLA4 and PTPN22 conferring risk to the different diseases. It is 
also likely that there is a complex interaction between these vari-
ants, CYP27B1 and other as yet unidentifi ed loci and environ-
mental factors.

Autoantibodies and pathogenesis
The pathogenesis of autoimmunity in APS2 is considered as a 
multifactorial or complex genetic trait, similar to that of the 
individual disease components. There are several hypotheses to 
explain why autoimmunity occurs against multiple organs in 
individuals with APS. It has been suggested that this may result 
from a shared epitope(s) between an environmental agent and a 
common antigen present in several endocrine tissues [64] or that 
the organs derived from the same germ layer expressing common 
germ layer-specifi c antigens could serve as targets for the autoim-
mune response in APS [65]. More likely, there is a subtle thymic 
defect of negative selection of autoreactive T cells, caused either 
by a defect in T-cell apoptosis or by a problem in presentation 
of self-antigens. This may be most severe for low-abundance 
specialist antigens, such as those needed for the biosynthesis, 
secretion and regulation of the various hormones. Defects in 
CD4+CD25+ regulatory T-cell suppressor function [66] and 
impaired caspase-3 expression by peripheral T cells [67] have also 
been demonstrated. Thus, loss of peripheral suppression and/or 
defective peripheral apoptosis could be involved in the pathogen-
esis of this syndrome [66,67].

At the onset of autoimmune adrenal failure, adrenal cell auto-
antibodies or P450c21 autoantibodies are detectable in >90% of 
patients [9,39]. P450c21 has been identifi ed as the major adrenal 
antigen in autoimmune adrenalitis and these antibodies are 
present in 80–90% of patients with disease duration under 15 
years, declining to 60% with disease duration over 15 years. These 
P450c21 autoantibodies are highly specifi c, being found in only 
0.5% of healthy subjects and those with other autoimmune dis-
eases. Some 40–50% of patients with such adrenal autoantibodies 
have abnormal ACTH stimulation tests. Thus, P450c21 autoan-
tibodies have a high predictive value for clinical Addison disease 
[39]. Spontaneous disappearance of adrenal antibodies has been 
reported in up to 20% of cases [39] but disease is permanent in 
patients who have an abnormal ACTH stimulation test.

Other steroid-producing cell autoantibodies (SCA), such as 
P450c17 and P450scc, are present in 20–30% patients with Addison 
disease and are more frequent in females than males [39,68]. There 
is a strong association between the presence of SCA and ovarian 
failure in women with APS2/3 but SCA are extremely rare in 
women with ovarian failure with no signs of adrenal autoimmu-
nity [39,68]. Because of the shared antigens of the steroidogenic 
enzymes, adrenal autoimmunity is more common (approximately 
10%) in those subjects with established gonadal failure.
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Autoimmune thyroid disease or type 1 diabetes is a frequent 
component of APS2. Thyroperoxidase (TPO) and thyroglobulin 
(TG) are the major thyroid antigens. In Hashimoto thyroiditis, 
TPO autoantibodies are found in 90–100% and TG autoantibod-
ies in 60–70%. They are both also frequently found in Graves 
disease, where TSH receptor autoantibodies are found in approx-
imately 90% of cases [44]. Many patients with thyroid autoanti-
bodies but normal TSH progress very slowly to clinical disease 
[69].

Islet cell autoantibodies are found in around 80% of new-onset 
type 1 diabetes patients [39]. The main islet autoantigens are 
insulin, GAD65 and the tyrosine phosphatase-related protein IA-
2. Among recently diagnosed subjects with type 1 diabetes, the 
prevalence of antibodies to insulin and IA-2 is dependent on age, 
being most frequent in children and adolescents with type 1 dia-
betes but less than 30% with adult onset or LADA [43]. The fre-
quency of antibodies to GAD65 is 70–80% and is not infl uenced 
by age; this therefore gives the highest diagnostic sensitivity in 
LADA [43,70]. In one investigation, all APS2 patients with type 
1 diabetes were positive for GAD65 antibodies but only 54% of 
those with antibodies had type 1 diabetes. In comparison, IA-2 
antibodies are less sensitive but more specifi c for type 1 diabetes 
[39].

Gastric parietal cell autoantibodies are found in about 90% of 
patients with chronic autoimmune gastritis or pernicious anemia 
[71] and in 30% of their non-anemic fi rst-degree relatives. The 
major autoantigen is gastric H/K-ATPase. Around 70% of patients 
with pernicious anemia are also positive for intrinsic factor auto-
antibodies that block the binding of vitamin B12 to intrinsic factor 
[44]. Tissue transglutaminase (TTG) is the major autoantigen in 
celiac disease. IgA TTG antibodies are more specifi c for celiac 
disease than IgG but both have a high diagnostic sensitivity and 
specifi city. There is good correlation between endomysial auto-
antibodies and TTG antibodies [44].

Diagnosis and follow-up
Once APS2/3 is suspected, a full assessment of endocrine function 
is needed. The number of disorders that will develop and the age 
at which they will present is unpredictable, so long-term follow-
up is needed. A high clinical index of suspicion needs to be 
maintained, particularly in those subjects who have yet to develop 
adrenal failure or diabetes. Presymptomatic recognition of auto-
immune disease minimizes associated morbidity and mortality. 
There is a clear link between the presence of organ-specifi c auto-
antibodies and the progression to disease, although there is often 
an asymptomatic latent period of months or years. The absence 
of autoantibodies does not exclude the risk of a disease 
component.

In any patient with clinical and biochemical signs of adrenal 
insuffi ciency, determination of P450c21 autoantibodies demon-
strates the autoimmune nature of the disease [44]. In those who 
are autoantibody “negative” on the fi rst screen, these should be 
repeated and are often found to become positive within the fi rst 
few months of developing adrenal failure. An etiological diagno-

sis should be sought in all subjects but the presence of autoim-
mune disorders in family members is suggestive of auto-
immunity. In all patients with Addison disease, there is a need to 
screen for other endocrine disorders, particularly autoimmune 
thyroid disease and type 1 diabetes. At diagnosis, screening for 
TPO and GAD65 autoantibodies is worthwhile. If negative, this 
should be repeated occasionally, perhaps every 2–3 years. In chil-
dren or adolescents with Addison disease, determination of 
insulin and IA-2 autoantibodies is a sensitive predictor of type 1 
diabetes, particularly if both autoantibodies are present. If these 
β-cell autoantibodies are found, an assessment of fasting blood 
glucose and, in some cases, an oral glucose tolerance test are 
required.

The determination of thyroid function should be carried out 
at least annually for early recognition of thyroid disease in all 
subjects with type 1 diabetes and Addison disease. The determi-
nation of P450c17 and P450scc antibodies in females with 
Addison disease and APS2 may identify subjects at high risk from 
primary hypogonadism before gonadotropins become elevated. 
Such subjects may be suitable for cryopreservation of ovarian 
material.

The determination of P450c21 autoantibodies should be per-
formed in children presenting with type 1 diabetes as positive 
adrenal autoantibodies are highly predictive of future adrenal 
insuffi ciency [39]. In subjects with P450c21 autoantibodies, an 
ACTH stimulation test, determination of electrolytes and plasma 
renin activity enables identifi cation of patients with preclinical 
adrenal dysfunction. If normal, the ACTH stimulation test should 
be repeated yearly with interval determination of postural blood 
pressure and electrolytes. Regardless of antibody status, patients 
with persistent or worsening symptoms after treatment of auto-
immune thyroid disease and subjects with type 1 diabetes who 
have brittle control or persistent lethargy or those with unex-
plained vague symptoms should be screened biochemically for 
Addison disease.

An increased frequency of IgG–TTG antibody has been found 
in type 1 diabetes children but the prevalence in adult Addison 
or type 1 diabetes patients is the same as in the healthy popula-
tion. Thus, they should be included in APS2/3 screening of chil-
dren but limited in adults to cases with clinical or laboratory signs 
of malabsorption. Positive TTG antibodies in children require 
follow-up with an intestinal biopsy to confi rm the diagnosis of 
celiac disease. The predictive value of gastric parietal cell or 
intrinsic factor autoantibodies for autoimmune gastritis and per-
nicious anemia is limited by the frequent occurrence of these 
in healthy fi rst-degree relatives and in the general population 
(approximately 5–10%). A blood count to detect macrocytosis is 
a more useful routine investigation, although neurological fea-
tures of vitamin B12 defi ciency can be present in the absence of 
anemia. Thus, vitamin B12 concentrations should be measured 
urgently if clinically suspected.

Screening for APS2-associated disorders should also be per-
formed in women with primary or secondary amenorrhea or 
premature ovarian failure and young patients with vitiligo. As 
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APS2 shows strong familial tendencies, family members should 
also be checked for features of associated endocrine conditions.

Management
Hormone replacement or other therapies for the component dis-
eases of APS2 are similar whether the disease occurs in isolation 
or in association with other conditions and disorders should be 
treated as they are diagnosed but certain combinations of diseases 
require specifi c attention. Most importantly, thyroxine therapy 
for hypothyroidism can precipitate a life-threatening adrenal 
crisis in a patient with untreated and unsuspected adrenal insuf-
fi ciency [42]. Thus, to avoid adrenal crisis, clinicians should 
maintain a high degree of suspicion for coexisting adrenal failure 
in subjects who are hypothyroid. Hyperthyroidism increases cor-
tisol clearance so, in patients with adrenal insuffi ciency who have 
unresolved hyperthyroidism, glucocorticoid replacement should 
be at least doubled until the patient is euthyroid. Decreasing 
insulin requirements or increasing occurrence of hypoglycemia 
in type 1 diabetes can be one of the earliest indications of adre-
nocortical failure. One of the most important aspects of manag-
ing these patients is to be continually alert to the possibility of 
the development of further endocrinopathies to insure early diag-
nosis and treatment.

Prognosis
Mortality in patients with primary adrenal insuffi ciency appears 
to be elevated about twofold compared to the background popu-
lation [72]. Life expectancy is often reduced as a consequence of 
unrecognized adrenal crisis but infectious disease, cardiovascular 
disease and cancer also appear to be increased. Despite adequate 
hormonal replacement, quality of life is often impaired in these 
patients, with predominant complaints being unpredictable 
fatigue, lack of energy, depression and anxiety. It has been shown 
that the number of patients receiving disability pensions is 
two- to threefold higher than the general population in certain 
countries [73].

Summary
A high index of suspicion needs to be maintained whenever one 
organ-specifi c autoimmune disorder is diagnosed in order to 
prevent morbidity and mortality from the index disease as well 
as associated diseases. Further defi nition of susceptibility genes 
and autoantigens, as well as a better understanding of the patho-
genesis, is required to improve the diagnosis and management of 
these patients.

Miscellaneous disorders with autoimmune 
endocrinopathies

Immune dysregulation, polyendocrinopathy and 
enteropathy (X-linked) syndrome
Immune dysregulation, polyendocrinopathy and enteropathy (X-
linked) syndrome (IPEX) is a rare and devastating X-linked con-

dition of male infants, affecting immune regulation and resulting 
in multiple autoimmune disorders. The fi rst feature is commonly 
intractable diarrhea and failure to thrive due to autoimmune 
enteropathy occurring around 3–4 months of age. Type 1 diabe-
tes and autoimmune hypothyroidism develop in the fi rst year of 
life in around 90% and 50% of males, respectively. Additional 
clinical features include eczema, autoimmune hemolytic anemia, 
autoimmune thrombocytopenia, recurrent infections, lymphade-
nopathy, membranous nephropathy and striking growth retarda-
tion. Other autoimmune features are less frequent [74]. Sepsis 
may result from a primary defect in immune regulation but is 
exacerbated by autoimmune neutropenia, immunosuppressive 
drugs, malnutrition, enteropathy and eczema.

The condition is heterogeneous in its presentation, with the 
occasional case not presenting until later childhood or adulthood 
[75]. Diabetes or eczema is a not infrequent initial presentation 
but any of the disease components can present fi rst. There are 
no estimates of incidence but it is likely to be underdiagnosed 
because of the clinical variability in presentation and the presence 
of frequent new mutations. Intermittent eosinophilia and raised 
IgE concentrations are found in many patients but there is an 
absence of any other consistent features of immunodefi ciency. 
The presence of autoantibodies appears to be variable. The most 
consistent pathological fi nding is total villous atrophy of the small 
intestine, with infl ammatory cell infi ltration of the lamina propria. 
Diagnosis relies on the clinical presentation, family history and 
elimination of other diagnoses with similar presentations. Genetic 
screening has proved useful in some cases. There is a high mortal-
ity in these infants, many succumbing to the untreatable diarrhea, 
malnutrition and superimposed infections by 24 months of age. 
Survival into adolescence is occasionally seen with the use of 
aggressive immunosuppression and parenteral feeding, although 
symptoms are rarely entirely relieved [74,76]. There are increas-
ing reports of the use of bone marrow transplantation in these 
infants but experience is very limited [74].

IPEX was fi rst reported more than 20 years ago in a large family 
with typical X-linked recessive inheritance [75]. IPEX appears to 
be mediated by an abnormality in CD4+ T-cell regulation, with 
evidence for increased T-cell activation and overproduction of 
cytokines. By recognition of a similar phenotype in a murine 
model, mutations in the FOXP3 gene, located at Xp11, encoding 
a transcription factor belonging to the forkhead/winged-helix 
family, were found in IPEX boys [74]. An increasing number of 
mutations have been reported, mainly in the coding region of 
FOXP3, although one mutation in the regulatory region has also 
been found [74,76]. FOXP3 is specifi cally expressed in naturally 
arising CD4+CD25+ regulatory T cells and appears to convert 
naïve T cells to this regulatory phenotype. Thus, FOXP3 is a criti-
cal regulator of CD4+CD25+ T-cell development and function 
[77]. Severe autoimmunity in FOXP3 defi ciency may in part 
therefore be caused by aggressive helper T-cells that develop from 
regulatory T-cell precursors that cannot mature because of a lack 
of FOXP3 [78]. In a few cases, no mutation has been identifi ed. 
Although female carriers of FOXP3 mutations appear to be 
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healthy, a small number of cases of an IPEX-like syndrome have 
been reported recently in families with affected girls in whom no 
mutation was found [76]. It is likely that there may be an auto-
somal locus accounting for the problem in some families and 
mutations in the IL-2 receptor subunit CD25 have been shown 
to cause a similar syndrome [79]. This genetic heterogeneity may 
explain some of the clinical variation seen in this syndrome but, 
as yet, no obvious genotype–phenotype relationship has been 
identifi ed and other modifying genes, such as HLA, as well as 
environmental factors may infl uence the outcome.

Autoimmune lymphoproliferative syndrome
Autoimmune lymphoproliferative syndrome (ALPS) was fi rst 
described in 1967, although the etiology and pathogenesis of the 
condition were unknown [80]. Onset is usually in the fi rst 2 years 
of life and the characteristic feature in all cases is massive general-
ized lymphadenopathy. Hepatosplenomegaly and hematological 
autoimmunity (hemolytic anemia and thrombocytopenia) are 
also frequent manifestations. Other autoimmune conditions, 
including thyroid autoimmunity and type 1 diabetes, have occa-
sionally been reported as part of this syndrome [81]. Character-
istically, fever, infections or immunosuppressive therapy lead to 
a decrease in the degree of lymphadenopathy and hepatospleno-
megaly and an improvement in the autoimmune phenomena. 
ALPS tends to follow a chronic course, with the response to 
immunosuppressive drugs varying. Splenectomy is usually per-
formed to reduce the lymphadenopathy and improve the throm-
bocytopenia and hemolytic anemia, although this leads to an 
increased risk of infections in patients who are often neutropenic. 
Long-term outcome is variable, although survival into adulthood 
has been reported, when an increase in malignancy is seen [82]. 
Allogenic bone marrow transplantation has been found to be a 
successful treatment in a few children.

Mutations of the Fas receptor or of its ligand FasL are respon-
sible for ALPS type 1a and 1b, respectively [82]. ALPS type 2 is a 
clinical variant caused by mutations in the caspase-10 gene. Fas 
is a key receptor in the apoptotic pathway and the binding of FasL 
to Fas leads to apoptosis by activating a series of events involving 
a group of proteases called caspases. The defective apoptotic 
function in ALPS leads to an accumulation of lymphocytes (par-
ticularly CD3+CD4−CD8−), including potentially autoreactive 
cells.

Kabuki make-up syndrome
Kabuki make-up syndrome (KMS) is a syndrome of unknown 
cause, although probably genetic, consisting of fi ve characteristic 
manifestations:
1 Dysmorphic face with eversion of the lower lateral eyelid, 
arched eyebrows with sparseness of their lateral one-third, long 
palpebral fi ssures with long eyelashes, depressed nasal tip and 
prominent large ears (100%);
2 Unusual dermatoglyphic patterns (96%);
3 Skeletal abnormalities and hypermobile joints (88%);
4 Mild to moderate mental retardation (84%); and

5 Postnatal growth retardation with short stature (55%) [83].
Other well-recognized features include dental abnormalities, 
susceptibility to infections, particularly recurrent otitis media, 
cardiovascular anomalies, renal and urinary tract anomalies, 
biliary atresia, diaphragmatic hernia and anorectal anomalies. 
Less common associations include growth hormone defi ciency, 
primary ovarian dysfunction, Hashimoto thyroiditis, type 1 dia-
betes, hypoglycaemia and vitiligo [81,83]. Other endocrine 
abnormalities reported in these patients include most commonly 
isolated premature thelarche occurring in around 25% as early as 
4 months of age. True central precocious puberty is rarely seen. 
Elevated gonadotropin concentrations particularly follicle stimu-
lating hormone (FSH), are found and although unknown the 
etiology has been postulated to be secondary to low hypothalamic 
sensitivity to the suppressive effects of sex hormones on gonado-
tropin secretion [83]. Rare endocrine fi ndings include growth 
hormone defi ciency, hypoglycemia, congenital hypothyroidism 
and type 1 diabetes [83].

It has been recognized most commonly within the Japanese 
population (incidence 1 in 32 000) but it is now recognized in all 
countries. Patients often survive with a good prognosis unless 
they have severe complications such as cardiovascular, hepatic or 
renal disease [83]. Males and females are affected equally and 
most cases are sporadic, although a few familial cases have been 
reported. KMS may be inherited as an autosomal recessive disor-
der. As yet, there is no evidence or clues to the underlying cause 
of the syndrome. The endocrinopathies should be treated along 
standard lines.
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15 Disorders of Water Balance

David R. Repaske
Division of Endocrinology, Nationwide Children’s Hospital, Ohio State University, Columbus, OH, USA

Cellular functioning depends on maintenance of extracellular 
tonicity within a narrow range of 275–295  mOsm/kg. Alterations 
in plasma tonicity affect cell shape and size and alter the concen-
tration of both intracellular and extracellular ions and other 
osmolytes, which can alter action potentials, ion channel activi-
ties and other functions of the cells. Water intake and excretion 
varies widely in normal infants, children and adults but regula-
tory systems integrating thirst, vasopressin secretion and renal 
responses maintain tight control of osmolality under usual condi-
tions. Serum osmolality can usually be maintained within this 
tight range under conditions as varied as hiking in the desert and 
heavy social drinking.

Two complementary systems have evolved to regulate extracel-
lular volume and osmolality: sodium intake and excretion are the 
primary determinants of extracellular volume; water intake and 
excretion are the primary determinants of osmolality. Thirst con-
trols water intake and arginine vasopressin (AVP) [also known as 
antidiuretic hormone (ADH)] secretion controls urine concen-
tration and thereby water excretion. The renin-angiotensin-
aldosterone system modulates sodium intake and excretion.

Body water and electrolytes
Throughout life, water contributes the largest mass to the human 
body of any of its chemical components. The relation of water to 
total body weight changes from birth to childhood and adulthood 
[1]. In term neonates and young infants, 75–80% of body weight 
is water, with 45–50% of body weight extracellular water and 30% 
of body weight intracellular water (Fig. 15.1) [2]. During the fi rst 
few days of life, there is a rapid diuresis of 7% of total body water 
from the extracellular compartment. This trend slows but con-
tinues over the fi rst year of life so that the adult distribution of 
intracellular, extracellular and total body water of 40%, 20% and 
60%, respectively, is achieved during childhood.

The large and consistent contribution of water to total body 
weight in healthy children and adults refl ects a dynamic equilib-
rium achieved by the balance of fl uctuating water intake and 
excretion. Daily water intake and loss can vary 10-fold between 
individuals and even within a given individual due to changes in 
diet, environmental conditions and state of health (e.g. increased 
losses with febrile illness, gastroenteritis or simply living in an 
arid locality). Water losses occur through the respiratory tract 
and skin (insensible losses) and the gastrointestinal tract and 
urine. Urine volume depends on either the volume of free water 
or the amount of solute to be excreted. Excretion of free water 
adds to urine volume but solute excretion also requires a 
minimum volume of free water that depends on the degree to 
which the kidney can concentrate the urine.

Normal daily obligate solute excretion is approximately 
500  mOsm/m2/day. To excrete this solute in urine in the middle 
of the concentration range (osmolality 500–600  mOsm/kg) 
requires approximately 900  mL/m2/day urine in adults but, in 
healthy infants and children, these parameters can vary over a 
wide range as a result of factors such as changes in the composi-
tion of infant formula, milk, juice and other dietary components 
introduced over the fi rst year of life, together with improved renal 
concentrating capacity over the fi rst months [3]. In the fi rst 
months of life, on a relatively high solute infant formula with low 
urinary concentrating ability, the obligate urinary volume is 
much higher than in adults.

The obligatory urine volume to excrete solute of 900  mL/m2/
day, combined with respiratory and skin losses of 750  mL/m2/
day, gastrointestinal losses of 100  mL/m2/day and gain of total 
body weight due to water of oxidation generated during metab-
olism of energy sources of 250  mL/m2/day, yields an average net 
loss of approximately 1500  mL/m2/day. This is considered to be 
the amount of maintenance fl uid to be administered to a 
typical adult to maintain homeostasis. Under conditions in 
which urine cannot be diluted or concentrated to the mid-
range, this maintenance volume can lead either to overhydra-
tion or to dehydration, with resultant abnormalities in plasma 
osmolality.
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When considering the amounts of water needed to maintain 
osmotic stability, it is useful to consider daily electrolyte require-
ments to avoid depletion of electrolyte stores or excess solute 
diuresis (Table 15.1). This is particularly important when intra-
venous fl uids are the main source of water and electrolytes. 
During fl uid therapy of short duration (hours to a few days), 
sodium, potassium and associated anions are the primary elec-
trolytes that should be administered. With intravenous fl uid 
therapy of longer duration, additional electrolytes such as calcium, 
magnesium and phosphorus need to be added.

A change of osmolality in either the intracellular or the extra-
cellular compartment at equilibrium results in a transient differ-
ence in osmolality between the compartments that is rapidly 
equalized. Cell membranes are impermeable to electrolytes, such 
as sodium and chloride, which constitute the main extracellular 
solutes, and potassium and phosphate, which constitute the main 
intracellular solutes, and they undergo active transport into and 
out of cells to establish their gradients. While these solutes differ 
in relative amounts intracellularly and extracellularly, the total 
solute concentration is the same at equilibrium due to the unim-

peded movement of water across most cell membranes. Thus, a 
change in the osmolality of one compartment results in an 
osmotic gradient that is removed by the rapid redistribution of 
water from one compartment to the other.

For example, a loss of water exceeding the loss of sodium and 
chloride relative to the composition of normal plasma during an 
episode of gastroenteritis results in a transient increase in extra-
cellular sodium and its anions and in the osmolality of plasma 
and interstitial fl uids. The osmotic gradient introduced between 
intracellular and extracellular compartments causes the net 
movement of water from the intracellular space to the extracel-
lular space, evenly distributing the water loss throughout total 
body water and equalizing the osmotic gradient with a decrease 
in the osmolality of the extracellular compartment and an increase 
in the osmolality of the intracellular compartment. Conversely, 
dilution of plasma sodium and its anions by rapid administration 
of hypotonic fl uids results in the net movement of water from the 
extracellular compartment to the intracellular compartment to 
distribute the water gain throughout total body water. Chronic, 
as opposed to acute, changes in cell osmolality can result in cell 
adaptation by reversibly increasing or decreasing intracellular, 
impermeable solutes. Whether these adaptive changes might have 
occurred has to be considered when instituting therapy designed 
to correct hyponatremia or hypernatremia.

Physiology of osmotic regulation
To maintain plasma osmolality in the range that allows optimal 
cellular function requires sensitive mechanisms for detecting 
deviation of osmolality from a normal set point and neural and 
biochemical pathways that implement a means of restoring the 
system to that normal set point. Osmosensors within the central 
nervous system modulate two effector pathways to maintain 
homeostasis: thirst to change water intake and posterior pituitary 
vasopressin secretion to alter renal water excretion.

Vasopressin and regulation of water excretion
Biochemistry
Arginine vasopressin (AVP) regulates plasma osmolality by con-
trolling free water excretion in humans and most animals. AVP 
is a cyclic nonapeptide that, like its evolutionarily related coun-
terpart oxytocin, consists of a six-member disulfi de ring and a 
three-member tail on which the carboxy-terminal group is ami-
dated (Fig. 15.2a). Oxytocin differs from AVP only in replace-
ment of isoleucine for phenylalanine at position 3 and of leucine 
for arginine at position 8 of the molecule. These differences 
allow activation of receptors for either vasopressin or oxytocin 
and thereby separation of biological effects. While vasopressin 
potently activates renal V2-type vasopressin receptors, the affi nity 
for oxytocin is two orders of magnitude lower [4], such that it 
could not effectively substitute for loss of vasopressin in promot-
ing free water reabsorption.

Vasopressin is synthesized within the cell body of neurons in 
the hypothalamus as a preprohormone composed of a signal 
peptide followed by the nonapeptide hormone, a tripeptide 
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Figure 15.1 Body water distribution between intracellular and extracellular 
compartments as a function of body weight in infants and children. (After Friis-
Hansen [1] and Fomon & Nelson [2].)

Table 15.1 Daily electrolyte requirements (additional adjustments should be 
made for abnormal losses).

Electrolyte Amount

Sodium 20–50  mEq/m2/day
Potassium 20–50  mEq/m2/day
Calcium:

 Term newborns 50–75  mg/kg/day
 Infants 600  mg/day
 Children 800  mg/day
 Adolescents 1200  mg/day

Calcium fi gures are for oral intake.
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dDAVP
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Oxytocin

Cys-Tyr-Phe-Gln-Asn-Cys-Pro-DArg-Gly-NH2

NH2-Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH2
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Exon B Exon C

Gly-Lys-Arg(b)

Figure 15.2 Arginine vasopressin (AVP) protein 
and gene structure. (a) Amino acid comparison of 
AVP and the structurally related molecules oxytocin 
and dDAVP. Amino acids are numbered from the 
amino-terminus of each molecule and differences in 
amino acids between these molecules are shown by 
the arrows. The box indicates the deamidation of 
the amino-terminus in dDAVP compared with AVP. 
(b) Relationship of AVP to its prepro-AVP precursor. 
Intron–exon boundaries of the gene relative to the 
coding sequences are shown, as are the di- and 
monobasic cleavage sites essential for protein 
processing.

linker, a binding protein known as neurophysin II, an Arg linker 
and a glycosylated peptide known as copeptin (Fig. 15.2b). The 
vasopressin gene and oppositely oriented oxytocin gene are 
located adjacent to one another on chromosome 20 in humans 
[5,6]. The structure of the oxytocin precursor is similar to that of 
vasopressin, except that it lacks copeptin and encodes neurophy-
sin I instead of neurophysin II. Despite their linkage in mamma-
lian genomes and highest expression within the hypothalamus, 
the genes encoding vasopressin and oxytocin are expressed in 
different neurons [7].

During its synthesis, translocation of preprovasopressin into 
the endoplasmic reticulum is associated with cleavage of the 
signal peptide. The precursor molecule folds, enclosing the small 
vasopressin moiety into a neurophysin binding pocket, presum-
ably to protect it from proteolysis. The neurophysin component 
promotes self-association during transition from the Golgi appa-
ratus into the neurosecretory granules, initially as dimers [8].

The importance of neurophysin folding and oligomerization 
in the traffi cking of provasopressin is highlighted by the condi-
tion of familial autosomal dominant neurohypophyseal diabetes 
insipidus (ADNDI), a dominantly inherited vasopressin defi -
ciency that results from vasopressin processing abnormalities. 
ADNDI is most frequently brought about by mutations in neu-
rophysin II that prevent proper targeting of the otherwise normal 
mature vasopressin hormone to neurosecretory granules [9]. The 
effi ciency of neurophysin II folding, and hence vasopressin traf-
fi cking, is dependent upon pairing of its seven internal disulfi des 
and binding of the mature hormone moiety [10]. The intermo-
lecular interaction and oligomerization of the neurophysins is 
enhanced by non-covalent binding of the nonapeptide hormone 
region to the amino-terminal domain of the neurophysin [11].

The neurosecretory granule containing the folded vasopressin 
precursor travels from the cell body down the axon toward the 
axon terminal. During this transit, the prohormone is cleaved by 
endopeptidases and exopeptidases, releasing vasopressin, neuro-

physin II and copeptin. The individual cleaved prohormone com-
ponents remain non-covalently bound during the transit process. 
The hormone is amidated at its C-terminus by a monooxygenase 
and lyase present as insoluble complexes with neurophysin II 
within granules. The vasopressin-containing granules are then 
stored in the nerve terminals until neuronal activation occurs 
causing calcium entry into the nerve terminal and subsequent 
exocytotic release of vasopressin bound to neurophysin II into 
the circulation.

Once in plasma, the vasopressin–neurophysin complex disso-
ciates and the hormone circulates in a free form. Increases in 
secretion of vasopressin are coupled to increases in synthesis but 
this compensatory response may not always balance the increased 
rate of release [12]. A chronic severe stimulus, such as prolonged 
water deprivation or nephrogenic diabetes insipidus (NDI), may 
thus severely deplete posterior pituitary stores of vasopressin, as 
can be seen by absence of the pituitary bright spot on magnetic 
resonance imaging (MRI).

Detailed structure–function analyses of specifi c amino acids 
within the vasopressin and oxytocin peptides have generated new 
molecules that are advantageous in the management of states of 
vasopressin defi ciency. For example, replacement of l-arginine 
with d-arginine at position 8 of vasopressin together with its 
amino-terminal deamidation resulted in a vasopressin analog 
with more potent and prolonged antidiuretic activity, which is 
now widely used clinically [desamino-d-arginine vasopressin 
(dDAVP), Fig. 15.2] [13].

Anatomy
Vasopressin destined for modulation of renal water handling is 
synthesized by neurons located in the bilateral hypothalamic 
supraoptic and paraventricular nuclei. The large magnocellular 
neurons within these nuclei send axons toward the midline at the 
base of the hypothalamus to terminate at various levels within the 
pituitary stalk or in the posterior pituitary (neurohypophysis) 
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itself (Fig. 15.3). Vasopressin-containing neurosecretory vesicles 
stored in nerve terminals can be visualized as the posterior pitu-
itary bright spot on T1-weighted MRI images. Vasopressin is 
released from these neurosecretory granule-rich terminals in the 
posterior pituitary and stalk into the systemic circulation. The 
superior and inferior hypophyseal arteries, distal branches of the 
internal carotid artery, provide the blood supply to the posterior 
pituitary [14]. There is a second group of smaller parvocellular 
neurons that also synthesize vasopressin in the paraventricular 
nucleus of the hypothalamus. In contrast to the magnocellular 
neurons, the parvocellular neurons give rise to axons that termi-
nate at the median eminence and secrete vasopressin into the 
portal-hypophyseal vascular plexus to augment adrenocortico-
tropic hormone (ACTH) synthesis and release from anterior 
pituitary corticotrophs [15].

Regulation of vasopressin secretion
The release of most hormones is regulated by feedback inhibition. 
For instance, TSH release is limited through inhibition by the 
circulating level of thyroid hormone. Regulation of vasopressin 
secretion is not dependent on sensing circulating vasopressin 
levels but rather by sensing plasma osmolality. Under normal 
conditions, as plasma osmolality increases, more vasopressin is 
secreted to increase water retention and, as plasma osmolality 
decreases, vasopressin secretion is suppressed.

The sensing of plasma osmolality might well occur within the 
magnocellular neurons that produce and store vasopressin and 
in fact, magnocellular vasopressin-containing neurons in the 
supraoptic and paraventricular nuclei can depolarize and secrete 
vasopressin in response to a hypertonic environment. But they 

are not the physiologic sensors of osmolality because they are 
insulated from rapid changes in plasma osmolality by the 
blood–brain barrier. Instead, there are osmosensing neurons 
outside the blood–brain barrier in the organ vasculosum of the 
lamina terminalis and the subfornical organs [16,17] which sense 
and relay osmotic information both to magnocellular neurons 
and to the thirst center. Destruction of these centers in animal 
models disrupts vasopressin (and thirst) regulation of plasma 
osmolality.

Vasopressin is also released in response to non-osmotic stimuli. 
Vasopressin slows free water release from the body, so it makes 
physiological sense that it might be released in response to condi-
tions where intravascular volume preservation is benefi cial. 
Indeed, vasopressin is released in response to severe hypovolemia 
or hypotension and this response can override even the suppres-
sion of vasopressin release under conditions of hypo-osmolality. 
Vasopressin is also released in response to severe stress, nausea 
and some centrally acting drugs.

Osmotic regulation
In healthy individuals, the set point for initiation of vasopressin 
secretion occurs at a plasma osmolality of 280  mOsm/kg, although 
this can vary between 275 and 290  mOsm/kg based upon inter-
individual genetic differences, other hormonal signals and volume 
status [18]. For example, during pregnancy or the luteal phase of 
the menstrual cycle, the osmotic threshold for vasopressin release 
and thirst are both decreased by 5–10  mOsm/kg (Fig. 15.4) [19]. 
Human chorionic gonadotropin elevation during pregnancy and 
alteration in luteinizing hormone (LH) secretion during the 
luteal phase may mediate these changes.
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Figure 15.3 Anatomy of arginine vasopressin 
(AVP) producing cells in the hypothalamus and 
their projections to the posterior pituitary. AVP 
is produced by neurons in the supraoptic, 
paraventricular and suprachiasmatic nuclei. The 
magnocellular neurons located in the supraoptic and 
paraventricular nuclei send axonal projections to the 
posterior pituitary for secretion of vasopressin into 
the systemic circulation. (From Muglia & Majzoub 
[149] with permission.)
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Figure 15.4 Relationship of osmotic thresholds for activation of arginine 
vasopressin (AVP) secretion and thirst. Note that the threshold for vasopressin 
release occurs at a lower osmolality than the osmolality required for the 
sensation of thirst. Under normal circumstances, plasma AVP increases linearly 
until an osmolality of approximately 320  mOsm/kg and then plateaus. In 
pregnancy, the set points for both vasopressin release and thirst are shifted such 
that induction occurs with similar sensitivity but at a lower threshold. Arrows on 
the x-axis indicate the threshold for AVP secretion (VP) or thirst sensation (T). 
(From Muglia & Majzoub [149] with permission.)

Figure 15.5 Interactions of osmolality and hemodynamic stimuli in the regulation of vasopressin secretion. (a) Plasma arginine vasopressin (AVP) concentration in 
relation to percentage increase in blood osmolality (solid line) or percentage decrease in blood volume (dashed line). (After Dunn et al. [150].) (b) Changes in 
hemodynamic status alter the sensitivity of AVP secretion into the plasma. Numbers in circles are % change in volume from normal. (From Robertson [151] with 
permission.)
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When serum osmolality falls below the osmotic threshold for 
vasopressin release, plasma vasopressin concentration falls below 
1  pg/mL (0.92  pmol/L), the sensitivity limit of most radioimmu-
noassays [20,21]. This reduction signals the kidney to excrete free 
water and produce maximally diluted urine. The resultant loss of 
free water increases serum osmolality and limits further dilution 
of intracellular and extracellular fl uids.

Once serum osmolality exceeds the threshold for vasopressin 
release, increasing plasma osmolality by 1% (i.e. approximately 
2.8  mOsm/kg) increases plasma vasopressin by approximately 

1  pg/mL (0.92  pmol/L), an amount suffi cient to alter urine con-
centration and fl ow (Fig.15.5). Peak antidiuresis and production 
of a maximally concentrated urine occurs at a plasma vasopressin 
concentration of 5  pg/mL [20,21]. Osmotic stimulation linearly 
increases plasma vasopressin to as high as 20  pg/mL at a plasma 
osmolality of 320  mOsm/kg or above but this causes no further 
increase in urine concentration or decrease in urine volume.

Many solutes contribute to plasma osmolality but sodium and 
its anions constitute the majority and they modulate vasopressin 
release, as controlled by osmosensor neurons [22]. Increases in 
osmolality by sugars such as mannitol also augment vasopressin 
release through the osmosensors but not all solutes that contrib-
ute to plasma osmolality have the capacity to stimulate vasopres-
sin release. Non-stimulatory solutes include glucose and urea in 
healthy individuals but hyperglycemia does stimulate vasopressin 
release in the context of insulin defi ciency, which may exacerbate 
hyponatremia during treatment of diabetic ketoacidosis [23], 
although urine fl ow is maintained by osmotic diuresis as long as 
the kidneys are well-perfused. The mechanisms by which plasma 
solutes are differentially sensed by the osmoregulators have not 
yet been determined.

Non-osmotic regulation
In addition to plasma osmolality, other homeostatic and environ-
mental factors infl uence vasopressin secretion. Of these, acute 
changes in intravascular volume and pressure are particularly 
important. Baroreceptors in the cardiac atria and aortic arch are 
activated by stretch resulting from normal blood volume and 
normal blood pressure, respectively, and signal to neurons within 
the brainstem nucleus tractus solitarius [24]. These neurons relay 
signals through the ventrolateral medulla to magnocellular neu-
rons within the supraoptic and paraventricular nuclei and inhibit 



CHAPTER 15

348

vasopressin release. When blood pressure or volume decreases, 
inhibition of vasopressinergic neurons within the hypothalamus is 
diminished, resulting in augmented vasopressin release.

In contrast to the subtle changes in plasma osmolality that 
modulate vasopressin secretion, larger percentage decreases in 
intravascular volume (and even larger decreases in pressure) are 
needed to initiate vasopressin release. Vasopressin concentration 
does not increase until intravascular volume defi cits exceed 8% 
(Fig. 15.5) [19,25]. When intravascular volume depletion exceeds 
this threshold, plasma vasopressin levels increase exponentially 
so that decreases in intravascular volume of 20–30% increase 
plasma vasopressin to levels far greater than those required for 
maximum antidiuresis and maximal levels seen with osmotic 
stimulation.

Osmotic and hemodynamic stimuli interact to enhance the 
vasopressin response generated by each independent stimulus 
(Fig. 15.5). For example, hypovolemia or hypotension lowers the 
threshold and increases the slope of the vasopressin release curve 
in response to osmotic signals [19]. Conversely, increased intra-
vascular volume or hypervolemia dampens the vasopressin 
response to increases in plasma osmolality. This interaction sug-
gests that the osmo- and baro-regulatory systems, although 
anatomically distinct, converge upon the same population of 
neurosecretory neurons [26].

Nausea strongly promotes vasopressin secretion [27] and 
resulting levels of vasopressin may exceed those associated with 
maximal osmotic stimulation. This is probably mediated by affer-
ents from the area postrema of the brainstem, a key emetic center. 
Nicotine is also a strong stimulus for vasopressin release [28], as 
is 3,4-methylenedioxymethamphetamine (ecstasy) [29]. These 
signals probably do not directly involve osmosensors or barore-
ceptors, because pharmacological blockade of an emetic stimulus 
does not alter the vasopressin secretory response to increased 
plasma osmolality or hypotension.

Other non-osmotic stimuli for vasopressin release include 
physiological stressors, such as acute hypoglycemia, hypoxia and 
hypercapnia, as well as many drugs and hormones. Vasopressin 
secretion is inhibited by glucocorticoids. Thus, with glucocorti-
coid defi ciency, loss of inhibition of vasopressin release may 
occur and contribute to hyponatremia [30,31].

Many drug effects on vasopressin secretion occur indirectly by 
providing hemodynamic or emetic stimuli. Psychological or 
physiological stress caused by pain, emotion, physical exercise or 
other deviations from homeostasis has long been thought to 
cause the release of vasopressin but this may be caused indirectly 
by other factors, such as the hypotension or nausea that often 
accompany vasovagal reactions [19].

Vasopression metabolism
Vasopressin has a half-life of 5–10  min in the circulation, being 
quickly degraded by vasopressinase, a cysteine aminoterminal 
peptidase. Because of its resistance to aminoterminal degrada-
tion, dDAVP has a much longer half-life of 8–24  h. Vasopressi-
nase activity increases during pregnancy as it is synthesized and 

secreted by the placenta [32]. Pregnant women compensate for 
the increased clearance of vasopressin by increasing its secretion. 
During pregnancy, women with subtle compensated impairment 
of vasopressin secretion or action [33], or those with increased 
concentrations of placental vasopressinase associated with liver 
dysfunction [34] or multiple gestations [35] may develop diabe-
tes insipidus (DI), which resolves after delivery of the placenta 
[36]. This form of vasopressinase-dependent pregnancy-
associated DI responds well to treatment with dDAVP but not 
with vasopressin.

Biological action of vasopressin
The crucial action of vasopressin in regulation of plasma osmolal-
ity or intravascular volume in cases of moderate to severe water 
or volume depletion is to limit the further loss of water. It does 
so by increasing the permeability of the distal nephron to luminal 
water, thereby increasing reabsorption of free water and reducing 
urine output. To achieve this antidiuretic effect, vasopressin acts 
upon receptors on the serosal surface of the distal and collecting 
renal tubules (Fig. 15.6). Three subtypes of vasopressin receptors 
have been identifi ed, designated V1a, V1b (also called V3) and V2 
[37]. Each arises from a different gene coding for a member of 
the seven-transmembrane G-protein coupled receptor family 
[38].

The V2 receptor in the kidney accounts for the antidiuretic 
effects of vasopressin. The small 2-kb three exon gene (AVPR2) 
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Figure 15.6 Renal actions of vasopressin. In the collecting duct epithelium, 
vasopressin binding to the V2 receptor results in Gα-mediated activation of 
cyclic adenosine monophosphate (cAMP) production from adenylyl cyclases. 
The elevation in intracellular cAMP causes activation of protein kinase A 
(PKA), which then phosphorylates aquaporin-2 (AQP-2) at serine 256. This 
phosphorylation event promotes aggregation of AQP-2 homotetramers in 
subapical membrane vesicles and their fusion with the apical plasma membrane. 
The insertion of the water channels into the luminal membrane allows the fl ow 
of water from the urine within the duct lumen into the hypertonic medullary 
interstitium, decreasing free water clearance. (From Muglia & Majzoub [149] 
with permission.)
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encoding the V2 receptor maps to the distal long arm of the X 
chromosome (Xq28) and mutations in the gene result in X-linked 
NDI (Fig. 15.7a) [39]. The V2 receptor signals by coupling to 
adenyl cyclase through Gαs to increase intracellular cyclic adenos-
ine monophosphate (cAMP) concentration. In addition to the 
distal nephron, V2 receptors are located in the thick ascending 
limb of Henle’s loop and periglomerular tubules [4,41].

V2 receptors are also found on vascular endothelial cells, where 
activation promotes vasodilatation [41], and on hepatocytes 
where activation promotes release of von Willebrand factor, 
factor VIIIa and tissue plasminogen activator. The prothrombotic 
actions of vasopressin, and specifi cally dDAVP, have been used 
to treat bleeding disorders associated with von Willebrand disease 
and hemophilia.

Vasopressin acting on V1a receptors mediates extrarenal effects, 
including contraction of vascular smooth muscle, stimulation of 
hepatic glycogenolysis and aggregation of platelets [42]. V1b (also 
known as V3) receptors are primarily located on ACTH-produc-
ing corticotrophs in the anterior pituitary [43], where activation 
by vasopressin from parvocellular hypothalamic neurons increases 
ACTH release during acute and chronic stress. In addition, V1b 
receptors in the brain may mediate behavioral actions of vaso-
pressin [44]. In contrast to V2, neither V1a nor V1b couples to Gαs 
to cause induction of cAMP production. Instead, both couple to 
phospholipase C with modulation of intracellular calcium and 
phosphatidylinositol signaling pathways. The substitution of the 
D-Arg into vasopressin makes dDAVP specifi c for V2 receptors 
only.

In an adult, approximately 20% of the cardiac output enters 
the renal arteries as the renal blood fl ow (1.25  L/min) and 10% 

of that volume becomes the renal ultrafi ltrate (125  mL/min). 
Approximately 10% of that volume remains after passage through 
the proximal tubule, the loop of Henle and the distal tubule 
(12.5  mL/min). In the absence of vasopressin, the luminal surface 
of the epithelial cells that line the collecting duct (called principal 
cells) is largely impermeable to water and solutes. The 12.5  mL/
min of dilute tubular fl uid traversing from the more proximal 
nephron passes through the collecting duct without additional 
concentration and urine is maximally dilute (osmolality 
<100  mOsm/kg) with a relatively high rate of urine fl ow (up to 
18  L/day).

In the presence of vasopressin, V2 receptors are activated and 
cAMP is generated in the principal cells. This stimulates phos-
phorylation by cAMP-dependent protein kinase A, which subse-
quently results in remodeling of cytoskeletal components and the 
exocytic insertion of preformed subapical vesicular water chan-
nels, aquaporin-2, into the apical membrane [45]. The insertion 
of these water channels results in a large increase in water perme-
ability of the luminal epithelial membrane (up to 100-fold), 
allowing diffusion of water along its osmotic gradient from the 
lumen of the tubule into the hypertonic inner medullary intersti-
tium. This net movement of water in excess of solute allows 
return of free water to the systemic circulation, reduction in urine 
volume and excretion of concentrated urine.

The water channels themselves belong to a family of related 
proteins, the aquaporins, which differ in their sites of expression 
and pattern of regulation. The aquaporins consist of a single 
polypeptide chain with six membrane-spanning domains thought 
to function as homotetramers in the plasma membrane [46]. 
Aquaporin-2 (AQP-2) comprises the specifi cally vasopressin-
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Figure 15.7 The arginine vasopressin (AVP) V2 receptor and aquaporin-2 
(AQP-2). (a) Schematic representation of the seven transmembrane V2 receptor. 
The locations of known missense or nonsense mutations are indicated by solid 
circles. A number accompanying a solid circle indicates that there is more then 
one known mutation in that codon. (b) Schematic representation of the AQP-2 

protein. A monomer has six transmembrane helices. The location of the protein 
kinase A phosphorylation site (Pa) is indicated. Solid symbols indicate the 
location of known mutations. (c) Three-dimensional representation of the six-
helix barrel of aquaporin-2, viewed parallel to the bilayer. (From Bonnardeaux & 
Bichet [104] with permission.)
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regulated water channel in the kidney, its predominant site of 
expression. At this site, V2 receptor-mediated protein kinase A 
activation results in phosphorylation of serine 256 in AQP-2, an 
event required for traffi cking to the apical membrane [47]. More 
prolonged stimulation by vasopressin increases the production of 
aquaporin-2 which, over the course of several hours, further 
enhances urinary concentrating capacity [48]. The gene that 
encodes AQP-2 in humans has been localized to chromosome 
12q13 and has been found to be mutated in patients with auto-
somal recessive NDI (Fig. 15.7b,c) [49].

Aquaporins-1, -3 and -4 are also expressed in the kidney but 
have a less prominent and vasopressin-independent role in water 
balance. Aquaporins-3 and -4 are expressed on the basolateral, 
rather than the apical, surface of the collecting duct epithelium. 
In genetically altered animal models, mutations of aquaporin-3 
or -4 result in mild defects in urinary concentrating 
ability [50,51]. Aquaporin-1 is expressed in the proximal tubule. 
Defects in aquaporin-1 function result in increased delivery 
of free water to the distal nephron and impaired urine-
concentrating ability in mice [52] but humans missing this 
protein are normal [53].

The dose–response analyses of vasopressin and urine concen-
tration, while variable in adult subjects, have shown that an 
increase in plasma vasopressin of 0.5  pg/mL (0.45  pmol/L) raises 
urine osmolality by approximately 150–250  mOsm/kg [19]. 
Maximum urinary concentration results when plasma vasopres-
sin concentration reaches 5  pg/mL (4.5  pmol/L). Vasopressin 
may also have a role in limiting insensible water loss from the 
skin and lungs but this effect is small and easily overcome by 
changes in environmental conditions such as temperature and 
humidity, as well as exercise.

Thirst and regulation of water intake
Thirst, the conscious sensation of the need to drink, is the essen-
tial mechanism by which water losses are replaced. Thirst is regu-
lated by many of the same physiological factors that regulate 
vasopressin release, of which plasma osmolality is the most potent 
[54]. Osmotic regulation of thirst occurs by osmosensors in the 
anterior hypothalamus and includes modulatory activity by 
neurons in the ventromedial nucleus of the hypothalamus [55]. 
Stimulation of thirst is also mediated by angiotensin II sensed in 
the subformical organ, outside of the blood–brain barrier [56]. 
While lesion studies of the anteroventral third ventricle suggest 
anatomic proximity of osmosensors controlling thirst and vaso-
pressin release, the sensors controlling vasopressin release and 
thirst are not likely to be identical [57].

The set point for thirst is at a plasma osmolality that is 
10  mOsm/kg higher than the threshold for secretion of vasopres-
sin. This difference allows physiologic regulation of plasma 
osmolality between these two thresholds. If the plasma osmolality 
drops below the lower threshold, vasopressin will not be released 
and free water will be excreted to raise plasma osmolality. If the 
plasma osmolality rises above the upper threshold, thirst will be 
activated and drinking will decrease the plasma osmolality. The 

graded release of vasopressin between the two thresholds (pro-
gressively decreasing urine output as osmolality rises from the 
vasopressin threshold to the thirst threshold) allows for regula-
tion of osmolality without constant access to water.

If the set points for vasopressin release and thirst were identical 
or offset in the opposite direction, thirst would be activated 
before signifi cant vasopressin release, the ingested fl uid would 
not be retained and a sustained polyuric and polydipsic state 
would ensue. Even before plasma osmolality changes signifi -
cantly, drinking water causes vasopressin secretion to diminish 
and thirst to abate. This negative feedback protects against exces-
sive ingestion and overhydration and is thought to arise from 
chemoreceptors that respond to both the volume and the tem-
perature of the fl uid ingested [58]. Humans, rats and rabbits 
meter drinking to replace half of their water defi cit and then drink 
again 20  min later. Camels, dogs and sheep meter drinking to 
replace their entire water defi cit at once.

Hypovolemia and hypotension increase thirst. The magnitude 
of intravascular depletion or hypotension needed to stimulate 
thirst has not been defi ned in humans but is probably larger 
than that associated with vasopressin release. Similar to the 
consequences for vasopressin secretion, volume and blood pres-
sure changes alter the threshold set point and gain for thirst 
[59].

Fluid intake often occurs for reasons other than thirst. These 
include social cues of others drinking, pleasurable taste or other 
effects of an ingested beverage, hunger or dry mouth resulting 
from factors independent of hydration such as anxiety or medica-
tion. When water intake exceeds homeostatic requirements, 
plasma vasopressin decreases to undetectable concentrations, 
allowing excretion of the extra water. Thirst and vasopressin effi -
ciently maintain plasma tonicity in the appropriate range under 
normal circumstances.

With defects in either thirst or urine concentrating ability, 
plasma tonicity can still be maintained within the normal range. 
Thus, a patient with inability to concentrate their urine because 
of a defi ciency in vasopressin release or action usually has a 
normal random plasma osmolality if the patient has adequate 
access to water because an intact thirst mechanism stimulates 
water ingestion up to 10  L/m2/day. Similarly, normal vasopressin 
regulation can mask mild to moderate impairment of thirst, pre-
venting dehydration by avidly retaining water but, when centers 
controlling both thirst and vasopressin secretion are disrupted 
simultaneously, the occurrence of potentially life-threatening 
dysregulation of plasma osmolality and intravascular volume is 
high.

Volume and pressure sensors and effector pathways
Renin-angiotensin-aldosterone system
The renin-angiotensin system is the primary system to regulate 
intravascular volume to maintain euvolemia [60]. Renin, a pro-
teolytic enzyme that catalyzes the cleavage of circulating angio-
tensinogen from the liver, is synthesized in the renal juxtaglomerular 
cells and released into the circulation in response to a number of 
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stimuli associated with hypovolemia. These include decreased 
renal arteriolar pressure, decreased intratubular fl uid sodium 
concentration and increased renal sympathetic nerve activation.

The proteolytic action of renin releases the decapeptide angio-
tensin I from angiotensinogen. Inactive angiotensin I serves as a 
substrate for angiotensin-converting enzyme in the lungs and 
other peripheral sites to generate the biologically active octapep-
tide angiotensin II that can be further metabolized to angiotensin 
III. The effects of angiotensin II include vascular smooth muscle 
contraction and blood pressure elevation and both angiotensin II 
and III stimulate aldosterone release from the zona glomerulosa 
of the adrenal.

Aldosterone increases sodium reabsorption and potassium 
excretion in the distal renal tubule by augmenting the production 
of sodium channels traffi cked to the apical plasma membrane, 
mitochondrial ATP synthesis and production of subunits of the 
Na+, K+-ATPase [61]. In addition to stimulating aldosterone-
mediated sodium reabsorption, angiotensin II stimulates sodium–
hydrogen exchange and bicarbonate reabsorption in the proximal 
tubule. Both these increases in active sodium transport increase 
water absorption, thereby supporting intravascular volume 
expansion.

In addition to intravascular volume status, aldosterone release 
from the adrenal zona glomerulosa is stimulated directly by ele-
vated plasma potassium concentration [60]. Acute increases in 
plasma levels of ACTH or vasopressin have the capacity tran-
siently to stimulate aldosterone secretion but chronic administra-
tion of either does not result in sustained increases. Aldosterone 
release is inhibited by atrial natriuretic peptide, somatostatin and 
dopamine [62,63].

Angiotensin II is also sensed in the subfornical organ in the 
brain and stimulates drinking and salt-seeking, providing another 
avenue for the renin-angiotensin system to augment intravascu-
lar volume [64].

The natriuretic peptide system
The natriuretic peptides [atrial natriuretic peptide (ANP), brain 
natriuretic peptide (BNP) and C-type natriuretic peptide (CNP)] 
contribute to salt and water balance by promoting renal salt 
excretion and altering vasopressin secretion from the hypothala-
mus [65]. These structurally related peptides of 28, 22 and 32 
amino acids, respectively, each contain a 17-member ring formed 
by an intramolecular disulfi de bond and are produced from 
much larger precursor peptides(Fig. 15.8). The natriuretic pep-
tides interact with different receptors [66]. Two of them, NPR-A 
and NPR-B, possess guanyl cyclase activity. NPR-A binds both 
ANP and BNP with high affi nity, while NPR-B binds CNP with 
much higher affi nity than either ANP or BNP. The third receptor, 
NPR-C, is membrane-bound but is not a guanyl cyclase and 
clears all three ligands from the circulation [67].

The natriuretic effects of ANP were the fi rst to be elucidated 
[68]. ANP synthesis occurs in both the left and the right atria in 
response to increasing wall pressure and increased heart rate. 
Secretion into the circulation is modulated in a volume-

dependent manner. ANP released into the peripheral circulation 
produces sodium excretion and some diuresis. It inhibits sodium 
reabsorption in the medullary collecting duct, impairs the salt-
retaining actions of angiotensin II on the proximal tubule and 
partially antagonizes the water retention effects of vasopressin 
[69]. In addition, ANP inhibits aldosterone synthesis by inhibit-
ing actions of aldosterone secretagogues, particularly the action 
of angiotensin II. ANP reduces plasma renin activity, which 
reduces the generation of angiotensin II, further diminishing 
aldosterone secretion and renal salt reabsorption. ANP is also 
produced within the brain at sites with potential for neuroendo-
crine regulation in the periventricular, arcuate, anteroventral 
preoptic and lateral hypothalamic nuclei [70].

BNP was fi rst isolated from porcine brain [71] but it is secreted 
from both atria and ventricles, with production augmented in 
congestive heart failure and hypertension; it causes renal and 
adrenal effects similar to ANP [69]. The brain is the primary site 
of CNP production and CNP expression overlaps with ANP 
expression in the hypothalamus [72]. Little CNP is present in 
plasma normally or in response to volume overload.

Disorders of water balance
Vasopressin defi ciency
Defi ciencies in vasopressin secretion or action result in polyuria, 
characterized by chronic excretion of abnormally large volumes 
of dilute urine (exceeding 2  L/m2/day) and consequent polydip-
sia. Vasopressin-defi cient or -resistant polyuria and polydipsia 
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Figure 15.8 Structure of the natriuretic peptides and their receptor specifi city. 
Atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and C-type 
natriuretic peptide (CNP) each consist of a 17-member ring structure closed by 
a disulfi de bond between cysteine residues, along with amino- and carboxy-
terminal tails of variable length. Conserved amino acids are indicated by the 
fi lled circles. Each family member binds the NPR-C clearance receptor, while ANP 
and BNP exert their effects through binding NPR-A and CNP activates NPR-B.
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are known as diabetes insipidus. The signs and symptoms of DI 
are primarily urinary frequency with high urine output, nocturia 
in older children and adults and persistent enuresis or delayed 
toilet training in younger children. These symptoms are accom-
panied by thirst and increased fl uid intake throughout the day 
and night. Children with untreated DI typically crave cold fl uids, 
especially water.

Polyuria and polydipsia caused by pathological reduction of 
vasopressin secretion (central DI) or action (nephrogenic DI) can 
result in hypernatremia if access to water is restricted or the thirst 
mechanism is impaired. DI should be differentiated from other 
causes of urinary frequency. These include a reduced bladder 
capacity or bladder irritation, in which fl uid intake and the 24-h 
urine volume are normal, and diabetes mellitus (DM) or other 
forms of solute diuresis, in which fl uid intake and urine output 
is increased, or conditions of increased water intake (dipsogenic 
polydipsia or psychogenic polydipsia).

Diagnostic approach to DI
Patients presenting with polyuria and polydipsia should have 
urine tested for glycosuria to exclude DM. When the possibility 
of DI is being considered, fl uid intake and output should be 
established to determine whether polyuria (urine output >2  L/
m2/day) is indeed present. If possible, an intake–output record 
should be kept at home to determine the volume of urine in 24  h. 
If the child is not toilet trained or has a condition that makes it 
diffi cult to collect urine, the measurement of fl uid intake or 
weighing diapers are possible alternatives. After an overnight fast, 
the fi rst morning urine is ordinarily concentrated because of 
insensible fl uid loss and urine production overnight. A morning 
urine with specifi c gravity <1.005 suggests the possibility of DI 
and >1.010 makes it unlikely.

The answers to specifi c questions can be helpful:
• Does the need to drink and urinate interfere with normal 
activities?
• Is nocturia or enuresis present?
• Does the patient need to drink at night?
• Is there a psychological or psychiatric component to the need 
to drink?
• What is the preferred drink?
• What is the color of the patient’s urine?
• Does the history (including longitudinal growth) suggest other 
defi cient or excessive pituitary hormone secretion?
• Was the onset sudden or gradual?
• Are there symptoms suggestive of a CNS mass?
• Is there bone pain or skin rash?
• Is the child taking medication that could result in vasopressin 
resistance?

If pathological polyuria or polydipsia appears to be present, 
serum osmolality and concentrations of sodium, potassium, 
glucose, calcium and urea and urinary osmolality, specifi c gravity 
and glucose should be measured, either as an outpatient or as 
the fi rst step in a water deprivation test. A urine osmolality 
>600  mOsm/kg excludes DI and DI is also unlikely if the serum 

osmolality and sodium are low or low-normal. Serum sodium 
>145  mmol/L or serum osmolality >300  mOsm/kg with urine 
osmolality <600  mOsm/kg confi rms the diagnosis of DI and 
a water deprivation test is not necessary and potentially 
dangerous.

Because measurement of serum osmolality is often not as accu-
rate as that of serum sodium, interpretation of a single elevated 
serum osmolality should be made with caution if it is not accom-
panied by a concordant change in serum sodium. As intact thirst 
results in compensatory fl uid intake, the majority of patients with 
DI have serum sodium and osmolality in the normal range. 
Therefore, most patients with dilute urine and intake–output 
records at home suggesting signifi cant polyuria and polydipsia 
need a formal water deprivation test to establish a diagnosis of 
DI and then to differentiate central from nephrogenic causes.

A water deprivation test is used to determine if excessive urine 
output will allow the serum sodium and osmolality to rise to 
abnormally high values in the absence of drinking. The test 
should be performed either at an outpatient site appropriate for 
8–10  h of close observation and assessment or as an inpatient. 
Because patients with DI can become dehydrated in a few hours, 
it is not appropriate to begin fl uid restriction before the patient 
arrives for the test unless the clinical history suggests that the 
child can comfortably go for an extended period of time without 
drinking. In that case, the child can be fl uid restricted for that 
length of time before the test begins.

During the test, the environment must be controlled to avoid 
surreptitious water intake because the intense drive to drink can 
lead to fl uid intake from unusual sources including the toilet. 
Physical signs and biochemical parameters are measured hourly 
(Fig. 15.9). As measurement of serum osmolality is relatively 
imprecise, serum sodium is often more reliable than osmolality 
during water deprivation. The laboratory should be aware of the 
need for prompt assessment of the specimens.

A common recommendation is to stop the test when a 5% loss 
of body weight is recorded, but this may result in the test being 
stopped before a diagnosis can be made. Unless vital signs or 
other symptoms suggest hypovolemia, the patient should be 
monitored and the test can proceed until diagnostic results are 
obtained.

Diagnosis of DI is made only when the serum osmolality has 
risen to an abnormally high value (>300  mOsm/kg, sodium 
>145  mmol/L) and the urine is not appropriately concentrated 
(<600  mOsm/kg). If possible, the test should be continued for 
an additional hour to perform a confi rmatory set of measure-
ments to avoid making a diagnosis based on a single set of 
laboratory values. If the serum osmolality plateaus at a normal 
value (<300  mOsm/kg), with an increasing urine osmolality 
(>600  mOsm/kg) and decreasing hourly urine volume, the patient 
does not have DI but may have dipsogenic or psychogenic 
polydipsia.

Once a diagnosis of DI is made, differentiation of central from 
nephrogenic DI requires measurement of plasma vasopressin and 
the renal response to exogenous vasopressin. In the hyperna-
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Time Serum Urine  
BP Weight 

(min) Sodium (Osm) Sodium Osm Volume/hr    

–30

0

60

120

180

240

300

360

420

480

Aqueous AVP
administration  

0

30

60

If serum osm <300 (Na <145 and urine osm <600) continue the test unless vital signs 
suggest hyovolemia 

If urine osm >1000 or >600 and stable over two time points, stop test.  Normal 

If serum osm >300 and urine osm <600 and stable over two time points, stop test. DI.  
Give vasopressin 1 unit/m2 sub cu and measure response over following hour.  OK to 
drink modestly.  

Figure 15.9 Flow sheet for water deprivation 
testing for diagnosis of diabetes insipidus.

tremic state at the end of a water deprivation test, vasopressin 
concentration will be appropriately elevated in nephrogenic DI 
but the kidneys will not be able to respond. In central DI (CDI), 
vasopressin will be inappropriately low [73].

The response to exogenous vasopressin can also be tested to 
determine whether the urine output decreases appropriately 
(CDI) or whether the dilute urine production continues (neph-
rogenic DI). This is frequently carried out immediately following 
the water deprivation test but can be performed independently. 
Aqueous vasopressin (5  unit/m2) is administered subcutaneously 
and fl uid restriction should be stopped because continued restric-
tion in a child with NDI will result in progressive dehydration.

dDAVP (1  μg/m2 subcutaneously) can also be used for this test 
but is potent and long lasting, so giving dDAVP to a patient who 
actually has psychogenic or primary polydipsia or giving a large 
dose of dDAVP to an infant taking liquid nutrition can lead to 
water intoxication [74].

No rise in urine osmolality in the subsequent hour is consis-
tent with complete nephrogenic DI. A doubling of urine osmo-
lality and a decrease in urine volume in the hour following 
vasopressin administration suggests CDI with a normal renal 
response to vasopressin. The rise in osmolality will be interme-
diate in partial central and partial nephrogenic DI. If partial 

nephrogenic DI is suspected, a standard dose of dDAVP may 
not decrease urine output but a subsequent larger subcutaneous 
test dose of 10  μg/m2 may be suffi cient to activate a V2 receptor 
with decreased activity or affi nity for vasopressin. A positive 
response could suggest an unconventional treatment of this 
form of nephrogenic DI with high dose dDAVP. Patients with 
long-standing primary polydipsia may appear to have mild 
nephrogenic DI as of dilution of their renal medullary 
interstitium.

An alternative to a water deprivation test that is rarely used in 
children is to induce hypernatremia with a 3% saline infusion at 
0.1  mL/kg/min for up to 2  h, measuring urine and serum sodium 
and osmolality every 30  min until serum osmolality is >290  mOsm/
kg and sodium >145  mmol/L which should induce vasopressin 
release and urinary concentration. If not, this diagnoses DI and 
the vasopressin level and response to vasopressin or dDAVP can 
be assessed.

Central diabetes insipidus
The most common form of DI results from defi ciency of vaso-
pressin secretion. CDI (neurogenic, pituitary, hypothalamic, neu-
rohypophyseal, cranial or vasopressin-responsive) results when 
pituitary vasopressin production is reduced. Losses up to 90% of 
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normal vasopressin secretion can occur without overt clinical 
manifestations in otherwise well individuals. Further loss of vaso-
pressin secretion results in onset of polyuria and polydipsia so the 
onset of symptoms is generally perceived to be sudden and 
patients or their families often identify a discrete time. Once 
symptoms develop, the degree of polyuria and polydipsia depends 
on the severity of vasopressin defi ciency and on other factors, 
such as the integrity of thirst, renal function, dietary salt load and 
normality of other endocrine systems. Urinary losses up to 
400  mL/m2/h can occur. CDI responds well to vasopressin 
replacement therapy with vasopressin or more typically its longer-
acting analog, dDAVP.

Causes of central diabetes insipidus
Genetic causes
The inherited forms of CDI account for less than 10% of cases of 
DI (Table 15.2).

Autosomal dominant neurohypophyseal DI. The most frequent 
inherited form of DI, is caused by mutations in the vasopressin-
NPII gene and more than 40 mutations have been described. The 
majority are in the neurophysin coding region or in the signal 
peptide and are presumed to impair processing, folding or dimer-
ization. Symptoms appear at several years of age. Vasopressin 
secretion is normal initially and declines gradually until DI of 
variable severity supervenes [75].

Cell culture and animal studies have shown that the mutant 
proteins are trapped in the endoplasmic reticulum (ER) and high-
level expression of mutant protein results in abnormal ER mor-
phology and increased cell death [76]. Autopsy studies reveal a 
markedly subnormal number of vasopressin-producing magno-
cellular neurons in the supraoptic and paraventricular nuclei of 
the hypothalamus, associated with moderate gliosis [77]. These 
fi ndings are consistent with degeneration of these neurons and 
suggest that accumulation of the abnormal vasopressin prohor-
mone in the ER causes neuronal degeneration and cell death. Neu-
rotoxicity with degeneration of the magnocellular neurons due to 
accumulation of abnormal prohormone would explain both the 
autosomal dominant inheritance and the delayed onset of DI.

A single mutation in the AVP-NPII gene produces autosomal-
recessive neurohypophyseal DI [78]. A missense mutation at nucle-
otide 301 changes the proline at position 7 of vasopressin to a 
leucine. The mutant hormone is a weak agonist for the V2 recep-
tor, with approximately 30-fold reduced binding affi nity. Affected 
sibs were asymptomatic for the fi rst 1–2 years of life, presumably 
as increased secretion of the mutant hormone is able to compen-
sate for its decreased activity in early life. There is evidence that 
the mutation does not alter ER handling of the precursor but may 
impair fi nal processing and limit the amount that can be secreted 
[79].

Vasopressin defi ciency is part of Wolfram syndrome, a rare 
progressive neurodegenerative condition also known as 
DIDMOAD (diabetes insipidus, diabetes mellitus, optic atrophy 
and deafness) [80]. The minimal features required for diagnosis 

are juvenile-onset insulin-dependent diabetes and optic atrophy. 
CDI, sensorineural deafness, urinary tract atony, ataxia, periph-
eral neuropathy, mental retardation and psychiatric illness develop 
in the majority of patients. Onset of DI is usually in the second 
decade. The condition is probably genetically heterogeneous 
because it is associated with autosomal recessive mutations in the 
WFS1 gene on chromosome 4p16.1 [81], autosomal recessive 
mutations in the CIDS2 gene on 4q22-24 (82) and deletions in 
mitochondrial DNA [83].

There is some evidence that WFS1 mutations may cause the 
mitochondrial deletions [84]. WFS1 codes for an 890 amino acid 
transmembrane protein, wolframin, that is ubiquitously expressed 
and predominantly localized to the ER. CIDS2 encodes ERIS 
(endoplasmic reticulum intermembrane small protein) that also 
localizes to the ER [82]. Dominant mutations in WFS1 cause 
low-frequency hearing loss and have been associated with isolated 
diabetes mellitus and isolated psychiatric disease.

Congenital intracranial midline anatomic defects are associated 
with CDI and estimated to account for 5–10% of pediatric cases. 

Table 15.2 Causes of central diabetes insipidus.

Genetic
AVP-NPII gene:
 Autosomal dominant
 Autosomal recessive
Wolfram syndrome

Congenital
Septo-optic dysplasia
Midline craniofacial defects
Holoprosencephalic syndromes
Agenesis of the pituitary

Acquired
Neoplasms:
 Craniopharyngioma
 Germinoma
 Pinealoma
 Leukemia/lymphoma
Infl ammatory/infi ltrative:
 Langerhans cell histiocytosis
 Systemic lupus erythematosus
 Neurosarcoidosis
 Lymphocytic neurohypophysitis
Infectious:
 Meningitis
 Encephalitis
 Congenital infection
Traumatic injury:
 CNS surgery
 Head trauma
 Hypoxic injury

Idiopathic
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DI may become apparent in the fi rst weeks of life but diagnosis 
may be delayed. The most frequent defect is septo-optic dysplasia 
(SOD, de Morsier syndrome) characterized by hypoplasia of the 
optic nerves with other midline cerebral anomalies (agenesis of 
the corpus callosum), schizencephaly and pituitary hormone 
defi ciencies. Mutations in the homeobox gene Hesx1 have been 
associated with SOD in less than 1% of cases [85,86].

Other anomalies associated with CDI include nasal encepha-
locele, porencephaly, holoprosencephaly, hydrocephalus and 
hydranencephaly. MRI evaluation generally reveals an absent 
posterior pituitary bright spot, in addition to the accompanying 
CNS lesions. Visible midline craniofacial defects associated with 
congenital CDI include single central incisor, cleft lip or palate, 
high arch palate, micrognathia, synophrys, hypoteleorism, fl at 
nasal bridge or other midface hypoplasia but many children with 
congenital CDI have no external evidence of midline abnormali-
ties. Defi ciencies of anterior pituitary hormones and defects in 
thirst perception are not uncommon. In patients who have cor-
tisol defi ciency, symptoms of DI may be masked as cortisol 
defi ciency impairs renal free water clearance. In such cases, glu-
cocorticoid therapy may unmask vasopressin defi ciency and pre-
cipitate polyuria.

Acquired CDI
Non-familial acquired DI accounts for the majority of CDI.

Tumor. Brain tumours and those who develop DI following 
surgery account for up to 50% of acquired DI. Tumors account 
for 10–15% of acquired DI in children and include germinoma, 
astrocytoma, pinealoma, CNS lymphoma, glioma and crani-
opharyngioma. Although craniopharyngioma infrequently causes 
DI before surgery, the majority of children develop DI following 
resection and craniopharyngiomas ultimately account for the 
majority of tumor-associated CDI in children.

Because hypothalamic vasopressin neurons are distributed 
over a large area within the hypothalamus, tumors that cause 
DI must be large, infi ltrative or located at the point of conver-
gence of the hypothalamo-neurohypophyseal axonal tract in the 
infundibulum. As germinomas and pinealomas typically arise 
near the base of the hypothalamus, where vasopressin axons 
converge as they enter the posterior pituitary, they are the 
tumors most commonly associated with DI at diagnosis. Ger-
minomas can be small and undetectable by MRI for several 
years following the onset of DI [87]. The β-subunit of human 
chorionic gonadotropin and alpha-fetoprotein are often 
secreted by germinomas and pinealomas and repeated measure-
ments and MRI scans should be performed in children with 
idiopathic or unexplained DI. Tumor-associated DI is rare 
before 5 years of age [88].

Neurosurgical intervention. Surgery is one of the most common 
causes of CDI. In the postoperative period, it is important to be 
aware of the risk of DI and to distinguish polyuria associated with 
DI from polyuria due to the normal diuresis of fl uids given during 

surgery and polyuria associated with cerebral salt-wasting. In 
both DI and normal diuresis, the urine may be very dilute and of 
high volume but, with postoperative diuresis, serum sodium and 
osmolality will be normal, whereas they will be high in DI if the 
patient does not have free access to water.

In cerebral salt-wasting, urine volumes are also high but urinary 
sodium concentrations are high and serum osmolality and 
sodium are low. Postoperative DI is characterized by an abrupt 
onset of polyuria, usually within the fi rst 12–24  h. This phase is 
often transient, resolving spontaneously in 1–2 days, and thought 
to be caused either by acute injury to the neurohypophysis with 
inhibition of vasopressin secretion or release of biologically inac-
tive vasopressin-like peptide hormones from the damaged hypo-
thalamo-neurohypophyseal system that interfere with the binding 
of vasopressin to the V2 receptor [89].

Not infrequently, a “triple-phase” response is seen. Following 
the initial DI, the syndrome of inappropriate ADH secretion 
(SIADH) is seen, typically starting in 4–5 days and lasting for 10 
days resulting from the unregulated release of vasopressin 
from dying neurons. A third phase of permanent DI follows if 
suffi cient numbers of vasopressin-producing cells were destroyed. 
Although cranial irradiation is associated with the development 
of anterior pituitary hormone defi ciencies, it is not associated 
with DI.

Infections. Infections involving the base of the brain, such as 
meningococcus, group B streptococci, Haemophilus infl uenzae, 
Streptococcus pneumoniae, cryptococcal and listeria meningitides, 
congenital cytomegalovirus, tuberculoma or toxoplasmosis can 
cause CDI, which may be transient or permanent. When 
permanent, DI is often combined with anterior pituitary 
endocrinopathies.

Langerhans cell histiocytosis (LCH). The most common infi ltra-
tive disorder causing CDI, this may be responsible for up to 10% 
of acquired cases. LCH is generally considered a disease of child-
hood, although the diagnosis is also made in adults. It is charac-
terized by a clonal proliferation of abnormal dendritic histiocytes 
(Langerhans cells) with an accompanying infi ltration of 
lymphocytes, eosinophils and neutrophils. It can involve many 
body organ systems or tissues and often targets the posterior 
hypothalamo-pituitary region.

Ten percent of patients with LCH have DI at presentation and 
another 10% develop DI over time [90,91]. A minority has con-
current anterior hormone defi ciencies, which can develop many 
years after the onset of DI but rarely without it. DI associated with 
LCH is almost always a multisystem disease, with lesions in bone 
(68%), skin (57%), lung (39%) and lymph nodes (18%) [92]. X-
ray evaluation for skeletal lesions and clinical symptoms of mul-
tisystem disease should be sought when LCH is considered in a 
differential diagnosis. Thickening of the pituitary stalk may be 
seen on cranial MRI but the pituitary stalk can also appear 
normal. DI can also be associated with sarcoid but neurological 
manifestations of sarcoid are rare in children [93].
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Trauma. Trauma to the base of the brain can cause swelling 
around or severance of the magnocellular neurons, resulting in 
transient or permanent DI, even after seemingly minor trauma. 
As in CNS surgery, the DI associated with trauma may develop 
rapidly after the injury and can be transient or permanent. Occa-
sionally, onset can be delayed as the magnocellular neurons 
degenerate.

Autoimmune DI. Autoantibodies to vasopressin-secreting cells 
are present in more than half of adults less than 30 years of age 
presenting with idiopathic DI and are much more common in 
individuals with a history of prior autoimmune disease or pitu-
itary stalk thickening [94]. Based on the presence of these anti-
bodies, it has been suggested that autoimmune lymphocytic 
neurohypophysitis may account for a signifi cant proportion of 
patients with idiopathic DI but 16% of patients with non-
idiopathic CDI also have antibodies. It is possible that antibodies 
directed against vasopressin-containing cells are not pathogenic 
but are markers of previous neuronal cell destruction. Patients 
with other autoimmune diseases may have vasopressin-secreting 
cell antibodies without evidence of DI [95]. Biopsy-proven 
lymphatic hypophysitis or infundibulo-neurohypophysitis with 
associated DI has been reported infrequently in children, so the 
magnitude of its contribution to acquired childhood DI is 
unknown.

Hypoxic injury. Brain damage caused by carbon monoxide poi-
soning, smoke inhalation, respiratory failure, cardiopulmonary 
arrest, septic shock and sudden infant death syndrome may cause 
CDI. The interval between the insult and development of DI 
ranges from a few hours to many days. As the neurohypophyseal 
system has a bilateral blood supply and is relatively resistant to 
hypoxic injury, the appearance of DI following hypoxic injury is 
ominous and generally indicative of widespread neurological 
damage. DI is present in approximately 40% of children with 
brain death and CDI should be considered in the differential 
diagnosis of polyuria occurring in any patient who has suffered 
hypoxic injury.

Idiopathic DI. The remaining 12–20% of cases of DI are idio-
pathic. MRI may be normal or the pituitary stalk may be thick-
ened. Thickening is observed in approximately one-third of 
children with CDI. Some of these have a cause for their DI at 
presentation, most often LCH but the majority have idiopathic 
DI. Patients with idiopathic DI and thickening of the pituitary 
stalk appear to be more likely to have or to develop anterior 
pituitary hormone defi ciencies but all patients should have 
anterior pituitary function tests at presentation and during 
follow-up. Patients with or without thickening of the pituitary 
stalk should be followed with repeated MRI, as DI is the most 
common initial presentation of germinoma and may occur 
before radiographic evidence of the tumor is present. Evidence 
of a tumor is usually within 2.5 years after diagnosis and 1.3 
years after thickening of the pituitary stalk is noted on MRI. 

Concomitant gonadotropin defi ciency is a marker for a struc-
tural lesion underlying DI [96].

Treatment of central DI
Once CDI has been diagnosed, management requires a search for 
a cause. In 80–90% of healthy children and adults, the posterior 
pituitary emits a hyperintense signal (“bright spot”) on T1-
weighted non-infused mid-sagittal images (Fig. 15.10). The pos-
terior pituitary bright spot is absent in more than 90% of children 
with CDI at the time of diagnosis. This is not diagnostic of CDI 
as the bright spot is also absent in NDI, presumably because of 
increased release of vasopressin. The bright spot is notably normal 
in primary polydipsia. If initial studies do not reveal the etiology, 
repeat MRI at 6-month intervals is recommended for 2 years. 
Imaging frequency can then be decreased to yearly if the pituitary 
is stable or stalk thickening is present but improving. Anterior 
pituitary function should also be evaluated. In some cases, a 
lumbar puncture may be needed to identify a germinoma as 
cerebrospinal fl uid (CSF), α-fetoprotein or human chorionic 
gonadotropin concentrations may be elevated in the absence of 
an elevation in serum levels.

Treatment of CDI is usually lifelong as recovery from a defi -
ciency lasting more than a week is uncommon, even if the under-
lying cause is eliminated. With intact thirst and free access to 
water, an individual with DI will drink suffi ciently to maintain 
normal serum osmolality and high-normal serum sodium. To 
relieve symptoms, the treatment of choice is administration of 
dDAVP (desmopressin) (Fig. 15.2). dDAVP (4  μg/mL) is avail-
able for subcutaneous injection in doses from 0.1 to 1  μg once or 
twice per day. dDAVP as a nasal solution (10  μg/0.1 mL) can be 
delivered in increments of 2.5  μg by tube or by 10-μg increments 
as spray in the same concentration. It is approximately 10-fold 
less potent than the injected form. Oral dDAVP is available as 0.1 
or 0.2  mg tablets and is slower in onset of action and approxi-
mately 20-fold less potent than when given via the intranasal 
route (200-fold less potent than injection).

Treatment should begin with the lowest amount that gives the 
desired antidiuretic effect. Dosing can be once or twice per day 
and patients with intact thirst should be allowed to escape from 
the antidiuretic effect briefl y at least once a day to allow excessive 
water to be excreted and reduce the risk of water intoxication. 
The antidiuretic effect of dDAVP is rapid with subcutaneous or 
intranasal forms, with a somewhat slower onset of 30–60  min 
with the oral form. The maximum effect may not be achieved 
until 24–48  h after the fi rst dose because of the blunting of con-
centrating capacity caused by chronic water diuresis. Antidiuresis 
is followed promptly by a 1–2% increase in body water and a 
similar decrease in plasma osmolality and sodium, which relieves 
thirst and results in a reduction in fl uid intake.

dDAVP does not typically reduce urine free water output 
below the level of free water intake in a standard diet, so hypo-
natremia is unlikely to occur in the absence of excess fl uid intake 
but, as dDAVP reduces free water excretion, hyponatremia will 
occur if fl uid intake is excessive. Patients and parents should be 
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suggest limiting the intake of juice, soda, alcoholic beverages and 
other non-nutrient drinks and offering plain water to prevent 
taste-induced drinking.

Treatment of CDI associated with hypodipsia or adipsia. The 
osmoregulation of thirst is normal in more than 90% of patients 
with CDI but a few have hypodipsia or adipsia, mostly those with 
a history of congenital midline CNS malformations or hypotha-
lamic surgery or, to a lesser extent in children, head trauma, 
ruptured anterior communicating artery aneurysms or suprasel-
lar malignancy. As thirst adjusts water intake to compensate for 
changes in urine output and insensible losses, intact thirst pro-
tects against dehydration and hypernatremia or overhydration 
and hyponatremia during treatment of DI. When hypodipsia or 
adipsia are present, this greatly complicates management, as 
changing urine output is no longer compensated by spontaneous 
adjustment in fl uid intake. The situation is complicated by the 
fact that many adipsic DI patients have signifi cant associated 
neurologic and cognitive dysfunctions.

Management of DI in this situation requires a fi xed dose of 
dDAVP and a daily water intake to meet fl uid needs under usual 
conditions of treatment, diet, temperature and activity. In the 
absence of periods of signifi cant diuresis, the required free water 
intake will be approximately 1  L/m2/day. Patients and their fami-
lies can be taught to adjust the intake from the fi xed target amount 
based on situational changes, which include changes in urine 
output due to variation in dDAVP effectiveness or dietary solute 
load and increased insensible losses secondary to changes in 
ambient temperature, illness or physical activity. Daily weight can 
be helpful in determining the need to make interval adjustments 
in the daily fl uid intake but target weights need to be recalibrated 
periodically to compensate for growth. Periodic monitoring of 
serum sodium is essential, usually weekly, with additional tests 
for unexpected weight loss or gain. This requires frequent trips 
to the laboratory but, with the availability of small analyzers 
designed for point-of-care monitoring, families can be taught to 
carry out sodium monitoring in the home [97].

Treatment of CDI in infants. Neonates and young infants need 
large fl uid intakes to deliver adequate calories. Combining this 
high fl uid intake with conventional dosing of dDAVP can result 
in hyponatremia. There are several approaches to this situation.

Most infants with CDI cannot concentrate urine to reach an 
osmolality greater than the renal solute concentration of the feed 
and therefore excessive urine output and hypernatremia results. 
Large volumes of supplemental free water with daily weight and 
periodic sodium assessment is standard therapy but the large 
volume of water intake may result in inadequate calorie intake 
and poor growth. Decreasing the solute load with low-solute 
formula or breast milk can reduce the obligate urine output, 
allowing fl uid balance to be achieved with modest free water 
supplementation in infants who can concentrate their urine to 
70–100  mOsm/L. If DI is severe and urine cannot be spontane-
ously concentrated to 70  mOsm/L, addition of a thiazide diuretic 

(b)

(a)

Figure 15.10 Magnetic resonance imaging of the hypothalamus and pituitary 
in central diabetes insipidus (CDI). Both images are T1 weighted and obtained 
before the infusion of gadolinium. (a) This sagittal image is from a healthy 
4-year-old boy and shows the hyperintense signal normally emitted by the 
posterior pituitary. (b) This comparable image from a boy with autosomal 
dominant neurohypophyseal diabetes insipidus lacks the posterior pituitary 
bright spot.

educated about the risk of excessive fl uid intake and the signs and 
symptoms of water intoxication. Patients and families should be 
advised that intake should be guided solely by thirst and patients 
should avoid incidental or social drinking. It may be helpful to 
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(chlorothiazide 5  mg/kg every 12  h) with low solute formula is 
helpful in increasing urine osmolality and reducing urine output 
[98].

Another successful approach is to give small frequent doses of 
dDAVP orally to concentrate urine to 100–150  mOsm/L and 
thereby decrease urine output to approximately normal volume. 
A surprisingly small amount of dDAVP is required, approxi-
mately 0.5–5  μg orally every 6  h for a neonate. The intranasal 
solution is 10  μg/100  μL or 100  μg/1  mL and the dDAVP can be 
dosed with an insulin syringe (1  unit volume is 1  μg) or diluted 
and dispensed in a larger volume. Close follow-up with daily 
weights and periodic serum sodium is essential with all 
therapies.

Treatment of postoperative CDI. In the acute postoperative man-
agement of DI, vasopressin should be used with caution because 
hyponatremia can occur with intravenous fl uid intake not regu-
lated by thirst. A continuous vasopressin infusion allows modula-
tion of the urine output and can be titrated rapidly to meet 
changing conditions. This is not possible with dDAVP, which is 
generally inadvisable immediately postoperatively. Fluid therapy 
alone can be used to treat postoperative DI but the large volumes 
of urine output and intravenous fl uid infusion can lead to rapid 
undesirable changes in osmolality.

When intravenous fl uid therapy is used alone, input is matched 
with hourly output, with an initial limit of 3–5  L/m2/day. A basal 
infusion rate of 1  L/m2/day (40  mL/m2/h) should be given as 5% 
dextrose in 0.22% saline to replace baseline sodium loss. No 
additional fl uid should be administered for hourly urine volumes 
under 40  mL/m2/h. For hourly urine volumes above 40  mL/m2/h, 
the additional volume should be replaced with 5% dextrose–
water to a maximum of 120–200  mL/m2/h (3–5  L/m2/day). For 
urine outputs above 120  mL/m2/h, the initial total infusion rate 
should be 120  mL/m2/h and may be adjusted up to 200  mL/m2/h. 
In the presence of DI, this will result in serum sodium in the 
150  mmol/L range. This mildly volume-contracted state should 
produce a prerenal reduction in urine output, generally avoiding 
the need to give larger volumes of fl uid, and will also allow the 
assessment of thirst and the return of normal vasopressin func-
tion or the emergence of SIADH.

Patients may become mildly hyperglycemic with this regimen, 
particularly if they are also receiving postoperative glucocorti-
coids. Frequent assessment of fl uid balance, urine specifi c gravity 
and serum electrolytes to determine appropriate adjustments in 
therapy are essential to avoid fl uctuations in volume status, par-
ticularly in cases where the triple-phase response develops. If the 
child is awake and able to drink, free access to water based on 
thirst should be allowed, with advice to avoid non-thirst-
mediated fl uid intake. If there is concern about impaired thirst, 
oral intake should be matched to urine output. Patients with 
post-neurosurgical DI should be switched from intravenous to 
oral fl uid intake at the earliest opportunity because thirst sensa-
tion, if intact, will help regulate blood osmolality and minimize 
the risk of signifi cant hypernatremia or hyponatremia.

Intravenous vasopressin infused at 1.5–2.5  mU/kg/h concen-
trates urine within 1–6  h [99]. A loading dose of 1–2  mU/kg 
accelerates control. Occasionally, following hypothalamic surgery, 
higher concentrations of vasopressin are required initially to treat 
acute DI, which may be attributable to the release of biologically 
inactive vasopressin-like peptides acting as antagonists to normal 
vasopressin activity [89]. When fl uid requirements are no longer 
fl uctuating, the patient can be changed to dDAVP if required.

Nephrogenic DI
Nephrogenic (vasopressin-resistant) diabetes insipidus (NDI) is 
characterized by impaired urinary concentrating ability despite 
normal or elevated plasma concentrations of vasopressin: it can 
be genetic or acquired. Genetic etiologies are diagnosed during 
childhood and are generally more severe than acquired causes. 
Acquired NDI can occur as a component of acquired kidney 
disease, in a number of metabolic abnormalities or in response 
to drugs.

Causes of NDI
Genetic NDI
In contrast to familial CDI, polyuria and polydipsia are present 
from birth with NDI but the average age at which the diagnosis 
is recognized is 9 months (Table 15.3). Pregnancies involving 
affected infants can be complicated by hydramnios. Unless the 
disease is recognized, affected children have repeated episodes of 
dehydration, sometimes complicated by convulsions and death. 
Affected infants are irritable and present with vomiting, anorexia, 
failure-to-thrive, fever and constipation. Serum sodium is gener-
ally elevated because babies cannot increase free water intake. 

Table 15.3 Causes of nephrogenic diabetes insipidus.

Genetic
X-linked recessive (AVP-V2 receptor)
Autosomal recessive (aquaporin-2)
Autosomal dominant (aquaporin-2)

Acquired
Drugs:
 Lithium
 Foscarnet
 Demeclocycline
 Many others
Metabolic:
 Hyperglycemia
 Hypercalcemia
 Hypokalemia
 Protein malnutrition
Renal:
 Chronic renal failure
 Ischemic injury
 Impaired medullary function
 Outfl ow obstruction
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Growth failure may be secondary to the ingestion of large amounts 
of water, which the child may prefer over other higher calorie 
substances, and/or because of general poor health resulting from 
dehydration and hypernatremia. Mental retardation of variable 
severity has been reported [100] but it is probable that this results 
from prolonged episodes of dehydration or frequent swings in 
osmolality which can be prevented by earlier recognition and 
appropriate management [101,102].

Even with early institution of therapy, short stature remains 
common in children with congenital NDI. Some patients develop 
severe dilatation of the urinary tract, which may predispose to 
rupture after minor trauma. Intracranial calcifi cation has been 
described.

Congenital X-linked NDI. This accounts for >90% of cases and 
has an estimated prevalence of eight per million males, although 
the frequency is higher in some populations. It is caused by loss-
of-function mutations in the vasopressin V2 receptor gene, which 
is located at Xq28. Although it is X-linked, heterozygous females 
may be affected, presumably as a result of X chromosome inacti-
vation of the wild-type locus in a signifi cant number of the cells 
of the renal collecting ducts in one or both kidneys [103].

More than 180 mutations in the V2 receptor have been identi-
fi ed (Fig. 15.7a) [104]. They are mostly single base mutations that 
result in amino acid substitutions (50%), translational frame-
shifts (27%) or termination of peptide synthesis (11%). Most 
result in abnormal misfolded proteins that are trapped in the 
endoplasmic reticulum as a result of failed processing through 
the N-linked glycosylation pathway. A few have been demon-
strated to result in proteins with normal abundance on the cell 
surface but impaired vasopressin binding or G-protein coupling. 
Almost all mutations in the V2 receptor gene result in severe NDI 
but there are a few exceptions associated with a milder phenotype 
and later presentation [105].

Autosomal recessive NDI. Autosomal recessive NDI, caused by 
mutations in the aquaporin-2 gene, located in the 12q13 chromo-
some region, constitutes <10% of cases. More than 30 mutations 
have been identifi ed (Fig. 15.7b,c) [104] that impair the ability of 
the luminal membrane to undergo an increase in water permea-
bility following signaling through the V2 receptor. Most muta-
tions in AQP-2 result in autosomal recessive disease. The 
mutations result in misfolding and misrouting of AQP-2 mutant 
proteins, with retention of the protein within the ER.

Autosomal dominant NDI. This is also caused by a mutation in 
the AQP-2 gene and has been described in a few families. Oocyte 
expression studies have shown that the autosomal dominant 
protein behaves in a dominant-negative way by forming hetero-
oligomers with wild-type AQP-2 and impairing routing of both 
wild-type and mutant proteins out of the Golgi apparatus to the 
plasma membrane [106].

AQP-2 mutations can be distinguished from the V2 receptor 
mutation forms by genetic or functional studies demonstrating 

the presence of extrarenal V2-mediated responses to dDAVP. 
Patients with autosomal NDI show normal increases in von Wil-
lebrand factor, factor VIII and tissue-type plasminogen activator 
levels in response to dDAVP, while these responses are absent in 
X-linked NDI. These tests are diffi cult to perform in infants and 
have been replaced by molecular identifi cation of the mutations 
in AQP-2 or the V2 receptor. If the family history is suggestive of 
familial DI, genetic characterization of the defect is appropriate. 
Patients with a family history can be evaluated for the disorder 
in the prenatal or perinatal period by DNA sequence analysis, 
allowing therapy to be initiated without delay [107].

Acquired NDI
Drug-induced NDI. This is not common but 50% of patients 
receiving lithium have impaired urinary concentrating ability 
and 10–20% develop symptomatic NDI on long-term therapy. 
Lithium appears to act by decreasing AQP-2 protein targeting to 
the apical membrane [108]. The risk of symptomatic DI increases 
with duration of lithium therapy and NDI may be slow to recover 
or persist following discontinuation of lithium therapy.

Other drugs associated with NDI include foscarnet, cidofovir, 
clozapine, fl uvoxamine, amphotericin B, gentamicin, demeclocy-
cline, cyclophosphamide, isophosphamide, cisplatin, rifampicin, 
methicillin, methotrexate, cimetidine, verapamil, methoxyfl u-
rane, colchicine and glyburide. Most cause NDI in the setting of 
severe illness. Foscarnet, the second most common drug associ-
ated with NDI, appears to interfere with the transduction of the 
vasopressin signal proximal to cAMP and its effect can be blocked 
by non-steroidal anti-infl ammatory drugs (NSAIDs), suggesting 
that it may be mediated via prostaglandins. How other agents 
cause NDI is not known.

Metabolic causes. Hyperglycemia, hypokalemia and hypercalce-
mia are associated with vasopressin-resistant polyuria and poly-
dipsia. Hyperglycemia causes an osmotic diuresis, preventing 
normal water reabsorption in the face of intact signaling with 
increased urine osmolality. The DI in hypokalemia is not as 
severe as that seen with familial or lithium-induced NDI but does 
appear to result from a true reduction in vasopressin responsive-
ness, probably by a reduction in total AQP-2. Hypercalcemia-
associated polyuria and polydipsia is associated with AQP-2 
downregulation and diminished traffi cking of AQP-2 to the col-
lecting duct apical membrane [109].

Kidney disease. Impaired urinary concentrating capacity and 
unresponsiveness to vasopressin occurs in acute and chronic 
renal failure when impairment of the counter-current concen-
trating mechanism probably contributes to reduced concentrat-
ing ability. Defective medullary counter-current function resulting 
in a vasopressin-resistant concentrating defect is seen in other 
diseases that cause medullary damage, such as sickle cell disease, 
Sjögren syndrome, amyloidosis, sarcoid and cystinosis. Protein 
malnutrition or low sodium intake can also lead to diminished 
tonicity of the renal medullary interstitium and diminish the 
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driving force for water reabsorption. Urinary tract obstruction 
produces polyuria, which appears to be multifactorial but includes 
decreased AQP-2 [110].

Treatment of NDI
Once the diagnosis and cause of acquired NDI has been estab-
lished, treatment focuses fi rst on elimination of the underlying 
disorder or drug. In congenital NDI, the main goals are to ensure 
adequate intake of calories for growth and avoid dehydration. 
Therapies for congenital NDI do not completely eliminate poly-
uria but reduction to 3–4  L/m2/day is often achievable.

Foods with the highest ratio of calorie content to osmotic load 
should be used to maximize growth and minimize the urine 
volume required to excrete solute. Thiazide diuretics (hydrochlo-
rothiazide 2–4  mg/kg/day divided two or three times daily) with 
low sodium intake and amiloride or indometacin are the most 
useful treatments. Thiazides inhibit the NaCl co-transporter in 
the distal convoluted tubule and the resultant increased sodium 
excretion coupled with dietary sodium restriction results in extra-
cellular volume contraction, decreased glomerular fi ltration rate 
(GFR) and increased proximal tubule sodium and water reab-
sorption. This results in decreased delivery of water and sodium 
to the collecting tubules and therefore decreased urine output. 
Thiazides may also directly increase water resorption in the col-
lecting duct [111].

Indometacin enhances proximal tubular sodium and water 
absorption but is associated with nephrotoxicity and gastrointes-
tinal side effects. Amiloride, in a regimen of 0.3  mg/kg/day 
divided three times per day, prevents thiazide-induced hypoka-
lemia, which can itself cause vasopressin-resistant polyuria, 
avoids the toxicity associated with indometacin and is well toler-
ated, even with prolonged treatment [112].

In cases of X-linked NDI with V2 receptors that are expressed 
on the cell surface but have a decreased affi nity for vasopressin, 
dDAVP at higher than typical doses can sometimes be used [113]. 
Some patients with lithium-induced NDI are effectively treated 
with thiazides and amiloride because the latter inhibits lithium 
uptake by collecting duct epithelial cells [114].

Synthetic membrane-permeable vasopressin antagonists can 
act as chemical chaperones, increasing the successful processing 
of mutant V2 receptors and allowing increased movement to the 
plasma membrane. Once there, some of the mutant proteins are 
capable of generating vasopressin-mediated cAMP production 
and presumably vasopressin-mediated water uptake [115,116]. 
These antagonists offer hope of more effective therapy for some 
forms of X-linked NDI.

Primary polydipsia
Polyuria and polydipsia with low vasopressin levels can result 
from excessive intake of water and is often mistaken for DI but, 
in contrast to DI, hypernatremia is never seen, even with fl uid 
restriction. Excessive intake of water slightly lowers serum osmo-
lality and inhibits the secretion of vasopressin allowing water 
diuresis to compensate for the increased intake. This condition, 

primary polydipsia, must be distinguished from DI because 
dDAVP therapy is contraindicated in most cases. In a water 
deprivation test, the polyuria will be interrupted and the urine 
will become concentrated and decrease in volume. Therapy with 
dDAVP in the face of continued drinking may cause water intoxi-
cation to develop rapidly, usually within 24–48  h with develop-
ment of hyponatremia and central nervous symptoms and signs. 
dDAVP should not be used to treat a polyuric patient with a 
normal water deprivation test.

Psychogenic polydipsia
Primary polydipsia, which can occur as part of a general cognitive 
defect associated with schizophrenia or other psychiatric disor-
ders, is usually called psychogenic polydipsia or compulsive water 
drinking. Rare in children, it may occur in adolescents. Patients 
do not complain of thirst and usually attribute polydipsia to dis-
ordered beliefs. Water intake is often in excess of that necessary 
to maintain fl uid balance, even in DI, and may occasionally 
exceed the renal capacity to excrete free water, predisposing indi-
viduals with this form of primary polydipsia to hyponatremia. 
Treatment focuses on the underlying psychiatric disorder. If 
water intake has been suffi cient to cause hyponatremia in the 
absence of dDAVP, the patient may need supervised care to 
control access to water.

Dipsogenic polydipsia
In dipsogenic polydipsia, increased water consumption is caused 
by an increase in thirst [117]. This can be seen in diseases involv-
ing the hypothalamus, although it is most often idiopathic. Man-
agement should include a search for the cause and for the presence 
of associated defects in hypothalamic and anterior pituitary func-
tion. Some cases appear to result from resetting the osmotic 
threshold for thirst below the threshold for vasopressin release. 
Because vasopressin secretion is suppressed at the thirst osmotic 
threshold, ingested water is rapidly excreted and thirst persists. 
dDAVP may be benefi cial when thirst and vasopressin osmotic 
threshold are reversed because it allows the serum osmolality to 
fall below the threshold for thirst, thereby suppressing water 
ingestion [118]. If the thirst threshold is reset too low, signifi cant 
hyponatremia may result with the removal of the protective renal 
diuresis mechanism.

Iatrogenic polydipsia
Primary polydipsia can also be prompted by overzealous adop-
tion or incorrect understanding of advice to increase fl uid intake 
offered by physicians, nurses, complementary medicine practitio-
ners or the lay media. It is usually mild and rarely results in urine 
outputs of more than 5  L/day. It can be corrected if those involved 
are amenable to adopting more moderate fl uid intake practices.

Hypernatremia
Hypernatremia (serum sodium concentration >145  mmol/L) is 
caused by loss of water or gain of sodium. Because the increased 
serum osmolality induces intense thirst, even a modest rise in 
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serum sodium stimulates water ingestion, preventing progression 
of hypernatremia, so hypernatremia rarely occurs in a normal 
ambulatory individual with intact thirst and access to water, even 
with DI.

Adipsic hypernatremia
Primary adipsia is usually caused by lesions in the anterior hypo-
thalamus and the resulting hypernatremia can be exacerbated by 
concomitant DI with impaired vasopressin release in response to 
increasing serum osmolality. The water intake associated with a 
normal diet is insuffi cient to match obligate renal, bowel and 
insensible water losses and periodic supplemental drinking is 
required to prevent hypernatremia. If thirst is absent, drinking 
does not occur and hypernatremic dehydration results.

Hypernatremia develops slowly and even moderate to severe 
elevations in plasma sodium may be well tolerated and cause no 
obvious clinical abnormalities. The development of hypernatre-
mia can be accelerated by an increase in urinary or stool water 
loss or an increase in insensible losses associated with exercise, 
increase in environmental temperature or fever. If hypernatremic 
dehydration develops rapidly or is particularly severe, it usually 
results in overt clinical signs of hypovolemia and damage to the 
brain and other organs can occur.

As with DI, adipsia requires cranial MRI to evaluate the 
hypothalamus. The long-term management should prevent or 
minimize recurrences of hypertonic dehydration by minimizing 
urinary water losses using dDAVP if DI is present and ensuring 
that fl uid intake is suffi cient to replace total water output. Even 
in the absence of dDAVP, caution should be taken to avoid exces-
sive fl uid intake as some individuals also have an impaired ability 
to downregulate vasopressin secretion and may be at risk of water 
intoxication with increased fl uid intake.

Physical obstacles to drinking
Adipsic hypernatremia should be distinguished from the pres-
ence of physical obstacles to drinking, such as occur in patients 
who are debilitated by acute or chronic illness, have neurological 
impairment or are at the extremes of age. Immobilized patients 
who can communicate are less likely to develop hypernatremia 
because they can indicate their desire to drink but very young 
children or those with signifi cant developmental delay are at risk 
of dehydration if obligate fl uid losses are not anticipated and 
replaced.

Excessive free water losses (not due to DI)
When acute illness results in inadequate fl uid intake or excessive 
free water losses, which cannot be compensated by increased fl uid 
intake due to the ongoing disease process, hypernatremia can 
result. Gastroenteritis with prolonged vomiting and diarrhea is 
the most common example. In severely ill patients, hypernatre-
mia can also be caused by inadequate replacement of increased 
insensible water loss, which may occur in patients with burns or 
high fever or by failure to adequately replace increased losses from 
other sources.

Excessive sodium intake
Increased sodium intake can be caused by accidental ingestion of 
large quantities of salt or intravenous administration of hyper-
tonic solutions. Increased water intake corrects the hyperosmo-
lality and excess sodium is rapidly excreted as long as thirst and 
renal function are intact and there are no physical limitations 
preventing access to water. In infants, severely ill or debilitated 
patients, excessive sodium administration can result in persistent 
hypernatremia until adequate free water is provided to allow salt 
diuresis.

Correction of hypernatremia
The initial treatment of hypernatremia should replace the water 
defi ciency and minimize further losses by treating DI, diabetes 
mellitus or other underlying pathology. Free water should be 
given orally if possible but can also be infused intravenously 
either as 0.45% saline, 5% dextrose in 0.22% saline or as 5% 
dextrose–water (if hyperglycemia is not present). 0.45% saline 
provides equal volumes of normal saline and free water whereas 
0.22% saline is equivalent to one part normal saline and three 
parts free water. The net increase in body water that must be 
achieved to correct the defi cit can be estimated by the formula:

ΔH2O = [(PNa − 140)/140] × 0.6 × BW

where ΔH2O is the estimated water defi cit in liters, PNa is the 
plasma sodium concentration expressed in mmol/L and BW is 
the body weight in kilograms.

Non-acute hypernatremic dehydration or hypernatremic 
dehydration of uncertain duration should be corrected gradually. 
Hypernatremia results in an effl ux of fl uid from the intracellular 
space to maintain osmotic equilibrium which leads to transient 
intracellular dehydration. The brain signifi cantly increases its 
content of sodium, potassium, amino acids (taurine and gluta-
mine) and other osmotically active substances, such as myoino-
sitol and betaine [119] and regains 98% of its water content 
within 1 week, despite persistent hypernatremia [120]. Although 
protective during hypernatremia, these compensatory increases 
in intracellular osmoles will result in cellular swelling if hyperna-
tremia is corrected too rapidly. Swelling of cells in the brain after 
the closure of the fontanelles increases intracranial pressure 
rapidly leading to seizures, coma and death.

Therefore, when hypernatremia has been present for more 
then 12  h or the duration is uncertain, the target should be to 
replace the free water defi cit over a minimum of 48  h and to avoid 
changes in sodium concentration exceeding 0.5–1  mmol/L/h. 
The rate of fl uid administration will be determined by the free 
water defi cit divided by the desired time over which the defi cit is 
to be replaced added to fl uid administration suffi cient to replace 
estimated or measured renal and gastrointestinal output and esti-
mated insensible losses. During the correction of hypernatremia, 
fl uid intake, output and plasma sodium (and glucose if hypergly-
cemia is present) should be monitored frequently and the treat-
ment plan adjusted as necessary.
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Hyponatremia
The primary defense against hyponatremia is the ability to gener-
ate dilute urine and excrete free water which excess vasopressin 
or primary renal disease can interrupt. If dilute urine cannot be 
produced and water intake not reduced suffi ciently to match the 
reduction in urine output, free water accumulates and dilutes 
body fl uids, resulting in hypotonic hyponatremia. Clinical mani-
festations result from the effects of hyponatremia on the CNS: 
both alterations in electrolyte concentrations and direct effects of 
cellular swelling. Slow development of hyponatremia may result 
in mild symptoms but rapid development causes anorexia, head-
ache, nausea, lethargy, psychosis, convulsions, intracranial hyper-
tension and coma or death from herniation. The severity of 
neurological effects depends on the degree of hyponatremia, the 
rate of decline and the age of the patient. Children are more 
susceptible to symptomatic hyponatremia after closure of the 
fontanelles, which leaves less room for brain expansion [121]. 
Females after menarche and before menopause are at increased 
risk of developing symptomatic hyponatremia probably because 
estrogen inhibits compensatory changes in intracellular 
osmolality and may increase the risk of consequent hypoxic 
damage by promoting cerebral vasoconstriction [122]. If hypo-
natremia develops rapidly (over less than 24–48  h) and/or is 
exceptionally severe (<120  mmol/L), it usually results in symp-
toms and signs.

Determining the etiology is critical because it affects manage-
ment [123]. The duration and degree of hyponatremia and the 
presence or absence of symptoms are important: acute (<24–48  h) 
hyponatremia can be corrected quickly but chronic asymptom-
atic hyponatremia should be corrected slowly because rapid cor-
rection is associated with CNS injury, including central pontine 
myelinolysis [124]. Symptomatic chronic hyponatremia requires 
a phase of rapid correction until symptoms remit, followed by 
further gradual correction.

Diagnostic approach to hyponatremia
Hyponatremia typically occurs with hypotonicity but can also be 
found with a normal or elevated serum osmolality. The fi rst step 
in evaluation is confi rmation that it is associated with hypotonic-
ity by measuring serum osmolality (Fig. 15.11). The most common 
cause of hypertonic hyponatremia is hyperglycemia. Glucose-
induced hyperosmolality causes an osmotic shift of fl uid from the 
intracellular into the extracellular space, resulting in a dilutional 
decrease in sodium. If hyperglycemia is present, the observed 
plasma sodium (PNa) should be corrected for dilution to deter-
mine the plasma sodium that would be present in the absence of 
hyperglycemia using the formula:

P-NaCor = PNa + [(Glu − 100) × 1.6]/100

Urine sodium < 25 mEq/L

Yes YesNo

No

Yes No

Yes No

No

No

Yes No
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• Hyperlipidemia
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Figure 15.11 Diagnostic approach to hyponatremia. CHF, congestive heart failure; SIADH, syndrome of inappropriate ADH secretion.
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where P-NaCor is the corrected plasma sodium in mmol/L and Glu 
is the plasma glucose in mg/dL (mmol/L × 18). Other solutes, 
such as mannitol, sorbitol, maltose and radiocontrast, can also 
produce hypertonic hyponatremia.

Normotonic hyponatremia can be seen in severe hyperprotein-
emia or hyperlipidemia, which cause a displacement of plasma 
water. When sodium is measured by methods that involve dilu-
tion of the specimen before measurement, sodium concentration 
appears to be low, although if measured by an ion selective elec-
trode in the aqueous phase of undiluted serum, the sodium is 
normal. Hyponatremia in this situation is thus a laboratory arti-
fact, pseudohyponatremia.

Hypotonic hyponatremia results either from sodium loss or 
free water gain. A dilute urine osmolality (<100  mOsm/L) sug-
gests excess free water gain from primary polydipsia. Sodium loss 
or diminished water excretion result in concentrated urine, gen-
erally with osmolality >300  mOsm/kg. A clinical and laboratory 
assessment of whether the patient is hypovolemic, suggesting 
sodium loss, or euvolemic or hypervolemic, suggesting dimin-
ished water excretion, is required. Information on recent intake 
and output, weight changes, medication and underlying medical 
illnesses may be useful in making the distinction. Weight loss, 
decreased skin turgor, decreased perfusion and elevated heart rate 

suggest hypovolemia, as do elevated blood urea nitrogen (BUN), 
renin, aldosterone and uric acid.

Urine sodium also distinguishes hypovolemia from hypervol-
emia. In hypovolemia, sodium will be avidly retained and the 
urinary sodium will be less than 10  mmol/L, except when the 
hypovolemia is brought about by cerebral salt-wasting, ongoing 
diuretic use or renal salt-wasting. In hypervolemia, the urine 
sodium is generally >40  mmol/L.

Euvolemic or hypervolemic hyponatremia can be caused by 
inappropriately elevated vasopressin or by vasopressin “appropri-
ately” elevated as the result of effectively decreased plasma 
volume, such as in congestive heart failure, diuretic use or cir-
rhosis. Because many forms of hyponatremia have associated 
increases in vasopressin levels, it is important to determine 
whether the increased vasopressin refl ects a physiologically 
appropriate process or is due to inappropriate increases in vaso-
pressin secretion (Fig. 15.12) [125].

Inappropriate vasopressin secretion
Osmotically inappropriate vasopressin secretion that cannot be 
explained by a non-osmotic stimulus implies a primary abnor-
mality in the regulation of vasopressin secretion, SIADH [126]. 
Patients with SIADH fail to suppress vasopressin secretion, even 
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Figure 15.12 Plasma vasopressin concentration in hyponatremia. It is generally 
not helpful to measure vasopressin levels during the evaluation of hyponatremia 
as most patients with hyponatremia have vasopressin levels that are 
inappropriately elevated for their serum osmolality. Fifteen healthy volunteers (v) 
who drank 1  L water per hour for 8–10  h suppressed their vasopressin levels as 
their plasma osmolality declined and did not develop hyponatremia. In contrast, 
in 51 patients with congestive heart failure (CHF) associated hyponatremia (�), 
35 patients with cirrhosis-associated hyponatremia (�) and 55 patients with 
volume depletion-associated hyponatremia (�), the majority have elevated 

vasopressin levels despite their hyponatremia. This is presumed to be due to 
intravascular volume depletion-mediated vasopressin release and these 
vasopressin levels are indistinguishable from those seen in 36 individuals with 
SIADH (�). Nine patients without a known etiology of their hyponatremia are 
also included (�). The line at 0.75  pg/mL indicates the minimum detectable 
vasopressin level in the assay used. The numbers in parentheses at the top 
indicate the value of plasma vasopressin measurements that are beyond the 
scale of this diagram. (From Gross et al. [152] with permission.)
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when plasma osmolality falls below the normal osmotic threshold 
for stimulated vasopressin release. This causes impaired renal free 
water clearance and results in total body free water excess and 
hyponatremia if free water intake is not limited. SIADH is the 
most common etiology of severe hyponatremia but the mecha-
nism is not fully understood.

Mechanism of hyponatremia with euvolemia in SIADH
Even maximal antidiuresis by vasopressin causes little or no 
decrease in plasma sodium unless fl uid intake is maintained at a 
level greater than total urinary and insensible output. Excessive 
fl uid intake in patients can be caused by inappropriate adminis-
tration of intravenous or nasogastric fl uids, non-thirst-mediated 
drinking or an abnormality in the osmoregulation of thirst. 
Under these conditions, excess water accumulates, expanding 
and diluting body fl uids. When the expansion of body water 
exceeds 5–6%, plasma renin activity and aldosterone are sup-
pressed, atrial natriuretic peptide levels increase and urine sodium 
excretion begins to rise. These compensatory mechanisms 
interrupt further increase in the extracellular volume expansion, 
preventing extreme volume expansion, but aggravate the 
hyponatremia.

Because of these compensatory changes, individuals with 
SIADH are clinically euvolemic and, once they have reached this 
phase of SIADH, urine free water and sodium excretion rates 
parallel the rates of water and sodium intake. The increase in 
urine sodium mediated by the vasopressin-induced volume 
expansion helps to distinguish SIADH from other forms of hypo-
tonic hyponatremia. In the absence of diuretic use or renal 
disease, hyponatremia with low urine output and increased urine 
sodium (>20–30  mmol/L) is consistent with SIADH but SIADH 
should not be diagnosed if there is clinical evidence of hypovole-
mia or peripheral edema. Low normal BUN, creatinine and low 
uric acid can provide additional laboratory evidence of the mild 
volume expansion expected with SIADH.

Causes of SIADH
Tumors. SIADH was fi rst described with bronchogenic carci-
noma and has since been recognized in patients with several other 
types of tumors, particularly of neuroendocrine origin. Small-cell 
lung carcinomas are capable of ectopic synthesis and release of 
vasopressin. A small percentage of other lung tumors also produce 
and release vasopressin. Head and neck tumors have also been 
associated with SIADH. Although many SIADH-associated 
tumors produce vasopressin, a number have not. In those cases, 
it is presumed that the tumor produces a substance that promotes 
vasopressin secretion. Most SIADH-associated tumors are not 
seen in children.

Drugs. Drugs can cause impaired free water clearance (Table 
15.4) resulting from alteration in vasopressin release, enhanced 
vasopressin effect at the same plasma vasopressin concentration 
or vasopressin-independent changes in distal collecting tubule 
water permeability. Carbamazepine [127], chlorpropamide [128], 

vinblastine [129], vincristine [130], tricyclic antidepressants 
[131] and 3,4-methylenedioxymethamphetamine (ecstasy) [132] 
increase antidiuretic hormone (ADH) secretion and result in 
hyponatremia.

CNS disorders. These include infl ammatory processes, such as 
systemic lupus, sarcoid and Guillain–Barré syndrome, and infec-
tious causes, such as meningitis and encephalitis. Tuberculous 
meningitis has an unusually high association with SIADH, with 
70% of tuberculous meningitis cases in children affected [133]. 
SIADH has also been seen with tumors or brain abscesses, fol-
lowing cerebrovascular accident and following CNS surgery or 
traumatic injury. In CNS injury, care must be taken to distinguish 
SIADH from cerebral salt-wasting, which also causes hyponatre-
mia but requires markedly different management.

Non-malignant pulmonary disorders. These, including hypoxia 
and hypercapnia, elevate plasma vasopressin levels. SIADH has 
been seen in advanced chronic obstructive pulmonary disease 
and several other pulmonary disorders, including tuberculosis, 
severe asthma, respiratory syncytial virus (RSV) bronchiolitis, 
cystic fi brosis (CF) exacerbation and pneumonia. SIADH gener-
ally occurs with acute respiratory failure but is limited to the 
period of respiratory failure. Mechanical ventilation, particularly 
positive pressure ventilation, has been associated with increased 
vasopressin release and SIADH probably because decreased vas-
cular return to the heart results in decreased cardiac output and 
decreased stretch on the baroreceptors.

Table 15.4 Drugs associated with impaired water clearance.

Class Common drugs

Angiotensin-converting enzyme inhibitors Lisinopril
Anticonvulsants Carbamazepine

Oxacarbazepine
Valproic acid

Anitneoplastics Cis-platinum
Cyclophosphamide
Vinblastine
Vincristine

Antiparkinsonian Amantadine
Trihexyphenidyl

Antipsychotics Haloperidol
Thioridazine

Antipyretics Acetaminophen
Hypolipidemics Clofi brate
Oral hypoglycemics Chlorpropamide

Tolbutamide
Selective serotonin uptake inhibitors Fluoxetine

Sertraline
Tricyclic antidepressants Imipramine

Amitriptyline
Other Ecstasy
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Postoperative hyponatremia. It has long been recognized that the 
use of hypotonic saline for hydration during acute postoperative 
management puts patients at risk of hyponatremia and, for this 
reason, isotonic saline solutions are widely used for fl uid support 
following surgery. Unfortunately, children are still sustaining 
neurological morbidity and mortality associated with hospital-
acquired hyponatremia associated with receiving hypotonic fl uids 
postoperatively [134]. The etiology of postoperative hyponatre-
mia is multifactorial but generally associated with a self-limited 
increase in vasopressin. Nausea, a common postoperative 
symptom, is a stimulus for vasopressin secretion, as are pain, 
stress, anxiety and fever. Whether brought about by intravascular 
volume depletion or other stimuli, vasopressin levels are high in 
the immediate postoperative period so hypotonic fl uids should 
be used cautiously.
Adrenal insuffi ciency/hypothyroidism. An SIADH-like syndrome 
occurs in patients with adrenal insuffi ciency [30], which impairs 
free water excretion. Cortisol-defi cient states are associated with 
increased vasopressin levels and also cause antidiuresis in patients 
with CDI, suggesting that cortisol may also have an effect on 
urine concentration independent of vasopressin. As in true 
SIADH, the development of hyponatremia is dependent upon 
excessive water intake. Patients with hyponatremia resulting from 
isolated glucocorticoid defi ciency do not have hyperkalemia or 
signs of hypovolemia and can be reliably differentiated from 
patients with SIADH only by testing the hypothalamic-pituitary-
adrenal axis. Severe hypothyroidism can also produce an 
SIADH-like hyponatremia, the etiology of which is unknown 
[135]. SIADH should not be diagnosed until hypothyroidism 
and adrenal insuffi ciency have been excluded.

Exercise-induced SIADH. Marathon runners are susceptible to 
development of hyponatremia during a race. Fluid intake is 
encouraged while nausea, pain, exercise itself and release of IL-6 
from low grade rhabdomyolysis all promote vasopressin secretion 
and can lead to fatal hyponatremia from SIADH [136]. NSAIDs 
may enhance the renal activity of inappropriately secreted vaso-
pressin and may potentiate development of SIADH.

Inherited. A constitutively activating mutation in the gene encod-
ing the V2 receptor causes a congenital SIADH-like syndrome in the 
absence of elevated vasopressin levels. This condition has been 
named nephrogenic syndrome of inappropriate antidiuresis [137].

Management of SIADH
The primary management of SIADH is fl uid restriction while the 
underlying cause is identifi ed and treated. Fortunately, SIADH is 
generally temporary and fl uid restriction will be necessary only 
until it remits spontaneously. In cases when excess hormone is 
made ectopically, given exogenously, results from a defi ciency in 
glucocorticoid or thyroid hormone or is released from the poste-
rior pituitary in response to a medication, the cause can be 
addressed specifi cally. Symptomatic SIADH is less common but 
requires urgent therapy.

Asymptomatic hyponatremia
When hyponatremia is not severe (serum sodium >120  mmol/L) 
and is asymptomatic, fl uid restriction is the optimal therapy. The 
goal is to promote a gradual increase in sodium, followed by sta-
bilization in the normal range. Rapid correction of hyponatremia 
has been associated with central pontine myelinolysis, a rare and 
sometimes fatal neurological disorder characterized by demyelin-
ation that involves the central portion of the base of the pons and 
causes spastic quadriparesis, pseudobulbar paralysis with dyspha-
gia and dysarthria. Myelinolysis lesions may also be extrapontine 
and then the syndrome has been called osmotic demyelinating 
syndrome. It may result from disruption of the blood–brain 
barrier that allows complement to damage oligodendrocytes and 
produce a pathological pattern resembling fulminate multiple 
sclerosis [138].

Patients in whom hyponatremia has been present for more 
than 48  h may have fewer symptoms but are more likely to have 
serious complications from rapid correction of hyponatremia. 
The target is to increase the sodium at not more than 0.5  mmol/h 
or 8–12  mmol/day. To promote an increase in serum sodium, 
fl uid restriction to amounts below obligate urine and insensible 
losses is required, generally 600–800  mL/m2/day. The expected 
rate of increase in sodium with such a fl uid restriction in place is 
well below the maximum target of 10–12  mmol/day. Once the 
sodium has risen into the desired range, maintenance of it in that 
range can generally be achieved with a fl uid restriction of 0.8–1  L/
m2/day. Fluid restriction can be diffi cult in infants and young 
children because the water content of formula or baby food is 
relatively high and fl uid restriction may result in unintentional 
calorie defi cit. Fluid restriction can also become burdensome to 
older children when SIADH is prolonged and additional mea-
sures may be needed.

The children with nephrogenic syndrome of inappropriate 
antidiuresis have a persistent form of antidiuresis and are treated 
with fl uid restriction and oral urea to eliminate free water by 
induction of an osmotic diuresis [137].

Inhibiting the vasopressin effect. Body water can be reduced by 
treatments that inhibit the antidiuretic effects of vasopressin. 
Demeclocycline, a tetracycline derivative, at conventional doses 
of up to 1.2  g/day in adults, causes a reversible form of NDI in 
almost all patients with SIADH in a week or more [139]. Its 
potential renal toxicity may cause a rise in plasma urea which is 
reversible when the drug is stopped. Its effi cacy and safety in 
treating infants and children with SIADH is unknown but it is 
incorporated into tooth and bone and therefore its use should be 
restricted to patients with chronic SIADH not amenable to fl uid 
restriction.

Lithium carbonate causes a form of NDI but, at conventional 
doses, this effect is inconsistent and, with its narrow therapeutic 
window, it is prone to produce undesirable side effects. For these 
reasons, lithium should not be used for treatment of SIADH in 
children [140]. Oral urea in a 30% solution at 0.1  g/kg/day 
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divided into four doses rapidly establishes an osmotic diuresis 
and eliminates free water safely and effectively [141].

A potent intravenous non-peptide V1/V2 receptor antagonist, 
conivaptan, that blocks the antidiuretic effect of vasopressin has 
been approved for use in humans. Oral V2-specifi c vasopressin 
antagonists (tolvaptan, lixivaptan, satavaptan) capable of block-
ing the antidiuretic effect of vasopressin have been developed and 
tested in humans. They appear to be safe and effective in promot-
ing a gradual water diuresis and raising the plasma sodium in 
adults with SIADH [103,126,127] but they have not been studied 
in children.

Severe or symptomatic hyponatremia
Brain edema can result in decreased cerebral blood fl ow, hypoxic 
brain injury, herniation and cardiopulmonary arrest. Symptom-
atic hyponatremia is a medical emergency, requiring prompt 
treatment to prevent permanent brain damage or death. Fluid 
restriction should be instituted but hypertonic saline should also 
be used to begin an immediate rise in serum sodium, because of 
the risk of central pontine myelinolysis, hypertonic saline (3% 
saline at a rate of 1–2  mL/kg/h) should be used only to the extent 
necessary to raise plasma sodium until acute symptoms resolve 
and then at only 1–2  mmol/L/h. Some [142] but not all [143] 
advocate concomitant furosemide therapy. If hyponatremia is of 
long-standing, hypertonic saline treatment must be undertaken 
with particular caution and correction rates of 0.5–1  mmol/L/h 
may be more appropriate. Urine output as well as plasma 
sodium should be monitored at least every 2  h during hypertonic 
saline infusion and every 2–4  h during subsequent fl uid 
restriction.

Once symptoms associated with hyponatremia have remitted, 
hypertonic saline should be stopped and further correction 
achieved with fl uid restriction alone, with fl uid rates suffi cient to 
produce sodium increases no greater than 0.5  mmol/L/h and 
limited to 10–12  mmol in any 24-h period. Following the rapid 
correction phase, this may mean that no further increase in 
sodium is attempted during the fi rst 24  h of care. Normal 
saline alone is not appropriate for the treatment of severe 
hyponatremia in SIADH because the sodium infused will be 
excreted rapidly while water is retained, potentially worsening the 
hyponatremia.

Overtreatment. During treatment of severe chronic hyponatre-
mia, overtreatment leading to an increase in sodium above 10–
12  mmol/L/24  h may occur despite careful monitoring. If 
overcorrection is associated with a change in mental state, sug-
gesting possible brain injury or is greater than 15  mmol/L/24  h, 
it may be appropriate to lower the sodium again to levels at which 
the patient’s symptoms improve or the daily increase in sodium 
remains below 10  mmol/L/24  h. This can be accomplished with 
infusion of 5% dextrose or 5% dextrose following administration 
of dDAVP if the SIADH has resolved. Once the patient has sta-
bilized at the lower sodium, the process of correction can be 
restarted at a slower rate.

Appropriately increased secretion of vasopressin
Hypovolemic hyponatremia
Osmotically inappropriate but physiologically appropriate thirst 
and vasopressin secretion occur during large reductions in extra-
cellular volume or blood pressure. The syndrome of hypovolemic 
hyponatremia can result from a number of salt- and water-
depleting diseases, such as severe gastroenteritis, renal tubular 
acidosis, salt-wasting nephropathy, chronic pyelonephritis, defi -
ciency of aldosterone or aldosterone action and during diuretic 
therapy.

Primary water depletion
Diseases such as gastroenteritis cause a fall in renal GFR that 
results in an increase in proximal tubular sodium and water reab-
sorption with a concomitant decrease in distal tubular water 
excretion. This, with the associated stimulation of the renin-
angiotensin-aldosterone system and suppression of atrial natri-
uretic peptide secretion by decreased vascular volume, results in 
the excretion of concentrated urine very low in sodium. As dehy-
dration progresses, hypovolemia and/or hypotension become 
major stimuli for vasopressin release, even in the presence of 
hypotonicity.

These responses, although they preserve volume, can cause 
hyponatremia, especially if water replacement in excess of salt 
replacement is given. Hyponatremia may be evident from 
increased heart rate and decreased skin turgor and laboratory 
studies will show hemoconcentration and elevated BUN but the 
diagnosis may be subtle and urine sodium concentration can be 
very helpful. It should be low in dehydration- or salt loss-associ-
ated hyponatremia (<10–20  mmol/L) in the absence of diuretic 
use or renal disease.

In contrast to the hyponatremia associated with SIADH, 
patients with systemic dehydration should be rehydrated with 
isotonic salt-containing fl uids, such as normal saline or lactated 
Ringer’s solution. As of activation of the renin–angiotensin–
aldosterone system, the administered sodium will be avidly 
conserved and a water diuresis will ensue as volume is restored 
and vasopressin concentrations fall. Hypernatremic fl uid 
administration should not be needed in this situation. As in 
SIADH, care must be taken to prevent too rapid correction of 
hyponatremia to avoid central pontine myelinolysis by control-
ling the rate of fl uid administration if the hyponatremia has been 
prolonged.

Primary sodium defi ciency
When salt loss exceeds intake, sodium defi ciency can result in 
hyponatremia. Salt loss from the kidney can result from primary 
renal diseases, such as congenital polycystic kidney disease, acute 
interstitial nephritis, chronic renal failure, defi cient mineralocor-
ticoid secretion or action and diuretic use. Primary salt loss can 
occur from the skin in patients with burns or cystic fi brosis. An 
imbalance between sodium intake and output can also occur as 
a result of insuffi cient nutritional sodium intake, although this is 
less common.
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Early in salt defi ciency, hyponatremia is countered by suppres-
sion of vasopressin release, which results in increased water excre-
tion. With continuing salt loss, hypovolemia develops, resulting 
in non-osmotic stimulation of vasopressin. Hypovolemia leads to 
increased thirst and the ingestion of fl uids with low solute content 
contributes to the hyponatremia.

Dehydration is often evident, as is the cause of sodium-wasting 
but, if thirst is intact and fl uid intake is not interrupted oral intake 
may partially correct the volume defi cit and evidence of hypovo-
lemia may be subtle. If the kidney is the site of salt loss, hypona-
tremia may be accompanied by high urine sodium content, which 
would otherwise be unexpected in hypovolemic hyponatremia, 
so assessment of renal function is a vital component of the evalu-
ation of hyponatremia.

Aldosterone defi ciency or pseudohypoaldosteronism present 
special cases of hypovolemic hyponatremia with hyperkalemia. 
In addition to congenital pseudohypoaldosteronism, aldosterone 
resistance can be seen in urinary tract obstruction or infection. 
As in other forms of renal salt-wasting, urinary sodium excretion 
is inappropriately high.

Patients with hyponatremia due to salt loss require isotonic 
saline replacement and ongoing supplementation with sodium 
chloride and fl uids. Intravenous fl uids can be followed by oral 
salt supplementation and oral hydration when the patient is clini-
cally stable. If salt loss is signifi cant and ongoing and the hypo-
natremia is severe, hypertonic saline may be used to raise the 
sodium more quickly. As with SIADH, hypertonic therapy should 
be used only until symptoms resolve.

Hypervolemic hyponatremia
Severe low output congestive heart failure, advanced liver cir-
rhosis with ascites and nephrotic syndrome are all characterized 
by increased total body sodium and water, resulting in peripheral 
edema. They decrease “effective” intravascular volume due to 
decreased cardiac output and/or reduction in blood volume 
caused by a shift of salt and water from plasma to the interstitial 
space. As with systemic dehydration, the renin-angiotensin-
aldosterone system is stimulated and water and salt excretion by 
the kidney is reduced. As the disease progresses, decreases in 
baroreceptor stimulation result in a compensatory increase in 
vasopressin secretion, leading to a further reduction in water 
clearance. If water intake is not restricted, hyponatremia can 
develop and hyponatremia in these clinical situations is common, 
although severe hyponatremia is rare.

In patients with impaired cardiac output and elevated atrial or 
ventricular volume (e.g. congestive heart failure or lung disease), 
atrial and/or brain natriuretic peptide concentrations are ele-
vated, which can contribute to hyponatremia by promoting natri-
uresis. On evaluation of hypervolemic hyponatremia, urinary 
sodium is usually low and urea, creatinine and urate are increased, 
because of the reduction in effective blood volume and GFR. The 
presence of a predisposing disease and edema distinguishes this 
form of hyponatremia from that associated with systemic 
hypovolemia.

This type of hyponatremia is often mild, may be asymptomatic 
and may not need treatment but it is associated with a poor prog-
nosis in patients with cirrhosis and congestive heart failure (CHF). 
Although this may refl ect the fact that patients with the most severe 
disease are at greatest risk of hyponatremia, it also raises the possi-
bility that hyponatremia may itself contribute to a poor outcome. 
This is particularly true in CHF, where hyponatremia can have 
direct effects on myocardial contractility. This has resulted in an 
increased interest in identifying effective ways of treating hyper-
volemic hyponatremia, which can be diffi cult to reverse.

When possible the underlying disease should be treated, but 
often this is not possible. Fluid and salt restriction and diuretics 
are commonly used but can worsen hyponatremia. Fluid restric-
tion can be very diffi cult to maintain because the intravascular 
volume depletion contributes to increased thirst. Use of twice-
daily hypertonic saline infusion with high-dose loop diuretic and 
fl uid restriction to 1  L/day has been shown to increase serum 
sodium and improve outcome in refractory CHF [144].

Vasopressin V2 receptor antagonists have been studied in the 
treatment of CHF and cirrhosis-induced hyponatremia. In animal 
models, the antagonists produce a water diuresis and increase 
serum sodium. When studied over short periods in humans, they 
are effective in increasing urine output and plasma sodium in 
both CHF [145] and cirrhosis [146] and do so at doses that do 
not produce hypernatremia or a clinically signifi cant worsening 
of intravascular volume depletion but, during therapy for hyper-
volemic hyponatremia with these antagonists, endogenous vaso-
pressin levels become further elevated and additional study is 
needed to determine whether this leads to increased stimulation 
of the V1 receptor, which could be counterproductive in CHF.

dDAVP stimulates von Willebrand factor, factor VIIIa and 
tissue plasminogen activator through vasopressin V2R, so it is 
possible that use of the vasopressin V2R antagonists might increase 
the risk of bleeding in individuals with hepatic disease already at 
risk as of portal hypertension and/or impaired hepatic protein 
synthesis.

As with SIADH, acute treatment of symptomatic hyponatre-
mia can be accomplished with hypertonic saline but the underly-
ing disorder makes it diffi cult to maintain the administered fl uid 
within the intravascular space. Furthermore, patients with cardiac 
disease administered hypertonic saline may require concomitant 
treatment with a diuretic such as furosemide to prevent worsen-
ing of heart failure and already have increased natriuretic peptide 
levels. Both of these increase natriuresis and make correction 
more diffi cult. Frequent monitoring of sodium and fl uid balance 
is critical and, once symptoms have been controlled, therapy 
should be adjusted so that the hyponatremia is corrected slowly 
to avoid the risk of neurological injury associated with rapid 
correction.

Other causes of hyponatremia
Water intoxication
Water intoxication in the absence of disease is rare and seen pri-
marily in psychogenic polydipsia, as adults with normal solute 
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intake and the ability to produce a maximally dilute urine can 
theoretically ingest up to 20  L/day without becoming hypona-
tremic. Infants are at increased risk of water intoxication, as they 
have a decreased ability to produce a dilute urine. As infants take 
their nutrition in liquid form and hunger can overcome hypo-
tonic inhibition of drinking, hungry infants will accept low-solute 
fl uids even in the face of falling serum osmolality. As a result, 
infants fed overly dilute formula or water in place of formula are 
at risk of water intoxication.

Cerebral salt-wasting
Following CNS injury, a syndrome of hyponatremia associated 
with increased urine sodium concentration, increased urine 
volume and volume depletion known as cerebral salt-wasting 
(CSW) can develop. This is associated with primary renal salt 
losses in the absence of primary renal disease. It is critical to dis-
tinguish CSW from the two other major disturbances of water 
metabolism that can occur associated with CNS injury: DI and 
SIADH. Each of these shares some clinical features (Table 15.5), 
yet the distinction between them is of considerable clinical impor-
tance, given the wholly divergent nature of the treatments. Fluid 
restriction is the treatment of choice for SIADH, whereas the 
treatment of CSW involves vigorous sodium and volume replace-
ment and DI requires volume replacement with fl uids of low salt 
content. DI and CSW can be distinguished easily by measuring 
serum sodium. Determination of volume status is the key to dis-
tinguishing SIADH from CSW.

CSW follows subarachnoid hemorrhage and numerous other 
CNS perturbations. In children, these include CNS tumor resec-
tion, severe closed head injury, craniofacial surgery, hydrocepha-
lus and stroke. There is now considerable evidence that the 
hyponatremia associated with CSW is related to hypersecretion 
of atrial and/or brain natriuretic peptide, which is presumed to 
drive the inappropriate natriuresis [147]. Apparently inconsistent 

with the clinical evidence of hypovolemia, renin and aldosterone 
levels are frequently low, presumably because of natriuretic 
peptide inhibition. Low aldosterone levels further promote salt 
loss but renin and aldosterone suppression are also present in 
SIADH as a result of volume expansion and are therefore not 
useful in distinguishing these entities, even if measurements were 
available immediately.

Clinical differentiation of the syndromes requires careful atten-
tion to urine output and volume status. Findings that support a 
diagnosis of CSW include orthostatic changes in blood pressure 
and pulse, dry mucous membranes, weight loss and negative fl uid 
balance with urinary sodium >150  meq/L. Useful laboratory fi nd-
ings are hemoconcentration, with increased hematocrit or 
albumin and increased BUN/creatinine.

CSW is transient but appropriate management while it per-
sists involves vigorous administration of intravenous isotonic 
saline solutions. As this therapy would be expected to worsen 
hyponatremia in SIADH and worsen hypernatremia in DI, the 
diagnosis and clinical and laboratory markers of volume status 
and serum osmolality should be reassessed frequently during 
therapy. As might be expected with inappropriately low aldoste-
rone, the effi cacy of hypervolemic therapy appears to be improved 
by administration of fl udrocortisone to inhibit natriuresis 
[148].
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16 The Parathyroid and Disorders of Calcium 
and Bone Metabolism

Jeremy Allgrove
Royal London Hospital and Great Ormond Street Hospital for Children, London, UK

Calcium and phosphate not only have a role in maintaining 
normal neuromuscular and cellular function but they also have 
a structural role as components of bone. Their physiology is 
complex and the mechanisms of homeostasis can be disrupted in 
many ways.

Many causes of mineral and bone disorders have a genetic 
basis. Many of the genetic conditions are rare but have value in 
shedding light on physiology. All the conditions and the genes 
that determine them are referred to by their Online Mendelian 
Inheritance in Man (OMIM) numbers so that further details and 
references can be obtained directly from http://www.ncbi.nlm.
nih.gov/sites/entrez?db=OMIM.

Physiology of calcium metabolism

Cations and anions
Calcium
About 1200  g of calcium are present in a fully grown adult, of 
which 99% is in bone, the remainder circulating in three frac-
tions. The ionized fraction, which constitutes about 50% of the 
total and is at a concentration of 1.1–1.3  mmol/L (4.4 and 5.2  mg/
dL), determines neuromuscular function and is maintained by 
various endocrine factors. Approximately 40% circulates bound 
to albumin and conditions associated with hypoalbuminemia 
may reduce the total circulating concentration without affecting 
the ionized calcium. The remainder circulates as complexes with 
other molecules such as citrate and sulfate. The control of ionized 
calcium in plasma is mainly under the infl uence of parathyroid 
hormone (PTH) and 1,25-dihydroxyvitamin D [1,25(OH)2D], 
both of which raise concentrations. Calcitonin (CT) and parathy-
roid hormone related peptide (PTHrP) have a lesser infl uence. 
Fibroblast growth factor 23 (FGF23) has a signifi cant effect on 
phosphate metabolism.

It is possible to measure ionized calcium directly, although 
this is not routinely available in most laboratories, which usually 
measure total calcium and albumin, often making an adjustment 
to allow for the albumin concentration. In practice, these adjust-
ments usually have little clinical relevance unless severe hypoal-
buminemia is present. A suitable estimate can be obtained from 
the formula:

CaCORR = CaTOTAL + (41 − [Alb])*0.017)

where CaTOTAL is the observed total calcium (in mmol/L) and 
[Alb] is the plasma albumin in g/L (for calcium measured in 
mg/dL the albumin correction factor is 0.068).

Intestinal absorption, renal tubular reabsorption and equili-
bration with bone stores regulate plasma calcium by transport 
across intestinal and renal epithelial cells by paracellular and tran-
scellular processes [1]. The paracellular mechanisms occur by 
the tight junctions, which are made up of a combination of pro-
teins including, amongst others, the claudins: the most impor-
tant, claudin 16 (*603959), also known as paracellin 1, facilitates 
the passive transport of calcium and magnesium across intestinal 
and renal tubular cells.

Active transcellular transport occurs by separate processes at 
the luminal surface, cytosolic transport and baso-lateral extrusion 
all infl uenced by different proteins. At the luminal surface, two 
members of the transient receptor potential (TRP) channel 
protein family, TRPV5 (*606679) and TRPV6 (*606680), act as 
“gatekeepers” facilitating the ingress of calcium into cells. They 
are inwardly rectifying calcium channels that have a greater affi n-
ity for calcium than magnesium. TRPV6 is probably the most 
important in the intestine and is stimulated by 1,25(OH)2D. 
Cytosolic diffusion is facilitated by calbindin28K (*114050) and 
calbin din9K (*302020) which bind calcium and transport it across 
the cell cytoplasm. Extrusion of calcium at the baso-lateral surface 
is facilitated by an ATP-dependent Ca+-ATPase (PMCA1b) 
(*108731) and a Na+/Ca+ exchanger (NCX1) (*182305). The 
former is more important in the small intestine and is under the 
infl uence of 1,25(OH)2D. Absorption of calcium may be reduced 
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by large quantities of calcium-binding agents such as phytate or 
oxalate.

Excretion is mainly by the kidney and increased by dietary 
factors including sodium, protein and acid load [2]. Most reab-
sorption occurs in the proximal tubule (70%) as a passive process 
in conjunction with sodium. Twenty percent is absorbed in the 
thick ascending loop of Henle by the same paracellular mechanism 
as in the intestine. Passive reabsorption occurs only where claudin 
16 is present. The 5–10% reabsorbed in the distal tubule is under 
hormonal control [3] similar to that in the intestine but TRPV5 is 
more important at the luminal surface. Cytosolic diffusion is also 
facilitated by calbindins but, at the baso-lateral surface, NCX1 is 
more important and is under the infl uence of PTH (Fig. 16.1).

The highest proportion of ingested calcium is absorbed during 
the phases of rapid growth in infancy and adolescence when 
calcium absorption exceeds excretion suffi ciently to allow for 
bone mineralization.

Urinary calcium excretion is measured by assessing the 
ratio of calcium to creatinine (Ca : Cr) in a mid-morning urine 
specimen and this should not normally exceed 0.7  mmol/mmol 
(0.25  mg/mg) [4]. Excess calcium excretion occurs in hyper-
calcemic conditions associated with hyperparathyroidism and 
vitamin D excess, as well as in those not associated with hypercal-
cemia such as activating mutations of the calcium-sensing receptor 
and distal renal tubular acidosis, all of which can cause nephrocal-
cinosis. Primary renal tubular disorders are also frequently associ-
ated with hypercalciuria and nephrocalcinosis or nephrolithiasis. 

In contrast, hypercalcemia associated with inactivating mutations 
of the calcium-sensing receptor or hypocalcemia caused by hypo-
parathyroidism results in low urinary calcium excretion.

Magnesium
Magnesium circulates in plasma in a concentration of 0.7–
1.2  mmol/L (1.7–2.9  mg/dL) and is necessary because adequate 
magnesium is required for normal PTH secretion. It is absorbed 
in the small intestine by paracellular and transcellular mecha-
nisms similar to those of calcium but less well understood. Active 
transport across luminal cells is similar but transport across the 
luminal surface is probably facilitated by TRP proteins TRPM6 
(*607009) and TRPM7 (*605692) which are different from those 
of calcium. One form of autosomal recessive hypomagnesemia 
with secondary hypocalciuria (HOMG1) (#602014) is probably 
caused by mutations in TRPM6 which has been mapped to chro-
mosome 9p22. Passive absorption is not affected in this condition 
and calcium excretion is low.

Renal tubular transport also occurs by both paracellular and 
transcellular mechanisms. Following fi ltration by the glomerulus, 
passive reabsorption occurs along the ascending loop of Henle at 
the same sites as calcium. Mutations in the claudin 16 (paracellin 
1) gene (*603959) result in impaired magnesium and calcium 
reabsorption and is a cause of hypomagnesemia, hypercalciuria 
and nephrocalcinosis (HOMG3) syndrome (#248250). In the 
collecting ducts, a similar tight junction protein, claudin 19 
(*610036), permits transport of calcium and magnesium and 
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mutations cause renal hypomagnesemia with ocular involvement 
(#248190).

Active transcellular absorption occurs mainly in the distal 
tubule: TRPM6 is probably the most specifi c of the proteins 
responsible for transport across the luminal surface and renal 
reabsorption is also affected in hypomagnesemia with secondary 
hypocalcemia (HOMG) (#602014). The activity of TRPM6 is 
infl uenced by epidermal growth factor (EGF) (*131530), a soluble 
protein derived from pro-EGF which is membrane-bound on 
the baso-lateral membrane of the renal tubules. Once EGF has 
been cleaved from pro-EGF, it interacts with the EGF receptor 
(*131550), which stimulates magnesium absorption by TRPM6 
on the luminal surface. Mutations in the EGF gene disrupt the 
baso-lateral sorting of pro-EGF resulting in understimulation of 
TRPM6 and impaired magnesium reabsorption (isolated reces-
sive renal hypomagnesemia) [5].

Cytoplasmic transfer is probably effected by intracellular pro-
teins such as calbindin28K but the mechanisms are not well under-
stood. At the baso-lateral membrane, active transport occurs by 
means of the Na+,K+,-ATPase pump. The mechanism is not 
understood but mutations in the FXYD2 (*601814) gene that 
codes for the γ-subunit of this protein cause autosomal dominant 
renal hypomagnesemia associated with hypocalciuria (HOMG2) 
(#154020) and sometimes causes severe symptomatic hypomag-
nesemia. The thiazide-sensitive sodium chloride co-transporter 
(NCC) is also involved in magnesium transport and mutations in 
the coding gene, SLC12A3 (*600968), cause Gitelman syndrome 
(#263800) of which hypermagnesuria is a feature. Raised urinary 
magnesium excretion is also present in some cases of Bartter 
syndrome which is caused by mutations affecting chloride and 
sodium reabsorption in the loop of Henle. Renal tubular transport 
of magnesium can be increased by several non-genetic causes, 
such as diuretics, diabetic ketoacidosis, gentamicin, mercury-
containing laxatives, transplanted kidney, urinary tract obstruc-
tion, the diuretic phase of acute renal failure and cisplatin.

Phosphate
A fully grown adult contains approximately 700  g phosphate, 
about 80% of which is contained in bone. Of the remainder, 45% 
(9% of the total) is present in skeletal muscle, 54.5% in the viscera 
and only 0.5% in extracellular fl uid. Most is present in inorganic 
form but plays a crucial part in many intracellular processes. 
Phosphate circulates as phospholipids, phosphate esters and free 
inorganic phosphate (Pi). Plasma Pi concentrations are not as 
tightly controlled as those of calcium and refl ect the fl uxes of 
phosphate entering and leaving the extracellular pool. In contrast 
to calcium, phosphate concentrations in plasma vary consider-
ably during life, being highest during phases of rapid growth. 
Thus, phosphate concentrations in premature infants are nor-
mally above 2.0  mmol/L (6.4  mg/dL), falling to 1.3–2.0  mmol/L 
(4.2–6.4  mg/dL) during infancy and childhood and to 0.7–
1.3  mmol/L (2.2–4.3  mg/dL) in young adults.

Phosphate transport across membranes is controlled by 
sodium-dependent active transport mechanisms (Na/Pi co-

transporters). Type 1 is present in renal tubular brush borders 
but is not thought to have a major role. The three subtypes of 
Type 2 (a–c) are probably the most important in regulating phos-
phate absorption and reabsorption. Type 3 is present in many 
tissues but is thought to have more of a “gatekeeping” role. Phos-
phate is readily absorbed throughout the small bowel by passive 
and active mechanisms. Approximately 70% is absorbed by Type 
2b Na/Pi co-transporter, the remainder being by passive absorp-
tion. The active transport is stimulated by 1,25(OH)2D and indi-
rectly by hypocalcemia and PTH. Because hypophosphatemia is 
a powerful stimulant of 25-hydroxyvitamin D-1-alfahydroxylase 
(1α-hydroxylase), phosphate defi ciency itself stimulates increased 
absorption but the total amount absorbed is dependent on the 
dietary phosphate load and may be inhibited by phosphate-
binding agents such as calcium acetate (Phosex®), carbonate 
(Tetralac®) or sevelamer (Renagel®), which are of value in hyper-
phosphatemic states when phosphate absorption needs to be 
limited, such as chronic renal failure.

Regulation of plasma phosphate occurs principally in the 
renal tubule by the Type 2a and 2c Na/Pi co-transporters. Type 
2c (*609826) is probably the most important in humans and its 
activity is dependent on the activity of FGF23, a major phospho-
tonin, which stimulates phosphate excretion. Excess FGF23 results 
in hypophosphatemia and low concentrations are associated with 
hyperphosphatemia, which has signifi cant clinical implications. 
Of fi ltered phosphate 85–98% is reabsorbed, mainly by the proxi-
mal renal tubule, which represents about 10 times the amount 
absorbed by the intestine. Tubular reabsorption of phosphate 
(TRP) is saturable and determined both by the fi ltered load, 
itself determined by glomerular fi ltration rate (GFR) and plasma 
concentration, and by hormonal factors, particularly PTH and 
FGF23, both of which increase phosphate excretion.

Assessment of phosphate excretion is crucial to diagnosing 
some conditions, particularly hypophosphatemic rickets. It is 
most easily assessed by measuring the fractional excretion of 
phosphate (FEPO4

), the ratio of the clearance of phosphate to the 
clearance of creatinine, which requires estimation of plasma and 
urine phosphate and creatinine on single samples taken simulta-
neously. It makes the assumption that creatinine clearance 
approximates to GFR but does not require any timed urine 
samples. FEPO4 is calculated according to the formula:

FEPO4
 = [UPO4

]/[PPO4
] × [PCreat]/[UCreat]

where all the results for phosphate and creatinine are expressed 
in the same units.

TRP is 1-FEPO4
 and is usually expressed as a percentage. Values 

are normally in excess of 85% and frequently approach 98% in 
children. In hyperphosphaturic conditions, the value may be 
below 50% but this parameter is dependent on the fi ltered load: 
the lower the plasma concentration, the greater the proportion 
that can be reabsorbed. A more precise measure of renal tubular 
phosphate handling, which eliminates any effect of plasma 
phosphate, can be obtained by calculating the theoretical tubular 
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maximal phosphate threshold as a function of GFR (TmPO4
/GFR). 

This is most easily obtained by a nomogram from the plasma 
phosphate concentration and the FEPO4

 [6]. TmPO4
/GFR is reduced 

in hyperparathyroidism and phosphate-losing conditions and 
increased in hypoparathyroidism. It is higher in children and 
adolescents than in adults [7].

Hormones and other calciotropic agents
Alkaline phosphatase
This is present in several tissues in three main isoforms: intes-
tinal (IAP) (*171740), placental (PLAP) (*171810) and tissue 
non-specifi c (TNAP) (*171760). A gene on chromosome 2q34-37 
codes for the fi rst two and a gene on chromosome 1p36.1-p34 
codes for the last [8]. Different post-translational modifi cations 
of TNAP enzyme result in three tissue-specifi c forms found in 
bone, liver and kidney that can be distinguished by their dif-
ferent isoelectric points and heat lability, the bone-specifi c form 
(bTNAP) being the least stable.

bTNAP is present in osteoblasts and promotes bone mineral-
ization. Circulating TNAP is largely derived from liver and bone. 
Concentrations in plasma during childhood refl ect growth rate [9] 
and are raised in the presence of rickets, in juvenile Paget disease 
(#239000) and in fi brous dysplasia. Low concentrations are seen 
in hypophosphatasia, which results from mutations in the TNAP 
gene. A database that keeps track of these mutations (currently 
194) can be accessed at http://www.sesep.uvsq.fr/Database.html.

Parathyroid hormone
Parathyroid hormone (*168450) is a single-chain 84-amino-acid 
polypeptide hormone encoded by a gene on chromosome 11 
from prepro-PTH, which has an additional 31 amino acids. Syn-
thesis occurs in the ribosomes, where the initial 25 amino acid 
pre sequence acts as a signal peptide to aid transport through the 
rough endoplasmic reticulum. The pre sequence is cleaved and 
pro-PTH then travels to the Golgi apparatus where the 6 amino 
acid pro sequence is cleaved to yield the mature hormone, which 
is stored in secretory vesicles that fuse with the plasma membrane 
before secretion of the hormone [10]. Little PTH is stored within 
the glands and most of the secreted hormone is newly synthe-
sized. Mutations in the PTH gene have been described.

Only the fi rst 34 N-terminal amino acids are required for full 
activity and the function of the remainder of the molecule is not 
understood. The half-life of PTH in the circulation is 1–2  min 
[10]. The molecule is cleaved at various sites, which results in a 
number of fragments that can be identifi ed in the circulation. The 
best modern assays of PTH measure intact PTH, are able to 
measure physiological concentrations of PTH, correlate with 
bioactivity and ignore the inactive fragments. Normal concentra-
tions are about 1–6  pmol/L (10–60  pg/mL) but vary depending 
on the assay.

Control of PTH secretion
The calcium-sensing receptor
PTH is secreted in response to changes in ionized calcium. A 
calcium-sensing receptor (CaSR) (+601199) is present in many 

tissues, particularly the parathyroid glands and renal tubule, and 
in bone, cartilage and other tissues [11]. Its gene is located 
on chromosome 3q13-21 and the CaSR is a large molecule 
consisting of 1078 amino acid residues of which 610 form the 
extracellular calcium-binding domain, 250 comprise the seven-
transmembrane domain and another 210 the intracellular cyto-
solic component. Ca2+ binds to the extracellular domain and 
infl uences PTH secretion by both phospholipase Cb and G-
protein second messengers. As a consequence, PTH secretion 
changes in a sigmoidal fashion in response to acute changes in 
plasma calcium (Fig. 16.2) and there is a continuous tonic secre-
tion of PTH, which maintains plasma-ionized calcium at what-
ever concentration is set by the CaSR [12]. Magnesium also binds 
to the CaSR and infl uences PTH secretion in a fashion similar to 
that of calcium. Magnesium defi ciency inhibits PTH secretion, 
probably because the adenylate cyclase coupled to the G-protein 
is itself magnesium dependent.

Two other loci on chromosomes 19p and 19q13 have been 
identifi ed by family linkage studies. The precise nature of the gene 
products of these loci remains uncertain but mutations within 
them result in syndromes similar to those resulting from inacti-
vating mutations of the CaSR itself.

Mutations within the CaSR gene result in either inactivation 
or activation of the receptor, which result in hypercalcemia 
and hypocalcemia, respectively. Inactivating mutations cause 
insensitivity to calcium, which shifts the curve of PTH secretion 
in response to plasma calcium to the right (Fig. 16.2). As a 
consequence, PTH secretion is switched off at a higher con-
centration than normal and hypercalcemia results [11]. The 
receptors are also present in the renal tubule and renal 
calcium excretion is thereby reduced. The resulting condition is 
known as familial benign hypercalcemia (FBH) or familial 
hypocalciuric hypercalcemia (FHH) (#145980). In contrast, 
activating mutations of the receptor shift the PTH secretion curve 
to the left (Fig. 16.2), causing chronic hypocalcemia and hyper-
calciuria, a condition known as autosomal dominant hypocalce-
mia (ADH).

Many of the mutations found in FBH are clustered around the 
aspartate- and glutamate-rich regions of the extracellular domain 
of the molecule and it has been postulated that this region con-
tains low-affi nity binding sites for calcium. Many of the FBH 
kindreds have been found to have unique mutations. Mutations 
have also been detected within the transmembrane domain but 
only rarely within the intracellular domain. Most activating 
mutations that cause ADH are present within the extracellular 
calcium-binding domain. One hundred and twenty-eight muta-
tions, three of which are polymorphisms, have been described 
(http://www.casrdb.mcgill.ca).

Not all families with FBH have mutations within the CaSR 
gene and it has been suggested that there may be abnormalities 
either within the CaSR gene promoter or within one of the two 
loci found on chromosome 19. The three variants of FBH linked 
to chromosome 3q, 19p and 19q, have therefore been referred to 
as FBH types 1–3.
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Figure 16.2 The sigmoidal relationship between 
ionized Ca (Ca2+) and intact parathyroid hormone 
(PTH) secretion. The vertical lines represent the 
normal range of Ca2+. Also shown is the effect of 
inactivating mutations (right shift) and activating 
(left shift) of the CaSR. The degree to which these 
shifts occur is dependent on the mutation involved. 
(After original data of Conlin et al. [12].)

Parathyroid glands
The parathyroid (PT) glands, usually four in number, are derived 
embryologically from the third (lower glands) and fourth (upper 
glands) branchial arches. Several transcription factors are involved 
in their development [13]. Some, such as Hoxa3 (thyroid and 
thymus) (*142954) and GATA3 (sensorineural deafness, renal 
anomalies, chromosome 10p13-14) (*131320), are involved in 
the development of other structures. Several genes, including 
Tbx1 (thymus, cardiac outfl ow tract and the face, chromosome 
22q11) (*602054) and UDF1L, are located on the long arm of 
chromosome 22. Mutations within the genes responsible for 
these factors result in congenital hypoparathyroidism, which may 
be either isolated or associated with other conditions such as the 
hypoparathyroidism, deafness, renal anomalies (HDR) (#146255) 
syndrome and the CATCH 22 complex, of which the DiGeorge 
syndrome (DGS) (#188400) is part.

The homolog of Drosophila glial cells missing 2 (GCM2) 
(*603716) is a highly conserved gene necessary for PT gland 
development that has no other function in humans. Mutations 
cause autosomal recessive familial isolated hypoparathyroidism 
(FIH) (#146200). The SRY-related HMG-box gene 3 (SOX3) 
(*313430), located on the X chromosome, is also thought to be 
involved in PT gland development and mutations may be respon-
sible for X-linked recessive FIH (%307700).

Actions of PTH
PTH has two principal target organs: bone and kidney. In bone, 
it promotes bone mineralization by an action on osteoblasts when 
present in physiological concentrations. During phases of hypo-
calcemia, when PTH concentrations rise, its main effect is on the 
osteoclast, where it stimulates bone resorption within the bone 
remodeling unit (BMU) by the RANKL/RANK system. The two 
processes do not occur independently and increases in bone 
resorption are accompanied by stimulation of osteoblast activity 

by a series of paracrine and autocrine mechanisms that result in 
an increase in bone turnover.

In the nephron, most fi ltered calcium is reabsorbed passively 
in the proximal tubule by a paracellular mechanism. In the 
convoluted and straight parts of the proximal renal tubule, PTH 
also acts to stimulate 1α-hydroxylase, the enzyme that converts 
vitamin D to its active metabolite, 1,25(OH)2D. PTH actively 
promotes calcium and magnesium transcellular reabsorption in 
the distal nephron. Phosphate excretion increases in response to 
PTH, which, following PTH-stimulated bone resorption, allows 
any excess phosphate that has been removed from bone with 
calcium to be excreted. PTH also stimulates renal excretion of 
bicarbonate and amino acids. Thus, hyperparathyroidism results 
in a mild acquired form of the Fanconi syndrome.

Mechanisms of action of PTH
The PTH receptor
PTH acts by two receptors. The fi rst and principal is PTH1R (also 
called PTH/PTHrP) receptor (*168468), which has equal affi nity 
for both PTH and PTHrP. It consists of 593 amino acids coded 
by a gene on the long arm of chromosome 3 [14]. It has an extra-
cellular binding domain of 190 residues, a seven-transmembrane 
domain and a cytosolic component of 134 residues. Both 
inactivating and activating mutations of the PTH1R have been 
described. These result in Blomstrand lethal chondrodysplasia 
(#215045) and Jansen disease (#156400), respectively. A second 
PTH2 receptor (PTH2R) is present in the central nervous system. 
PTHrP is not a ligand for it.

Intracellular signaling
Intracellular signaling occurs principally by coupling of the cyto-
solic component of the PTH1R to G-protein second messengers, 
Gs and Gq [15]. These are heterotrimeric, consisting of α, β and 
γ subunits. In the resting state, they are associated and the Gsα 
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subunit is bound to GDP (Fig. 16.3a) which results in guanosine 
diphosphate (GDP) being exchanged for guanosine triphosphate 
(GTP) and dissociation of the Gsα subunit from the β,γ complex. 
The Gsα subunit is then free to stimulate adenylate cyclase, which 
results in an increase in intracellular cAMP, which activates the 
various actions of PTH by specifi c protein kinases (Fig. 16.3b). 
Intrinsic GTPase activity associated with the Gsα subunit hydro-
lyzes GTP to GDP, which causes reassociation of the components 
of the G-protein. At the same time, phosphodiesterases inactivate 
cAMP to AMP and the cell reverts to its resting state (Fig. 16.3c). 
This mechanism is common to thyroid-stimulating hormone 
(TSH), gonadotropins and growth hormone-releasing hormone 
(GHRH) [15].

The Gsα subunit is coded by a gene, GNAS1, (+139320) 
located on chromosome 20q13.3. This complex gene contains 13 
exons that code for the Gsα subunit itself plus several other exons 
which, by alternative promoter use and splicing, results in at least 
four different mRNA transcripts. In most tissues, these show 
biallelic expression but some of the transcripts are derived either 
from the maternal or paternal alleles. The Gqα subunit activates 
phospholipase Cb to generate inositol triphosphate (IP3), although 
this is a lesser effect than cAMP generation.

Several factors modify responsiveness to PTH. Mutations 
within the GNAS1 gene for the Gsα subunit of the G-protein 
second messenger cause resistance by preventing activation of 
adenylate cyclase, which results in some of the forms of pseudo-
hypoparathyroidism. PTH can also modify responsiveness to 
itself. Acute infusions cause desensitization by uncoupling the 
receptor from the G-protein and, in the presence of chronic 
hyperparathyroidism, downregulation of the receptors occurs as 
a result of reduction in the number of receptors.

Resistance to PTH has been assessed traditionally by examin-
ing the effects of PTH on phosphate excretion (the Ellsworth–
Howard test) or on cAMP production in either urine or plasma. 
It has not been possible recently to undertake such stimulation 
tests since PTH has not been available. The development of syn-
thetic PTH (teriparatide) for use in involutional osteoporosis 
should allow it to be used for such purposes again, although the 
manufacturers have not made it available in suitably small quan-
tities. Since understanding of the genetic mechanisms underlying 
many of the conditions has advanced, the need for stimulation 
tests has declined.

Vitamin D
Vitamin D is a secosteroid that exists in two forms. Cholecal-
ciferol is synthesized as a result of the action of ultraviolet (UV) 
light breaking the B ring of 7-dehydrocholesterol to produce 
previtamin D, which is then converted to native vitamin D 
(cholecalciferol) by the action of body heat. Ergocalciferol is syn-
thesized by plants and differs slightly in structure in having an 
extra double bond in the side-chain but it is equipotent with 
cholecalciferol and metabolized similarly. Vitamin D includes 
both compounds.
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Figure 16.3 Simplifi ed representation of mechanism of action of parathyroid 
hormone (PTH) in relation to the G-protein second messenger. (a) In the resting 
state, the Gsα subunit is bound to GDP and associated with the β,γ subunit. 
(b) When PTH binds to the receptor, GDP is exchanged for GTP which causes 
dissociation of the Gsα subunit from the β,γ subunit. The Gsα subunit is then 
free to stimulate membrane bound adenylate cyclase, which increases 
intracellular cAMP, which has its effects by protein kinases. (c) The intrinsic 
GTPase activity associated with the Gsα subunit then hydrolyses GTP back to 
GDP, which causes reaggregation of the G-protein. At the same time, 
phosphodiesterases inactivate the cAMP to AMP and the situation reverts to the 
quiescent state (a). In this diagram, the less important Gq second messenger, 
which acts by inositol triphosphate (IP3), is not shown.
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Under normal circumstances, 80% of vitamin D consists of 
cholecalciferol synthesized in skin, the remainder being acquired 
from dietary sources as both cholecalciferol and ergocalciferols 
but the amount of vitamin D synthesized in skin is dependent 
upon skin color and exposure. Following synthesis, it becomes 
bound to a specifi c vitamin D-binding protein (DBP) and passes 
to adipose tissue and the liver for storage and further metabolism. 
Vitamin D does not have signifi cant biological activity. Its activity 
requires two hydroxylation steps, at the 25 and 1 positions (Fig. 
16.4) [16].

All of the steps in vitamin D metabolism are catalyzed by 
cytochrome P450 enzymes (Fig. 16.4). The fi rst step is catalyzed 
by at least four different vitamin D 25 hydroxylases distinguish-
able by their different affi nities and capacities and intracel-
lular localization. The fi rst, a low-affi nity high-capacity enzyme 
(CYP27A1) (*606530), is located in mitochondria. There are no 
reports of rickets resulting from mutations in this gene but they 
do cause cerebrotendinous xanthomatosis (#213700). A second 
high-affi nity low-capacity enzyme (CYP2R1) (*608713), which 
may be of greater physiological signifi cance, is located within 
hepatic microsomes. Although they have not yet been fully char-
acterized, cases of rickets are described associated with mutations 
(#600081). Two other enzymes, CYP3A4 (*124010) and CYP2J2 
(*601258), probably also have some effect on 25-hydroxylase but 
are mainly involved in drug metabolism.

25-hydroxyvitamin D (25OHD), circulates in plasma bound 
to the DBP and is the most abundant vitamin D metabolite, cir-
culating in nanomolar concentrations. Assay gives a measure of 
vitamin D status, the concentration depending on the supply of 
vitamin D with considerable annual variation, peaking about 6 
weeks after maximal exposure to sunlight. It has some weak activ-

ity which is not normally of clinical signifi cance but may become 
so in the presence of vitamin D excess. Vitamin D 25 hydroxylase 
also catalyzes the conversion of 1α-hydroxy-cholecalciferol 
(alfacalcidol) and 1α-hydroxy-ergocalciferol (doxercalciferol), to 
1,25(OH)2D.

25OHD is metabolized to its active hormone, 1,25(OH)2D, 
by 25-hydroxyvitamin D 1α-hydroxylase, which is active only 
against metabolites that are already hydroxylated at position 25 
[17]. A single enzyme located in convoluted and straight portions 
of the proximal renal tubule has been identifi ed. Activity is also 
present in osteoblasts, keratinocytes and lymphohematopoietic 
cells, where 1,25(OH)2D may have an autocrine or paracrine 
role. During fetal life, 1α-hydroxylase activity is found in the 
placenta. In pathological states, it is present in the macrophages 
of sarcoid tissue and subcutaneous fat necrosis. It is a mitochon-
drial enzyme (CYP27B1) (*609506) consisting of 508 amino acids 
with considerable homology to other P450 enzymes encoded 
by a single gene on chromosome 12q13.1-q13.3. Mutations are 
responsible for the condition known variously as pseudo-vitamin 
D defi ciency rickets (PDDR), vitamin D-dependent rickets type 
I (VDDR-I) or 1α-hydroxylase defi ciency (#264700).

Activity of 1α-hydroxylase is stimulated by PTH by its cAMP–
protein kinase actions. Hypocalcemia stimulates 1α-hydroxylase 
activity but this effect is mediated by PTH and not directly. 
Plasma phosphate has a direct effect on 1α-hydroxylase activity, 
although there is some evidence to suggest that this may be 
modulated by growth hormone (GH) and calcitonin. Its activity 
is inhibited by FGF23.

1,25(OH)2D is a potent compound circulating in picomolar 
concentrations. Its synthesis is tightly controlled by the plasma 
calcium concentration. In order to enable changes in 1,25(OH)2D 
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to occur rapidly, 25-hydroxyvitamin D 24-hydroxylase (25OHD 
24-OHase) (*126065), another cytochrome P450 enzyme, exists 
that can use both 25OHD and 1,25(OH)2D as substrates to 
form 24,25-dihydroxyvitamin D (24,25(OH)2D) and 1α,24,25-
trihydroxyvitamin D (1,24,25(OH)3D), respectively. The role of 
this enzyme is probably to divert metabolism of 25OHD away 
from 1,25(OH)2D synthesis when this is not needed and to par-
ticipate in the degradation of existing 1,25(OH)2D. It is inhibited 
by PTH and stimulated by 1,25(OH)2D and FGF23.

1,24,25(OH)3D has limited potency (about 10% of 1,25(OH)2D) 
and is probably an intermediate degradation metabolite of 
1,25(OH)2D. Its role, if any, is uncertain but people of South Asian 
origin possess higher 25OHD 24-OHase activity than those of 
European origin [18] and this seems to contribute to their sus-
ceptibility to vitamin D defi ciency rickets.

1,25(OH)2D acts by a specifi c vitamin D receptor [19] 
(*601769). It is a member of the steroid-thyroid-retinoid super-
family of nuclear receptors and, in many respects, is typical of 
this group with ligand binding, DNA binding, dimerization and 
transcriptional activation domains. It is encoded by a gene on 
chromosome 12 near the 1α-hydroxylase gene. The receptors are 
widely distributed in gut, parathyroid glands, chondrocytes, 
osteoblasts and osteoclast precursors. 1,25(OH)2D has a critical 
role in promoting calcium absorption in the small intestine, sup-
presses PTH secretion from the parathyroids, infl uences growth 
plate mineralization and stimulates differentiation of osteoclasts. 
In addition, there are receptors present in many tissues that are 
not directly related to calcium homeostasis, such as skin, breast, 
prostate and colon, and it has been postulated that it may play a 
part in preventing cancers of these tissues.

Mutations in the vitamin D receptor occur throughout the 
molecule but particularly in either the ligand-binding (ligand-
binding negative) or the DNA-binding (ligand-binding positive) 
domains. These mutations cause severe rickets and many indi-
viduals, especially those with defects in DNA binding, also have 
alopecia. Originally referred to as vitamin D-dependent rickets 
type II (VDRR-II), it is now more properly called hereditary 
1,25(OH)2D-resistant rickets (HVDRR) (#277440). In another 
form of HVDRR, no mutations of the receptor have been identi-
fi ed but is thought to be caused by overexpression of a nuclear 
ribonucleoprotein that binds with the hormone receptor complex 
to attenuate its action (*600785).

Fibroblast growth factor 23
FGF23 (*605380) is mainly secreted by osteoblasts and osteo-
cytes. It circulates in plasma and is one of a number of fi broblast 
growth factors that function by fi broblast growth factor receptors 
(FGFRs) in a variety of tissues as a classic hormone (Fig. 16.5). 
FGF23 is the principal “phosphotonin” that acts by FGFR1c 
(*136350) to stimulate phosphate excretion by the Type 2c Na/Pi 
co-transporter. It also inhibits 1α-hydroxylase so that hyperphos-
phaturic conditions caused by raised FGF23 are not accompanied 
by the expected increase in 1,25(OH)2D.

The FGF23 gene is located on chromosome 12p13 and encodes 
a 251-amino-acid peptide that is further processed to amino- and 
carboxy-terminal fragments. Mutations prevent this processing, 
resulting in raised FGF23 in plasma which is responsible for 
the excess phosphate wasting seen in autosomal dominant 
hypophosphatemic rickets (ADHR) (#193100). Excess FGF23 is 
also responsible for the hyperphosphaturia seen in X-linked 
dominant hypophosphatemic vitamin D resistant rickets (VDRR) 
(#307800), autosomal recessive hypophosphatemic rickets 
(ARHP) (#241520), some cases of tumor-induced hypophos-
phatemic osteomalacia (TIO) and McCune–Albright syndrome 
(MAS) (#174800). Inactivating mutations result in low concen-
trations of FGF23 which causes hyperphosphatemia and tumoral 
calcinosis. In addition, post-translational modifi cation of FGF23 
includes glycosylation before full activity is obtained. This is 
effected by UDP-polypeptide N-acetylgalactosaminyl transferase 
3 (GALNT3) (*601756). Mutations in the GALNT3 gene cause 
familial tumoral calcinosis (#211900).

Several other factors have a direct or indirect effect on FGF23. 
For the active receptor to be generated, another protein, Klotho 
(KL) (*611135), is required which combines with the receptor 
and allows it to be responsive to FGF23. The KL gene is located 
on chromosome 13q12 and codes for a 1014 amino acid protein 
that contains two internal repeats. The precise mechanism by 
which it activates FGF23 is still uncertain but it is thought to 
confer specifi city of action to FGF23 within certain tissues, mainly 
kidney, parathyroid and pituitary. Inactivating mutations of KL 
also cause hyperphosphatemia and tumoral calcinosis with high 
circulating concentrations of FGF23 [20].

The PHEX gene (phosphate-regulating gene with homology 
to endopeptidases on the X chromosome) (*300550) encodes a 
749 amino acid, seven trans-membrane glycoprotein and is 
present in several tissues but not kidney [21]. It is probably 
responsible, by its endopeptidase activity, for the processing and 
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cleavage of FGF23 to prevent hyperphosphaturia. The gene is 
located on the X chromosome and mutations cause classical X-
linked dominant hypophosphatemic rickets (VDRR) (#307800) 
(http://phexdb.mcgill.ca). It is not clear how it causes excess 
phosphaturia but mutations are associated with raised concentra-
tions of circulating FGF23 probably caused by reduced inactiva-
tion of FGF23.

Secretion of FGF23 is controlled by dentin matrix protein 1 
(DMP1) (*600980), one of a number of small integrin-binding 
ligand, N-linked glycoproteins (SIBLING) that promote miner-
alization. It is a factor secreted mainly by osteocytes. It probably 
acts as a mechanostat to infl uence bone mineralization directly 
but also inhibits FGF23 secretion. Mutations in the DMP1 gene 
cause an autosomal recessive form of hypophosphatemic rickets 
(ARHP) (#241520) because FGF23 secretion is unrestrained. 
Other SIBLING proteins include bone sialoprotein (BSP) 
(*166490), osteopontin (OPN) (*166490), dentin sialophospho-
protein (DSPP) (*125485) and matrix extracellular phosphogly-
coprotein (MEPE) (*605912). Some of these are upregulated in 
certain forms of cancer and may be responsible for alterations in 
FGF23 secretion that causes tumor-induced hypophosphatemic 
osteomalacia. Some individuals with McCune–Albright polyos-
totic fi brous dysplasia, caused by somatic mutations in the α-
subunit of the stimulatory G-protein (Gsα), have an associated 
excess phosphate excretion secondary to increased FGF23 by an, 
as yet, ill understood mechanism.

Hypophosphatemia and rickets are seen in several primary 
renal tubular abnormalities, such as the Fanconi syndrome 
(whatever the cause) and in hereditary hypophosphatemia with 
hypercalciuria (HHRH) (#241530) which results from a muta-
tion in the Type 2c Na/Pi co-transporter. In these conditions, 
FGF23 is not raised and the expected increase in 1,25(OH)2D 
with consequent hypercalciuria may occur and cause 
nephrocalcinosis.

Parathyroid hormone-related peptide
Following the observation that some cancers are associated with 
hypercalcemia with undetectable PTH, it became apparent 
that another factor sharing many of the properties of PTH was 
the cause of the hypercalcemia. It is now known that PTHrP 
(+168470) is secreted by many of these tumors [22]. PTHrP is a 
polypeptide with considerable homology to PTH, particularly at 
the N-terminal end. It is secreted as a prohormone, which is 
cleaved into several fragments. The N-terminal fragment binds 
with the PTH1R in a way similar to PTH and has similar 
actions.

PTHrP does not circulate in amounts detectable in plasma and 
has no signifi cant classic hormonal actions in postnatal life but it 
does have paracrine effects, particularly in bone. It is of impor-
tance as the factor that promotes and maintains the positive gra-
dient of calcium across the placenta in fetal life [23]. It is also 
secreted by the lactating breast and may play a part in calcium 
homeostasis during lactation. Women with primary hypopara-
thyroidism may become hypercalcemic while breast feeding and 

require a reduction in their dosage of vitamin D analog. This 
effect is thought to be caused by PTHrP.

Calcitonin
Calcitonin (CT) is a polypeptide hormone secreted by the C-cells 
of the thyroid derived from the ultimobranchial bodies that 
become incorporated into the thyroid. It is secreted in response 
to hypercalcemia and acts by specifi c receptors mainly to coun-
teract the effects of PTH in osteoclasts. It therefore has a calcium-
lowering effect, which wanes in the presence of sustained CT 
secretion. Secretion also occurs in response to a specifi c tetrapep-
tide sequence present on, among other molecules, glucagon. CT 
acts by a receptor, the gene for which is located on chromosome 
7q21.

The physiological role of CT has been diffi cult to establish but 
it may play a part in moderating bone turnover and may be of 
greater importance to the developing skeleton than to the mature 
one. In practice, CT appears to have little clinical signifi cance 
except as a therapeutic agent for acute hypercalcemia and as a 
tumor marker for medullary carcinoma of the thyroid (MCT) 
(#171400).

Physiology of bone metabolism

Bone consists of matrix, mineral and cells, which are present in 
different proportions in the various parts of bone. Matrix pro-
vides the protein scaffolding on which mineral is laid down. Both 
of these components are synthesized and removed by the various 
bone cells. Most bones are formed from cartilage and are called 
endochondral bones. Intramembranous bones, the fl at bones of 
the skull, the scapulae and the pelvis, do not have a cartilage 
template and develop from differentiation of mesenchymal cells 
into bone forming cells.

Endochondral bones consist of an epiphysis at each end 
of the bone, the diaphysis or shaft and metaphyses between them. 
Bone consists of a tubular outer section of densely calcifi ed bone, 
the cortex and an inner more loosely packed trabecular area in 
which the bone is constructed from a latticework of cross-
struts in between which the bone marrow lies. Trabecular bone 
is particularly prominent in the epiphyses and metaphyses as in 
the vertebral bodies. In children, a fourth component, the carti-
lage growth plate, is present situated between the epiphysis 
and metaphysis. Once growth ceases, this area calcifi es and 
disappears.

In endochondral bone, growth occurs by increase in length 
as a result of proliferation and subsequent ossifi cation of the 
growth plates and in size by a combination of bone accretion 
on the outer aspect of the cortex and bone resorption on the 
inner (modeling). Intramembranous bones grow as a result 
of proliferation of preosteoblasts and calcifi cation. Where the 
bones meet, they form sutures which interdigitate with one 
another. In certain conditions, including osteogenesis imper-
fecta, the calcifi cation process is defective and gives rise to the 
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characteristic appearance of Wormian bones, seen radiologically 
as multiple areas of calcifi cation surrounded by undermineral-
ized bone.

The cartilaginous growth plate contains four layers within 
which the predominant cell type is the chondrocyte. Furthest 
from the metaphysis is the resting layer beneath which is the 
proliferative layer. The chondrocytes differentiate, increase in size 
and their division rate decreases as they enter the prehypertrophic 
layer. Under the infl uence of Indian hedgehog (IHH) (*600726), 
one of a family of highly conserved genes related to Drosophila 
“hedgehog” genes, further differentiation occurs as they fi nally 
enter the hypertrophic layer, which is non-mitotic. This is regu-
lated by PTHrP through its receptor, PTH1R, before becoming 
apoptotic and being invaded by blood vessels and replaced with 
osteoblasts.

Development of the chondrocytes is infl uenced by the actions 
of a series of bone morphometric proteins (BMPs) that are 
controlled in turn by another protein called Noggin (*602991). 
Together they are responsible for joint development. Noggin is an 
inhibitor of BMPs and a number of chondrodysplasias, such as 
symphalangism and brachydactyly are caused by mutations in 
their genes.

Bone matrix
Collagen
The collagens are widely distributed in connective tissue and 
consist of heterotrimers or homotrimers of fi brils cross-linked 
and wound into triple helices. One or other type of collagen 
comprises 80% of the protein content of bone, the most abun-
dant form of collagen being Type I, a heterotrimer of two strands 
of Type 1A1 and one of Type 1A2. Each strand is synthesized as 
a proprotein and, during the course of post-translational modi-
fi cation, the proprotein peptides, procollagen Type 1 C-terminal 
(P1CP) and procollagen Type 1 N-terminal (P1NP) peptides, are 
cleaved and circulate in plasma. Measurement of procollagen 
peptides is sometimes used as a measure of bone formation 
during bone turnover studies. Similarly, during bone resorption, 
the N-terminal cross-links between fi brils (NTX) are released 
and can be measured, usually in urine, as an indicator of bone 
resorption.

Mutations in the COL1A1 (+120150) and COL1A2 (*120160) 
genes, resulting in either qualitative or quantitative abnormalities 
in the respective proteins, cause the majority of cases of osteo-
genesis imperfecta (OI). The process of cross-linking of the 
collagen fi bers is complex and consists of a combination of 
hydroxylation of lysine and proline molecules within the fi brils, 
aldehyde formation and glycosylation. Cartilage associated 
protein (CRTAP) (*605497), a cofactor in the post-translational 
modifi cation of collage, combines with prolyl 3-hydroxylase-1 
(P3H1) (*610339) and cyclophylin B involved in the coiling of 
the collagen protein. Mutations in CRTAP cause both OI Types 
IIB and VII while mutations in LEPRE1 gene that codes for P3H1 
cause OI Type VIII. No mutations in cyclophylin B have yet been 
identifi ed in humans. The other more minor form of collagen 

that occurs in bone is Type V, which co-localizes with Type 1. It 
is a heterotrimer of Type 5A1 (*120215) and Type 5A2 (*120190) 
collagen and mutations in one or other of these genes cause some 
forms of Ehlers–Danlos syndrome.

Four different forms of collagen are secreted by cartilage with 
different ones being produced at different stage of growth plate 
development. During the proliferative phase, the principal form 
is Type II with smaller amounts of Types IX and XI. Type II col-
lagen is also found in the vitreous of the eye and many of the 
conditions involving mutations of this gene are accompanied by 
ocular abnormalities. Once the prehypertrophic and hypertro-
phic phases are entered, Type X becomes the prominent form of 
collagen, which is only present in this tissue. Mutations in the 
genes for all these proteins can give rise to a variety of osteo and 
chondrodysplasias (Table 16.1).

Non-collagenous matrix proteins
Non-collagenous matrix proteins, proteoglycans, glycoproteins 
and g-carboxylated proteins (gla proteins), constitute the 15% of 
bone matrix not occupied by collagen. Proteoglycans are present 
either as macromolecules that fi ll the spaces between the collagen 
fi brils or as smaller proteins with more specifi c functions. Muta-
tions in the gene for one of them, aggrecan, leads to spondyloep-
iphyseal dysplasia (#608361). Glycoproteins are components of 
bone and cartilage matrix because they bind to macromolecules 
and to cell surface receptors and maintain cell–cell interactions. 
One of the most signifi cant of these in cartilage is cartilage oligo-
meric matrix protein (COMP), mutations in the gene for which 
cause pseudoachondroplasia (#177170) and multiple epiphyseal 
dysplasia (#132400). The gla proteins are vitamin K-dependent 
proteins for matrix calcifi cation and maturation. Matrix-gla 
protein (MGP) seems to be important in cartilage calcifi cation 
and mutations in its gene cause Keutel syndrome (#245150), in 
which cartilage calcifi cation is defective. Bone-gla protein, other-
wise known as osteocalcin, is secreted by osteoblasts in propor-
tion to their activity and is involved in bone mineral formation. 
Some osteocalcin escapes into the circulation and can be used to 
measure osteoblast activity in bone turnover studies. The rela-
tionship with vitamin K is demonstrated by the development of 
chondrodysplasia punctata in infants of mothers treated with 
warfarin during pregnancy.

Bone mineral
Bone mineral consists mainly of hydroxyapatite, 10 carbon atoms 
combined with three pyrophosphate molecules, each of which 
contains two phosphate atoms. It is laid down on the matrix scaf-
folding by osteoblasts under the infl uence of the many factors 
secreted by them. Pyrophosphate molecules have the structural 
formula:

PO3 − O − PO3

The bisphosphonates, which are increasingly used as treatment 
for osteoporotic conditions, have a similar structure.
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Table 16.1 Disorders of collagen found in bone and cartilage.

Collagen 
type

Principal location Hetero-
/homotrimer

Genes Gene location Pathological conditions Inheritance OMIM

Type I Bone Heterotrimer COL1A1 17q21.31-q22 Osteogenesis imperfecta Type I AD #166200
Osteogenesis imperfecta Type IIA AD #166210
Osteogenesis imperfecta Type III AD #259420
Osteogenesis imperfecta Type IV AD #166220
Ehlers–Danlos Type I AD #130000
Ehlers–Danlos Type VII AD #130060
Caffey disease AD/Sporadic #114000

COL1A2 7q22.1 Osteogenesis imperfecta Type I AD #166200
Osteogenesis imperfecta Type IIA AD #166210
Osteogenesis imperfecta Type III AD #259420
Ehlers–Danlos Type VII AD #130060

Type II Cartilage (Proliferative) Homotrimer COL2A1 12q13.11-q13.2 Stickler Type 1
Achondrogenesis Type II
Spondyloepimetaphyseal dysplasia 

(Strudwick)
Spondyloepiphyseal dyplasia congenital
Kneist dysplasia
Multiple epiphyseal dysplasia, myopia, 

deafness

AD
AD
AD

?AD

AD

#108300
#200610
#184250

#183900

#156550

Type V Bone Hetero- or homo- COL5A1 9q34.2-q34.3 Multiple epiphyseal dysplasia AD
AD

#130000
#130010

COL5A2 2q31 Ehlers–Danlos Type I
Ehlers–Danlos Type II

AD
AD

#130000
#130010

COL5A3 19p13.2
Type IX Cartilage

(Proliferative)
Hetero- COL9A1 6q13 Multiple epiphyseal dysplasia Type I

Stickler syndrome
AD
AR

120210.0001
120210.0002

COL9A2 1p33-p32.2 Multiple epiphyseal dysplasia Type II AD #600204
COL9A3 20q13.3 Multiple epiphyseal dysplasia Type III AD #600969

Type X Cartilage
(Prehypertrophic and 

hypertrophic)

Homo- COL10A1 6q21-q22.3 Schmid type metaphyseal 
chondrodysplasia

AD #156500

Type XI Cartilage
(Proliferative)

Hetero- COL11A1 1p21 Stickler Type 2
Marshall syndrome

AD
AD

#604841
#154780

COL11A2 6p21.3 Stickler Type 3
Otospondylomegaepiphyseal dysplasia
Weissenbacher–Zweymuller syndrome

AD
AR
AD

#184840
#215150
#277610

Disorders of collagens that are present in bone and cartilage. The OMIM numbers relate to the disorders caused by mutations in the various collagens and refer to the 
Online Mendelian Inheritance in Man code numbers (http://www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM).

Bone cells
Osteoblasts, osteoclasts and osteocytes exist in bone and chondro-
cytes in cartilage. The main function of osteoblasts is to lay down 
new bone, both matrix and mineral. In doing so, they secrete alka-
line phosphatase and osteocalcin, both of which, together with 
P1CP or P1NP, can be used as markers of bone turnover. They also 
control the activity of osteoclasts by secreting the osteoclast-trans-
forming factors RANKL and osteoprotegerin and are themselves 
controlled by osteocytes which secrete sclerostin.

Osteoblasts are derived from mesenchymal stem cells and, 
under the infl uence of activators and inhibitors, transformed 

by the Wnt signaling system into mature osteoblasts. The Wnt 
protein (*164820) binds with Frizzled protein (*603408) coupled 
to low density lipoprotein receptor protein 5 (LRP5) (*603506) 
on the cell surface of the osteoblast precursors to activate the 
canonical pathway mediated by β-catenin [24]. This induces gene 
transcription by the Tcf/Lef family of transcription factors and is 
essential for differentiation of osteoblasts from precursors. Inac-
tivating and activating mutations of LRP5 cause a variety of bone 
fragility conditions [25]. Factors controlling osteoblast differen-
tiation and function include bone morphogenic proteins (BMPs), 
Runx2 (*600211), which has been described as a master switch 
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cans progressiva (FOP) (#135100). Mutations in Runx2 cause 
cleidocranial dysostosis (#119600).

Osteoclasts are the principal bone resorbing cells. When they 
occur on the same surface of bone as osteoblasts, they act in 
tandem to resorb bone which is then replaced by the associated 
osteoblasts (remodeling) and the combination of the two types 
of cell is called a bone remodeling unit (BMU). Osteoclasts are 
derived from macrophage precursors and are under considerable 
infl uence by osteoblasts. Macrophages secrete macrophage 
colony-stimulating factor (M-CSF) which acts on receptors (c-
fms) on the osteoclast progenitors to begin the maturation 
process (Fig. 16.7) but M-CSF is unable by itself to complete the 
process which requires activation of the RANK (NF-κB) recep-
tors on the cell surface. These are stimulated by tissue necrosis 
factors (TNFs) and RANK-ligand (RANKL). Activation of 
RANKL results in fusion of several cells so that the mature osteo-
clasts are multinucleated. RANKL is secreted by osteoblasts in 
response to PTH, 1,25(OH)2D, PTHrP and various cytokines. 
There are abundant PTH receptors on osteoblasts but few on 
osteoclasts, so bone resorption has to be mediated indirectly by 
osteoblasts. Osteoblasts also produce osteoprotegerin (OPG), a 
decoy receptor for RANKL. By binding to it, OPG acts as a 
restraining factor to prevent overactivity of RANK causing exces-
sive bone resorption. Mutations in the RANKL gene cause a mild 
form of autosomal recessive osteopetrosis (#259710) while OPG 
mutations cause juvenile Paget disease (#239000).

In order to resorb bone, the osteoclast attaches itself to an area 
of bone by the ruffl ed border on its base where it forms a depres-
sion, known as a resorption lacuna. The ruffl ed border is bounded 
by a skirt which is tightly attached to the bone and limits the area 
of resorption to the base of the osteoclast. The cells are respon-
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Figure 16.6 Simplifi ed diagrammatic representation of osteoblast 
differentiation. ACVR1, type 1 activin A receptor; BMP, bone morphogenic 
protein; DKK, Dickkopf; Frz, Frizzled protein; Lef, lymphoid enhancer-binding 
factor; LRP5, low density lipoprotein receptor protein 5; Runx2, Runt related 
transcription factor 2; SFRP, soluble Frizzled related protein; Tcf, trancription 
factor; Wnt, Wingless-type MMTV integration site family member.

Figure 16.7 Osteoclast differentiation and 
function. The upper part of the diagram shows the 
factors synthesized by osteoblasts that control 
osteoclast transformation together with the factors 
that stimulte osteoblasts to induce this 
transformation. The lower half shows an osteoclast 
with the various factors that they produce to 
maintain the acid environment that allows bone 
resorption. ANKH, homology of mouse ANK; CAII, 
carbonic anhydrase II; ClCN7, chloride channel 7; 
CTSK, cathepsin K; M-CSF, macrophage colony-
stimulating factor; OPG, osteoprotegerin; OSTM1, 
osteopetrosis-associated transmembrane protein 1; 
PLEKHM1, Pleckstrin homology domain-containing 
protein, family M, member 1; Ppi, inorganic 
phosphate; PTH, parathyroid hormone; PTHrP, 
parathyroid hormone related peptide; RANK, tumor 
necrosis factor ligand superfamily, member 11; 
RANKL, RANK ligand; SOST, sclerostin; TCIRG1, T 
cell immune regulator 1; TGFβ1: transforming 
growth factor, beta-1.
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for bone formation by modifying genes within the osteoblast [26] 
and Type 1 activin A receptor (ACVR1) (*102576). Sclerostin 
(*605740), which is derived from osteocytes, inhibits BMPs and 
mutations in the gene (SOST) for sclerostin cause the bone scle-
rosing conditions van Buchem disease (#239100) and scleroste-
osis (#269500) (Fig. 16.6). ACVR1 is a BMP type 1 receptor and 
mutations in this gene are responsible for fi brodysplasia ossifi -
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sible for removal of mineral and matrix, the former effected by 
the creation of hydrochloric acid (HCl) which dissolves the 
mineral. The H+ ions are produced by carbonic anhydrase and the 
Cl− ions by exchange of HCO3

− (formed by carbonic anhydrase) 
for Cl−. The protons are externalized into the resorption lacunae 
by an ATP-dependent vacuolar pump (TCIRG1) (*604592) while 
the Cl− ions are transported by a specifi c chloride channel 
(CLCN7) (*602727). CLCN7 has a β-subunit, OSTM1 (*607649) 
while the vacuolar transport also requires plekstrin (PLEKHM1). 
Mutations in one or other of these processes impair osteoclast 
function and result in the various forms of osteoclast-rich osteo-
petrosis. Matrix removal requires the activity of cathepsin K and 
mutations in the gene for this protein (CTSK) (*601105) cause 
pycnodysostosis (#265800) in which a high bone density is also 
present.

Osteocytes
Osteocytes, the most abundant of the bone cells, are derived from 
mature osteoblasts and incorporated into bone where they are 
responsible for maintaining bone health. They lie in small spaces 
within the bone known as lacunae, connected to one another by 
processes contained within canaliculae that connect the lacunae. 
These lacunae and their accompanying canaliculae are arranged 
in concentric circles in cortical bone and a group of them makes 
an Haversian system.

Interactions between calciotropic agents

The primary aim of interactions between the various infl uences 
on calcium metabolism is to maintain plasma ionized calcium 
concentration within narrow limits, an aim that is normally suc-
cessful (Fig. 16.8). At the same time, bone metabolism must be 
allowed to proceed satisfactorily so that calcium and phosphate 
accumulation and bone remodeling can occur during growth.

Fetal and neonatal calcium metabolism

Parathyroid glands are active in the human fetus from about 12 
weeks’ gestation, maintaining a positive gradient of calcium of 
0.25–0.5  mmol/L (1–2  mg/dL) across the placenta. Little PTH is 
detectable in fetal plasma using immunoassays but bioassays 
showed signifi cant bioactivity [23] because the principal factor is 
PTHrP rather than PTH itself. A term infant contains approxi-
mately 27  g calcium, most of it acquired during the last trimester 
and the net transfer of calcium across the placenta is 300–400  mg/
day at term. Fetal bone is active and turnover of calcium at birth 
is more than 1% per day of total body calcium, compared with 
about 1/50th of this rate in adults.

After birth, the maternal supply of calcium is terminated 
which results in a rapid fall in plasma calcium to a nadir of 1.8–
2.0  mmol/L (7.2–8  mg/dL) by 48  h. The normal concentration of 
2.2–2.6  mmol/L (8.8–10.4  mg/dL) is achieved toward the end of 
the fi rst week as the supply of calcium is resumed in milk and 
physiological mechanisms are established.

Postneonatal calcium, phosphate and 
magnesium metabolism and the calcium 
cascade

Following the establishment of physiological concentrations of 
calcium in plasma, there is little variation throughout life, despite 
a 50-fold increase in bone mineral to about 1200  g by adulthood. 
By contrast, concentrations of phosphate vary, being highest 
during periods of greatest demand for bone mineral, particularly 
during the neonatal period and adolescence (Fig. 16.9). Concen-
trations of magnesium are maintained within a narrow range of 
0.6–1.2  mmol/L (1.4–2.8  mg/dL). Of the four factors that 
maintain calcium homeostasis, PTH, vitamin D and its metabo-
lites, PTHrP and calcitonin, the fi rst two are the most relevant 
outside fetal life. Magnesium has a part to play because defi ciency 
interferes with PTH secretion. Calcium concentration is detected 
by a calcium-sensing receptor located on the surface of the para-
thyroid glands linked to secretion of PTH by an adenylate cyclase 
system. PTH acts by receptors on the various target organs 
through adenylate cyclase, to which it is linked by G-proteins. 
Defects in any part of this cascade can give rise to hypercalcemia 
or hypocalcemia.

Investigation of calcium and bone disorders

Calcium disorders
Clinical assessment of hypocalcemia
Symptoms of hypocalcemia do not usually occur until total 
calcium falls below 1.8  mmol/L (7.2  mg/dL) and some patients 
remain asymptomatic with a plasma calcium as low as 
1.2  mmol/L (4.8  mg/dL). Symptoms include muscle twitching 

Hypocalcemia

↑PTH

↑Bone resorption

↑Renal PO4 excretion

↑1α-hydroxylase ↑Gut Ca absorption

↓Renal Ca excretion

1,25(OH)2D

↑Plasma calcium

↓Plasma PO4

Figure 16.8 The principal responses to a hypocalcemic stimulus. (After 
Allgrove J. The parathyroid and disorders of calcium metabolism. In: Brook CGD, 
Clayton PH, Brown R, eds. Clinical Pediatric Endocrinology, 5th edn. Oxford: 
Blackwell, 2003.)
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THE CALCIUM CASCADE
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Figure 16.9 The calcium cascade showing the various components and the points along the cascade at which abnormalities can occur. Genetic conditions are shown in 
normal type and acquired conditions in italics. (From Allgrove J. The parathyroid and disorders of calcium metabolism. In: Brook CGD, Clayton PH, Brown R, eds. Clinical 
Pediatric Endocrinology, 5th edn. Oxford: Blackwell, 2003 with permission.) APECED, autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy; MELAS, 
Mitochondrial myopathy, Encephalopathy, Lactic Acidosis and Stroke.
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and spasms, which can be painful, apnea, stridor, carpopedal 
spasms and focal or generalized seizures. Measurement of 
plasma calcium should always be part of the investigation of 
unexplained fi ts to avoid confusion with epilepsy, even if fever 
is present and febrile convulsions are suspected. Clinical exami-
nation may reveal positive Chvostek or Trousseau signs and 
chronic hypocalcemia may cause calcifi cation of the lens of the 
eye. In infants whose hypocalcemia is secondary to vitamin D 
defi ciency, a form of dilated cardiomyopathy may develop. This 
does not occur with other causes of hypocalcemia (e.g. hypo-
parathyroidism) and is probably the result of a direct effect of 
the vitamin D defi ciency on cardiac muscle. If cardiorespiratory 
support is effective, the prognosis for the cardiomyopathy is 
good, although it may take several months to recover. Some 
syndromes are associated with specifi c dysmorphic features. 
Rickets may be present in some instances. Soft tissue calcifi ca-
tion is sometimes present in pseudohypoparathyroidism and 
computed tomographic (CT) scanning of the brain may reveal 
the presence of basal ganglion and frontal lobe calcifi cation 
in both hypoparathyroidism and pseudohypoparathyroidism 
(Fig. 16.10).

Clinical assessment of hypercalcemia
The symptoms of hypercalcemia in childhood are age-dependent. 
Mild hypercalcemia may be asymptomatic but, as the calcium 
concentration rises above 3.0  mmol/L, symptoms become more 
common. Infants present with failure to thrive, vomiting and 
constipation. Muscle hypotonia, lethargy, anorexia, abdominal 
pain and constipation may be present in older children. Polyuria 
and polydipsia result from a concentrating defect in the renal 

tubule and long-standing hypercalciuria can lead to nephrocalci-
nosis, kidney stones and renal failure. Occasionally, psychiatric 
disturbance accompanies hypercalcemia and reverses when 
calcium returns to normal. Although not as common as the dis-
orders causing hypocalcemia, many of those causing hypercalce-
mia are also genetic in origin.

Laboratory and radiological investigation
First line investigations should include measurement of total 
(and, if available, ionized) calcium, phosphate, albumin, 
magnesium, alkaline phosphatase, creatinine, PTH and 25OHD 
in blood, a sample of which should also be stored for future 
measurement of 1,25(OH)2D if this is relevant, particularly if 
rickets is also present (Table 16.2). Urine should be taken for 
measurement of calcium, phosphate and creatinine. Fasting 
phosphate concentrations are of value if hypophosphatemic 
rickets is suspected. X-rays will reveal the presence of rickets, 
skeletal dysplasias (e.g. in pseudohypoparathyroidism), hyper-
parathyroid bone disease or soft tissue calcifi cation. They are 
insensitive in detecting intracranial calcifi cation, for which CT 
scanning is most appropriate. Early nephrocalcinosis can best be 
detected by ultrasound. Where a genetic cause for a disorder of 
calcium metabolism is suspected, blood should be taken and 
DNA extracted for analysis.

Metabolic bone disorders
Clinical assessment
The diagnosis of osteoporosis in children is primarily clinical, 
supported as necessary by radiological, bone density and genetic 
data. When a child presents with multiple fractures, particularly 
if they originate from mild trauma, a careful history, including 
family history, is taken. Biochemical investigation includes meas-
urement of a bone profi le with PTH and 25OHD as a measure of 
vitamin D status. All these parameters are usually normal, 
although urinary excretion of calcium may be elevated, particu-
larly in idiopathic juvenile osteoporosis (IJO) and those forms of 
osteogenesis imperfecta where growth is poor. Blood may also be 
taken for DNA analysis [27]. Conditions associated with high 
bone density may also present with fractures; X-rays will usually 
give a clue to the diagnosis which can then be confi rmed with 
biochemical and genetic tests as appropriate.

Radiology
Bone density rises gradually during childhood, increases sharply 
during adolescence and continues to rise more slowly in the late 
teenage years before reaching a peak in the early twenties. Routine 
X-rays give a poor indication of osteoporosis because 30–50% of 
bone mineral has to be lost before it becomes radiologically 
apparent. They are useful at demonstrating fractures, fracture 
healing and vertebral morphology and will often give an indica-
tion of the presence of increased bone density.

Several methods of bone density measurements are available 
but the most widely used is dual energy X-ray absorptiometry 
(DEXA) [28] which has a particular advantage in that it delivers 

Figure 16.10 Computed tomography image of basal ganglion and frontal lobe 
calcifi cation in pseudohypoparathyroidism Type Ia. Extensive calcifi cation is seen 
in the basal ganglia and frontal lobes.
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a low radiation dose so repeat measurements can be undertaken 
with safety. In principle, it uses X-rays of two different energies 
to determine the amount of bone mineral by differential absorp-
tion but, while DEXA is a potentially useful in children because 
of the rapidly changing density during the phases of growth and 
adolescence, there are considerable pitfalls in interpretation. 
Several methods have been developed to take into account the 
fact that DEXA gives a two-dimensional measurement and to 
allow for variations in height, age, gender and pubertal status, 
although the best method has yet to be determined [28]. It is 

particularly important that the use of the T score, which relates 
bone density to the peak bone density achieved in adults, is 
avoided. Bone densities are usually reported as an age-related Z 
score and serial DEXA measurements on the same child are often 
useful. Lateral DEXA is also sometimes used to assess vertebral 
morphology at a lower radiation dose than lateral X-rays of the 
spine but its value has yet to be evaluated.

Other methods used to assess bone density include peripheral 
quantitative computerized tomography (pQCT) and various 
ultrasound techniques. QCT of the spine gives more precise 
measurements, particularly as it provides a three-dimensional 
measurement but it delivers too high a radiation dose for routine 
use. Whatever method is used, bone density does not necessarily 
relate to bone strength, particularly in children, in whom the 
defi nitions of osteopenia and osteoporosis, as defi ned in adults, 
do not necessarily apply.

Bone biopsy
Biopsy of bone can be useful where there is doubt about a diag-
nosis [29]. It is usually performed by taking a full-thickness 
biopsy through the iliac crest which includes both inner and outer 
cortices as well as the intervening trabecular bone. Most value is 
gained if the patient has had tetracycline labeling during the 3 
weeks before biopsy. Tetracycline is laid down on mineralization 
fronts and, when viewed under ultraviolet light, can give useful 
quantitative information concerning bone activity. The biopsies 
can also be viewed under polarizing light to give information 
about the lamellar pattern and may provide a defi nitive diagnosis 
(e.g. in OI Type VI).

Bone turnover markers
Two types of marker are used, those that refl ect bone formation 
and those that result from bone resorption [30]. Bone resorption 
markers derived from osteoblast activity are present as Type 1 
collagen propeptide (P1CP), bone specifi c alkaline phosphatase 
(bALP) or osteocalcin (bone gla-protein). P1CP is derived from 
cleavage of the propeptide sequence of Type 1 collagen as it is laid 
down to form bone matrix. Measurement of bALP relies on its 
greater heat lability than other forms of ALP and osteocalcin is 
derived solely from bone but escapes into the circulation at the 
time of matrix formation.

Bone resorption markers are derived from the products of 
matrix removal. The most commonly used are urinary N- or C-
terminal telopeptides of collagen (NTX-1, CTX-1) which are 
related to creatinine to allow for variations in urine concentra-
tion. Tartrate-resistant acid phosphatase (TRAP) is specifi cally 
secreted by osteoclasts and may give a measure of osteoclast activ-
ity. It is particularly useful in determining the effectiveness of 
bone marrow transplantation in osteopetrosis. Urinary pyridino-
line, deoxypyridinoline and hydroxyproline are rarely used.

Markers of bone turnover may be used for a diagnosis or for 
monitoring treatment. Thus, OI is usually accompanied by high 
and IJO by low bone turnover. Bisphosphonates gradually reduce 
the rate of bone turnover.

Table 16.2 Investigation of disorders of calcium and bone metabolism.

Blood – initial investigations
Calcium
Phosphate
Albumin
Alkaline phosphatase
Creatinine
25OHD
Intact PTH
Save serum for 1α,25(OH)2D

Subsequent investigations as necessary
Blood gases
1α,25(OH)2D
DNA analysis for genetic abnormalities
PTHrP
Bone turnover markers

Radiology and nuclear medicine
Hand and knee for rickets
Skeletal survey for bone abnormalities
Renal ultrasound for nephrocalcinosis
Parathyroid ultrasound for parathyroid tumors
CT scan for intracranial calcifi cation
SestaMIBI scan for PT gland localization
DEXA scan

Urine – initial investigations
Calcium
Phosphate
Creatinine

Calculate
Ca : creatine ratio
FEPO4 and TRP
TmPO4/GFR

Subsequent investigations as necessary
Glucose and amino acids
Bone turnover markers
Bone biopsy

Table of investigations that are indicated when a patient presents with a 
disorder of calcium or bone metabolism. Not all investigations are indicated in all 
patients.
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Pathology of hypocalcemia

Neonatal hypocalcemia
Hypocalcemia may occur within the fi rst 2–3 days of life or 
toward the end of the fi rst week. In the former, the physiological 
fall in plasma calcium is exaggerated, especially in the preterm 
infant, following birth asphyxia, in sick infants and in those born 
to diabetic mothers. The mechanisms are unclear but may 
represent a delayed response to the rise of PTH following hypo-
calcemia. There may be an exaggerated response of calcitonin, 
especially where hypoglycemia is present because of the secreta-
gog effect of glucagons but this is unlikely to be the explanation 
in the infant of a diabetic mother in whom glucagon responses 
to hypoglycemia are known to be impaired, presumably because 
of chronic hyperglycemia in utero. Magnesium defi ciency may be 
a factor, particularly if the mother’s diabetes has been poorly 
controlled, and measurement of magnesium should be included 
in the investigation of neonatal hypocalcemia and corrected if 
necessary. Early-onset hypocalcemia usually corrects itself spon-
taneously but additional calcium supplements may be required if 
symptoms persist. Relative hypophosphatemia is frequently 
present in preterm infants and may contribute to the develop-
ment of bone disease of prematurity.

Late neonatal hypocalcemia is usually symptomatic. It can be 
the fi rst manifestation of hypoparathyroidism but vitamin D 
defi ciency or primary hyperparathyroidism in the mother must 
be considered. In the former, hypocalcemia can present at any 
time after birth depending on the severity of the defi ciency and 
is not necessarily associated with radiological evidence of rickets, 
particularly if the presentation is soon after birth. It is almost 
confi ned to infants of mothers from ethnic minority groups and 
routine vitamin D supplementation of 400  IU/day, even from 
birth, may not be suffi cient to prevent hypocalcemia in these 
infants. Hyperparathyroid mothers may be asymptomatic and 
the presence of hypocalcemia in the infant may be a clue to 
maternal disease. Measurement of vitamin D in mother and 
infant and of bone profi le in the mother should form part of the 
investigation of late neonatal hypocalcemia. Excess phosphate in 
the diet may also cause hypocalcemia. In the past this has usually 
been because of the introduction of unsuitable milk prepara-
tions too soon after birth; this is not seen in breast fed infants 
and, with the increasing sophistication of formula feeds, is rarely 
a problem.

Symptomatic neonatal hypocalcemia requires intravenous 
10% calcium gluconate (0.225  mmol/mL–0.9  mg/mL) given as a 
slow infusion of 1–3  mL/kg. This can be continued as an infusion 
of 1–2  mmol/kg/day (40–80  mg/kg/day) or as oral supplements. 
It is important to ensure a secure intravenous site because extrava-
sation causes unsightly burns. In the event of vitamin D defi -
ciency, additional vitamin D supplements of 1000–1500  IU/day 
are required. If hypocalcemia persists, and particularly if hypo-
parathyroidism is suspected, active metabolites of vitamin D may 
be required.

Bone disease of prematurity
Most calcium and phosphorus is accumulated during the last tri-
mester. Thus, if an infant is born prematurely, there has been 
insuffi cient time for bone mineralization and extremely premature 
infants are at risk of developing bone disease of prematurity (BDP) 
[31]. It is diffi cult to maintain mineral accretion at the same rate 
as occurs in utero, even if the infant has few neonatal problems but 
if, in addition, nutritional, respiratory or cardiac problems requir-
ing diuretic therapy supervene, the diffi culties are compounded.

BDP has its origin in mineral defi ciency, particularly phos-
phate but physical inactivity may also be a risk factor. Infants at 
risk need to be monitored and additional supplements given as 
necessary to maintain plasma phosphate >2  mmol/L (6.4  mg/dL): 
a rise in alkaline phosphatase above 1000  IU/L is usually indicative 
of active bone disease. Vitamin D supplements are usually given as 
a matter of routine and vitamin D defi ciency is not usually a 
problem but, if neonatal hepatitis supervenes, it may be necessary 
to use a small dose of calcitriol in addition to the other supple-
ments if bone healing is not achieved. Other aspects of nutrition, 
such as protein and calorie intake, should be optimized.

Postneonatal hypocalcemia

Disorders related to PTH
Hypocalcemia in childhood can result from defects in any part of 
the calcium metabolic cascade, many of them genetic in origin (Fig. 
16.9; Table 16.3). Causes that affect the early part of the cascade are 
generally associated with low and those affecting the latter part 
with high PTH. The reverse is true of hypercalcemic conditions.

Disorders of the calcium-sensing receptor
Autosomal dominant hypocalcemia
Autosomal dominant hypocalcemia (ADH) is one form of famil-
ial isolated hypoparathyroidism (FIH) (#146200) caused by an 
activating mutation of the CaSR gene [11] (+601199). Calcium is 
sensed as being normal at subphysiological concentrations and 
PTH secretion is therefore switched off inappropriately, causing 
hypoparathyroidism. The extent of the resulting hypopara-
thyroidism is determined by how much the mutation shifts the 
calcium response curve to the left (Fig. 16.2). Patients may or may 
not be asymptomatic. Several mutations have been described and, 
although there is no genotype–phenotype correlation, symptoms 
are related to the degree of hypocalcemia, which remains fairly 
constant within individuals. Inheritance is usually autosomal 
dominant but sporadic cases have been described.

It can be diffi cult to distinguish ADH from other forms of FIH 
in the absence of a family history; germline mosaicism in an 
apparently unaffected parent can confuse the issue further and 
make prediction of recurrence diffi cult. Diagnosis depends on 
demonstrating hypocalcemia with normal PTH concentrations. 
In contrast to primary hypoparathyroidism, urinary calcium 
excretion is high and these patients are susceptible to nephrocal-
cinosis, especially if treated to prevent symptoms.
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Table 16.3 Hypocalcemic disorders associated with genetic abnormalities.

Location in calcium 
cascade

Metabolic abnormality OMIM Location Gene Gene product OMIM Inheritance Principal clinical features

Calcium sensing receptor
Autosomal dominant 
hypocalcemia

#146200 3q13.3-q21 CaSR Calcium sensing 
receptor

+601199 AD (Symptomatic) hypocalcemia, 
hypercalciuria, nephrocalcinosis

Autosomal dominant 
hypocalcemia with Bartter-like 
features

3q13-1 CaSR Calcium sensing 
receptor

+601199 AD

Parathyroid glands
X-linked recessive 
hypoparathyroidism

%307700 Xq26-7 ?SOX3 SRY-related 
homeobox

*313430 XLR Infantile onset 
hypoparathyroidism

Autosomal recessive isolated 
hypoparathyroidism

#146200 6p24.2 GCM2 Homolog of 
Drosophila glial cells 
missing

*603716 AR Isolated hypoparathyroidism

Mitochondrial disorders

Kearns–Sayre #530000 Mitochondrial 
gene deletion

Various 
mitochondrial

Maternal Hypoparathyroidism, progressive 
ophthalmoplegia, pigmentary 
retinopathy, heart block or 
cardiomyopathy, short stature, 
primary gonadal failure, 
sensorineural deafness, proximal 
myopathy, diabetes mellitus

MELAS #540000 Mitochondrial 
gene point 
mutation

Various 
mitochondrial

Maternal Hypoparathyroidism, 
mitochondrial encephalopathy, 
lactic acidosis, stroke-like 
episodes, proximal myopathy, 
diabetes mellitus

DiGeorge syndrome Type I #188400 22q11.2 TBX1 (and 
others)

Transcription factors *602054 Sporadic or AD 
or Unbalanced 
translocation

Neonatal hypoparathyroidism, 
thymic aplasia, ear, nose and 
mouth deformities, aortic arch 
abnormalities – truncus 
arteriosus, right-sided aortic arch, 
etc.

Continued on p. 392
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DiGeorge syndrome Type II #188400 10p13-4 ? ? Sporadic Neonatal hypoparathyroidism, 
immune defi ciency

Hypoparathyroidism, deafness, 
renal anomalies

#146255 10p14-0pter GATA3 T-cell antigen 
receptor enhancer 
binding protein

*131320 AD Hypoparathyroidism, 
sensorineural deafness, cystic 
renal changes

Other familial syndromes

Autosomal dominant 
Kenny–Caffey

%127000 ? ? ? AD Similar to AR Kenny–Caffey

Autosomal recessive Kenny–Caffey #244460 1q43-4 TBCE Tubulin-specifi c 
Chaperone E

*604934 AR Hypoparathyroidism, extreme 
short stature, cortical thickening 
and medullary stenosis of tubular 
bones, normal bone age, absent 
diploic space, delayed closure of 
anterior fontanelle, normal 
intelligence

Sanjad-Sakati and Richardson & 
Kirk

#241410 1q43-4 TBCE Tubulin-specifi c 
Chaperone E

*604934 AR Hypoparathyroidism, deep-set 
eyes, microcephaly, thin lips, 
long philtrum, beaked nose, 
external ear anomalies, 
micrognathia, depressed nasal 
bridge, mental retardation

Dahlborg & Borer ? ? ? AR or XLR Hypoparathyroidism, congenital 
lymphedema, nephropathy, mitral 
valve prolapse, 
brachytelophalangy

Pluriglandular autoimmune 
hypoparathyroidism (APECED)

#240300 21q22.3 AIRE-1 Autoimmune 
regulator

*607358 AR Mucocutaneous candidiasis, 
hypoparathyroidism, adrenal 
insuffi ciency, hypogonadism, 
diabetes mellitus, nail pitting, 
keratopathy, alopecia, hepatitis, 
intestinal malabsorption

Table 16.3 Continued

Location in calcium 
cascade

Metabolic abnormality OMIM Location Gene Gene product OMIM Inheritance Principal clinical features
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PTH
Familial isolated 
hypoparathyroidism

#146200 11p15 PTH Parathyroid hormone *168450 AD Hypoparathyroidism

Familial isolated 
hypoparathyroidism

#146200 11p15 PTH Parathyroid hormone *168450 AR Hypoparathyroidism

PTH/PTHrP receptor
Blomstrand chondrodysplasia #215045 3p21.1-p22 PTH1R Parathyroid hormone 

receptor
*168468 AR Advanced bone maturation, 

accelerated chondrocyte 
maturation, increased bone 
density, poor bone modeling, 
rapidly lethal

Eiken skeletal dysplasia #600002 3p21.1-p22 PTH1R Parathyroid hormone 
receptor

*168468 ?AR Retarded ossifi cation. Abnormal 
bone modeling

Pseudohypoparathyroidism Type 
Ib-like syndrome

3p21.1-p22 PTH1R Parathyroid hormone 
receptor

*168468 ?AR Hypoparathyroidism with raised 
PTH

Post-receptor events
Pseudohypoparathyroidism Type Ia #103580 20q13.2-3.3 GSαAD 

paternally 
imprinted

Gsα subunit +139320 AD paternally 
imprinted

Hypoparathyroidism with raised 
PTH, short stature, round facies, 
short metacarpals and 
metatarsals (Albright hereditary 
osteodystrophy), mild 
hypothyroidism, disturbance of 
ovarian function, mild 
developmental delay

Pseudopseudohypoparathyroidism 20q13.2-3.3 GSαAD 
maternally 
imprinted

Gsα subunit +139320 AD maternally 
imprinted

As above but with no 
hypoparathyroidism

Pseudohypoparathyroidism with 
testotoxicosis

20q13.2-3.3 Gsα – 
differential heat 
sensitivity

Gsα subunit +139320 AD paternally 
imprinted

As for PHP-Ia but with 
testotoxicosis

Pseudohypoparathyroidism Type Ib #603233 20q13 STX16 Syntaxin 16 *603666 AD ?paternally 
imprinted

Hypoparathyroidism with raised 
PTH but no features of AHO. 
May retain bone sensitivity

Pseudohypoparathyroidism Type Ic ? ? ? ?AD Multiple hormone resistance with 
AHO

Continued on p. 394
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Table 16.3 Continued

Location in calcium 
cascade

Metabolic abnormality OMIM Location Gene Gene product OMIM Inheritance Principal clinical features

Pseudohypoparathyroidism Type II %203330 ? ? ? ? Hypoparathyroidism with normal 
cAMP but impaired phosphaturic 
response

Magnesium defi ciency
Familial primary hypomagnesemia #602014 9q12-2.2 TRPM6 Transient receptor 

potential cation 
channel M6

*607009 AR Isolated defect of magnesium 
transport in gut, hypocalciuria

Isolated renal magnesium wasting #154020 11q23 FXYD2 Na,K-ATPase γ *601814 AD Hypermagnesuria with 
hypomagnesemia. Hypocalciuria

Isolated recessive renal 
hypomagnesemia

#611718 4q25 EGF Epidermal growth 
factor

*131530 AR Isolated hypomagnesemia, 
normal plasma and urine 
calcium, psychomotor 
retardation, seizures, brisk 
refl exes

Gitelman syndrome #263800 16q13 SLC12A3 Thiazide sensitive 
Na-Cl co-tranporter

*600968 AR Hypermagnesuria, hypokalemic 
alkalosis, hypocalciuria, chronic 
dermatitis

Familial hypomagnesemia with 
hypercalciuria and 
nephrocalcinosis

#248250 3q CLDN16
(PCLN-1)

Paracellin-1 *603959 AR Hypermagnesuria, hypercalciuria, 
hypomagnesemia, 
nephrocalcinosis, renal failure

Renal hypomagnesemia with 
ocular involvement

#248190 1p34.2 CLDN 19 Claudin 19 *610036 AR Hypermagnesuria, hypercalciuria, 
hypomagnesemia, 
nephrocalcinosis, renal failure, 
ocular abnormalities

Genetic conditions that cause hypocalcemia. The conditions are classifi ed according to which part of the calcium cascade they affect and, where known, the gene location, gene product, inheritance and principal 
clinical features are shown. OMIM numbers in columns 3 and 7 relate to the disorders and the genes respectively and refer to the Online Mendelian Inheritance in Man code numbers (http://www.ncbi.nlm.nih.gov/
sites/entrez?db=OMIM). AHO, Albright hereditary osteodystrophy.
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In patients whose plasma calcium is >1.95  mmol/L (7.8  mg/
dL), treatment is unnecessary and, in those with a lower concen-
tration of calcium, treatment is required only if symptoms are 
present. An active vitamin D metabolite (alfacalcidol or calcitriol) 
should be used cautiously and in the smallest dosage required and 
it is not necessary to restore plasma calcium to normal. Urinary 
calcium excretion should be monitored to avoid nephrocalcinosis 
and regular renal ultrasonography can be helpful in detecting 
early changes. If it proves diffi cult to prevent symptomatic hypo-
calcemia without causing nephrocalcinosis, thiazide diuretics 
may also be used. Selective CaSR blocking agents may become 
available in the future: there is one report of the successful short-
term use of synthetic PTH, teriparatide (Forsteo∼), in the treat-
ment of this condition [32].

Another phenotype associated with activating mutations of 
the CaSR has been described and probably represents a more 
extreme example of the same condition [33]. These patients pre-
sented with apparent neonatal hypoparathyroidism and were 
treated with calcium and vitamin D or calcitriol. They subse-
quently presented in late childhood, adolescence or early 
adulthood with a Bartter-like syndrome of impaired renal func-
tion, hypercalciuria, nephrocalcinosis, hyperreninemia, hypoka-
lemia and hyperaldosteronism in various degrees. In all cases, 
activating mutations of the CaSR were identifi ed resulting in a 
marked left shift of the dose–response curve for extracellular 
calcium signaling.

The mechanism of these biochemical changes is not clear but 
it has been suggested that the CaSR defect prevents calcium and 
magnesium reabsorption, which normally takes place in conjunc-
tion with sodium. This leads to sodium wasting and a concentrat-
ing defect that stimulates hyperreninemia and hyperaldosteronism 
and leads to increased potassium losses. At the same time, the 
distal convoluted tubule (DCT) then has to compensate for the 
sodium losses, which leads to further calcium excretion and 
hypokalemic alkalosis. Caution is therefore urged in the use of 
thiazide diuretics, which might theoretically worsen the calcium 
excretion.

Disorders of the parathyroid glands
X-linked recessive familial isolated hypoparathyroidism
In X-linked recessive familial isolated hypoparathyroidism 
(HYPX) (%307700), a mutant gene on chromosome Xq26-q27 
has been described in two apparently unrelated families [34]. 
Mitochondrial DNA studies have shown them to be related. The 
nature of the gene product is not known for certain but it is likely 
that SOX3 (*313430) is involved in parathyroid development and 
that genes that infl uence SOX3 may be involved in the devel-
opment of HYPX. Affected males have infantile onset of hypo-
parathyroidism and histological studies have suggested that the 
cause is parathyroid agenesis.

Autosomal recessive isolated hypoparathyroidism
Autosomal recessive isolated hypoparathyroidism presents at an 
early age [34]. In one family, apparently unrelated, a homozygous 

mutation was found in the GCM2 (*603716) gene [35] located 
on chromosome 6p24.2, while in an extended Pakistani family 
where consanguinity was present, a different mutation was found 
[36]. These two mutations have been shown to result in reduced 
transcriptional activity of the gene which is expressed only in PT 
glands and appears to have a role in PT gland development. In 
addition, there appears to be a group of patients with isolated 
hypoparathyroidism, sometimes familial, in whom heterozygous 
mutations within the GCM2 gene have been demonstrated but 
these have also been found in unaffected family members and do 
not appear to reduce transcriptional activity [37]. The precise role 
of GCM2 in PTG development has therefore yet to be 
elucidated.

Kearns–Sayre syndrome
The Kearns–Sayre syndrome (KSS) (#530000) comprises hypo-
parathyroidism with progressive external ophthalmoplegia, 
pigmentary retinopathy, heart block or cardiomyopathy and 
proximal myopathy. It may also be associated with diabetes melli-
tus. It overlaps with the MELAS syndrome (#540000) in which 
hypoparathyroidism is associated with a childhood onset of mito-
chondrial encephalopathy, lactic acidosis and stroke-like episodes 
[34]. Proximal myopathy and diabetes mellitus have also been 
described with this condition. Several different mutations in the 
mitochondrial genome have been reported in some of these 
patients, although the role of these mutations is not understood.

DiGeorge syndrome
The DiGeorge syndrome (DGS) (#188400) is the most common 
gene deletion syndrome with an incidence of 1 in 4–5000 live 
births. It consists of parathyroid gland hypoplasia, thymic immu-
nodefi ciency, congenital heart disease and facial anomalies, struc-
tures all derived from the third and fourth branchial pouches 
[38]. It is related to velocardiofacial (VCFS) (#192430) and 
conotruncal anomaly facial (CTAFS) (#217095) syndromes and 
a number of non-syndromic cardiac conditions, such as pulmo-
nary atresia with ventricular septal defect, Fallot tetralogy, truncus 
arteriosus and interrupted aortic arch. Only DGS includes 
hypoparathyroidism.

They are linked under the umbrella of the CATCH22 syn-
drome (cardiac anomalies, abnormal facies, thymic hypoplasia, 
cleft palate and hypocalcemia associated with microdeletions in 
the long arm of chromosome 22).

Most cases of DGS are associated with de novo deletions of 
variable size in chromosome 22q11.2. Autosomal dominant 
transmission has been described in association with an unbal-
anced translocation and deletion involving the same chromo-
somal area [39]. The TBX1 gene (*602054), which is in the center 
of the DiGeorge region of chromosome 22q11.1, seems to have a 
crucial role in the early development of the pharyngeal pouches 
and otic vesicles. The precise role of the gene products is not 
understood but they are probably DNA-binding proteins [40]. 
Another gene, UDF1L, is also located within the 22q11 region and 
deletions have been found in all patients with the CATCH22 
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syndrome [41]. Not all patients with DGS have been shown to 
have mutations in the 22q region. Those who have are designated 
as DGS1. Mutations in a second locus on chromosome 10p13-14 
have also been seen with hypoparathyroidism and immune defi -
ciency, which has been designated DGS2 (%601362). The gene 
involved in this syndrome is not known for certain. Some features 
of DGS may also be seen in the fetal alcohol syndrome [42].

In DGS, the emphasis is on the PT and thymus glands and the 
cardiac anomalies. The severity of the condition varies but most 
infants present with cardiac abnormalities and often hypocalce-
mia is overlooked. Thymus gland aplasia is suspected by the 
absence of a thymic shadow on chest X-ray and can be confi rmed 
by a low T-cell count, although the total lymphocyte count may 
be normal.

Late-onset DGS has also been described. These patients present 
with hypocalcemia in late childhood or adolescence and have only 
minor dysmorphic features. Microdeletions of the 22q11 chro-
mosome have also been identifi ed [43]. If hypocalcemia does not 
become symptomatic during infancy it may remain dormant 
until adolescence when the increased demand for calcium during 
the adolescent growth spurt precipitates hypocalcemic convul-
sions. The use of loop diuretics for cardiac failure may precipitate 
hypocalcemia because of their hypercalciuric effects.

Autosomal dominant hypoparathyroidism, deafness and renal 
anomalies
Autosomal dominant hypoparathyroidism, deafness and renal 
anomalies (HDR) (#146255) was fi rst described in 1992 [34]. The 
hypoparathyroidism is associated with low or inappropriately 
normal concentrations of PTH with normal responsiveness to 
PTH, the deafness is sensorineural and the renal anomalies consist 
of cystic changes that lead to renal impairment in some patients. 
Cytogenetic abnormalities of chromosome 10p14-10pter have 
been identifi ed in these patients. This region does not overlap the 
DGS2 region and contains a gene, GATA3, (*131320) that is 
involved in the developing kidney, otic vesicles and parathyroid 
glands. Thirteen different mutations have been demonstrated, 
mostly causing a loss of DNA binding [44] and it is probably the 
same syndrome as described by Barakat et al. [45] and by Shaw 
et al. [46].

Hypoparathyroidism retardation dysmorphism
The autosomal recessive Kenny–Caffey (#244460) [34] and 
Sanjad–Sakati [34] syndromes and that described by Richardson 
and Kirk [47] are probably all phenotypic variants of the hypo-
parathyroidism retardation dysmorphism (HRD) syndrome 
(#241410) caused by mutations in the tubulin specifi c chaperone 
E (TBCE) gene (*604934). Hypoparathyroidism is associated 
with extreme short stature and developmental delay. They have 
been described mainly in consanguineous families from Saudi 
Arabia and Kuwait and mutations have been mapped to chromo-
some 1q42-43. Other familial syndromes are also described, 
although the chromosomal locations and gene defects have not 
been identifi ed (Table 16.3 [34]).

Autoimmune polyendocrinopathy-candidiasis-ectodermal 
dystrophy (APECED)
The APECED syndrome (#240300), also known as the polyglan-
dular autoimmune type 1 syndrome, is an evolving association 
between mucocutaneous candidiasis and hypoparathyroidism 
that usually develops in mid-childhood [48]. About 70% of 
patients develop adrenal insuffi ciency and other endocrinopa-
thies, such as hypogonadism and hypothyroidism; diabetes mel-
litus may develop in later life. Other associated features include 
nail pitting, keratopathy, alopecia, hepatitis and intestinal malab-
sorption, all of which are autoimmune mediated.

Several mutations in the autoimmune regulator (AIRE-1) 
gene (*607358) on chromosome 21q22.3have been recognized. 
The condition is particularly prominent in Finnish families, in 
which a mutation at codon 257 (Arg257Ter) has been identifi ed 
in 82% of subjects. It has also been identifi ed in Iranian Jews.

Patients usually present with mucocutaneous candidiasis and 
later develop hypoparathyroidism followed by other features. 
Adrenal insuffi ciency should be suspected if hypercalcemia super-
venes in a previously stable patient. This is probably because of 
changes in renal calcium reabsorption following the hypovolemia 
associated with mineralocorticoid defi ciency. These patients require 
careful follow-up in order to identify adrenal insuffi ciency.

Disorders of PTH
Autosomal dominant familial isolated hypoparathyroidism
Autosomal dominant familial isolated hypoparathyroidism (FIH) 
has been described in a patient in whom a single base substitution in 
exon 2 of the PTH gene results in a single amino acid substitution 
(arginine for cysteine) that impedes processing of the mutant prepro 
sequence [49]. Different mutations, also involving the prepro 
sequence, have been found to cause autosomal recessive FIH [50,51].

Disorders of the PTH/PTHrP receptor
Blomstrand chondrodysplasia
Blomstrand chondrodysplasia (BOCD) (#215045) is an autoso-
mal recessive condition that results in advanced bone maturation, 
accelerated chondrocyte maturation, increased density of the skel-
eton, increased ossifi cation and poor bone modeling, particularly 
of the long bones [52]. It is rapidly lethal. Mutations of the PTH/
PTHrP receptor (*168468) have consisted of nucleotide exchanges 
in the maternal allele (the paternal allele not being expressed), 
single nucleotide insertions or deletions resulting in frameshifts or 
nonsense mutations resulting in a truncated protein.

Eiken skeletal dysplasia
Another syndrome caused by mutations in the PTHR1 receptor is 
Eiken skeletal dysplasia (#600002) [53]. Many of the features are 
the opposite of those of BOCD in that delayed ossifi cation, par-
ticularly of the epiphyses, pelvis, hands and feet, was noted along 
with abnormal bone modeling. The subjects appeared normal at 
birth and hypocalcemia does not seem to be a problem.

Three siblings in one family have been described who pre-
sented with features similar to those of pseudohypoparathyroid-
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(b)

(a)

(c)

Figure 16.11 The face (a) showing the typical rounded facies and of the right hand (b) and left foot (c) of a patient with pseudohypoparathyroidism Type Ia showing 
the typical shortening of the metacarpals and metatarsals seen as part of Albright hereditary osteodystrophy (AHO). The patient had presented with short stature. A 
mutation in the GNAS1 gene has been demonstrated in this patient. (Reproduced with the kind permission of the patient.)

ism Type Ib and were found to have a single amino acid deletion 
(del382Ile) in the C-terminal end of the PTH/PTHrP receptor 
[51]. This mutation appears to uncouple the PTH/PTHrP recep-
tor from the Gsα while not affecting other hormones.

Parathyroid hormone resistance
This group of conditions, which occurs as a result of defects 
toward the end of the calcium cascade, is characterized by 
hypocalcemia, usually but not always accompanied by hyper-
phosphatemia and raised PTH. The two most important are 
pseudohypoparathyroidism and defi ciencies in the supply or 
metabolism of vitamin D.

Pseudohypoparathyroidism Type Ia
Pseudohypoparathyroidism Type Ia (PHP-Ia) (#103580) is an 
autosomal dominant condition characterized by hypoparathy-
roidism (hypocalcemia and hyperphosphatemia) with raised con-
centrations of PTH. Resistance to the action of PTH can be 
confi rmed by demonstrating lack of cAMP or phosphaturic 
responses to PTH infusion. A characteristic set of features includes 
short stature, round facies, shortening of the metacarpals and 
metatarsals, particularly the fourth and fi fth, and obesity, 
collectively termed Albright hereditary osteodystrophy (AHO) 
(Fig. 16.11). Other features include intracranial calcifi cation 
(Fig. 16.10), sensorineural deafness and a poor sense of smell and 
many subjects have developmental delay. Resistance to other 
cAMP-dependent hormones, especially TSH and gonadotropins, 
may be present, leading to mild hypothyroidism and menstrual 
irregularity. This syndrome is referred to as PHP1a. Following the 
discovery of the Gsα subunit of the G-protein (+139320), it was 
recognized that inactivating mutations within the gene are 
responsible for the PTH resistance [54].

Ten years after the original description of PHP1a, a second 
syndrome was described in which AHO was present without an 
abnormality of calcium metabolism. This was termed pseudo-
pseudohypoparathyroidism (PPHP). It subsequently became 
apparent that both conditions can occur within the same family 
but not within the same sibship. While both conditions are associ-
ated with the skeletal manifestations, it emerged that, when hypo-
calcemia was present, the gene had been inherited from an affected 
mother and paternal transmission of the gene did not result in 
PTH resistance, despite the fact that identical mutations could be 
demonstrated within families. Gene imprinting was suspected 
[54] and subsequently confi rmed by detailed genetic studies.

The GNAS1 gene has 13 exons that code for the Gsα subunit 
plus at least fi ve additional exons including those that code for 
transcripts known as A/B, XL, Nesp55 and Nespas. By a complex 
arrangement of splicing, four different mRNA transcripts are 
known to result (Fig. 16.12). All have the products of codons 2–13 
in common.

Native Gsα also contains exon 1 and this mRNA is expressed 
in most tissues in a biallelic manner but the transcripts containing 
A/B, XL and Nespas are expressed only by the paternal allele, 
because the maternal allele is methylated, resulting in inactiva-
tion; the Nesp55 allele is expressed only in the maternal allele, the 
paternal allele being methylated [55]. In the kidney only the 
maternal allele is expressed in the proximal tubule (where most 
calcium reabsorption occurs) although it is expressed biallelically 
in the thick ascending loop of Henle and collecting ducts. This 
causes hypocalcemia although, in contrast to hypoparathyroid-
ism, hypercalciuria is not usually a problem during treatment 
because of the presence of an active paternal allele lower down 
the tubule. It is proposed that it is this that distinguishes the 
phenotypes. Thus, if a mutation occurs within the maternal allele, 
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Figure 16.12 The intron–exon organization of the 
GNAS1 gene showing the different mRNAs that are 
derived as a result of alternative splicing. Native 
Gsα is thought to be expressed in most tissues and 
to be biallelic. Mutations result in AHO. The A/B, XL 
and Nespas alternative transcripts are principally 
expressed in the paternal allele while the Nesp55 
transcript, which is mainly found in the kidney, is 
expressed from the maternal allele. Therefore 
paternally acquired mutations result in 
pseudopseudohypoparathyroidism while 
pseudohypoparathyroidism results from maternally 
acquired mutations. (Adapted and reprinted from 
Bastepe et al. [59] with permission from Elsevier.)

PTH resistance and hypocalcemia are present while hypocalcemia 
is absent if the paternal allele is mutated.

Several mutations have been described throughout the GNAS1 
gene but most frequently in exon 7. There is no obvious pheno-
type–genotype correlation, apart from a missense mutation at 
codon 366 consisting of an Ala122Ser substitution, which results 
in a temperature-sensitive Gsα mutant. At 37°C, it is inactivated, 
resulting in PHP; at 34°C, it is activated and results in testotoxi-
cosis [56].

Pseudohypoparathyroidism Type Ib
In pseudohypoparathyroidism Type Ib (PHPIb) (#603233), fea-
tures of AHO are absent but PTH resistance is present. Renal 
resistance to PTH can be demonstrated by impaired cAMP and 
phosphaturic responses. Some patients exhibit hyperparathyroid 
bone disease, indicating that some measure of bone sensitivity 
to PTH is retained. These patients have been variously referred 
to as pseudohypohyperparathyroidism or pseudohypoparathy-
roidism with raised alkaline phosphatase [57]. The term PHP1b 
is preferred. The precise mechanism by which the PHP develops 
has not been fully elucidated. No mutations in the GNAS1 gene 
have been detected but linkage studies have suggested that the 
gene responsible is located on chromosome 20q13 near to or in 
the same position as the GNAS1 gene. PHP1b appears to be 
paternally imprinted in the same way as PHP-1a [58]. It is pos-
sible that tissue- or cell-specifi c promoters or enhancers of 
GNAS1 may be responsible. A microdeletion in the STX16 gene 
(*603666), which lies about 280 kb downstream from the GNAS 

gene, may be the crucial factor that results in differential loss of 
methylation of the A/B exon of the GNAS gene, thus resulting 
in renal resistance but without causing AHO [59].

Pseudohypoparathyroidism Type Ic
Pseudohypoparathyroidism Type Ic (PHP-Ic) is characterized by 
multiple hormone resistance, including PTH, together with fea-
tures of AHO. No defect in Gsα has been demonstrated and the 
genetic defect is not known, although it is presumed to reside 
within the adenylate cyclase receptor system.

Pseudohypoparathyroidism type II
Pseudohypoparathyroidism type II (PHPII) (%203330) is 
reserved for a small group of patients who have PTH resistance 
without features of AHO. The PTH resistance is confi ned to the 
phosphaturic response, whereas cAMP responses are normal. 
The defect, which has not been identifi ed, presumably lies beyond 
the adenylate cyclase system.

Treatment of hypoparathyroidism 
and pseudohypoparathyroidism
Treatment is aimed at maintaining plasma calcium concentra-
tions within the lower part of the normal range without causing 
hypercalciuria. The mainstay of treatment is vitamin D, either in 
its active form, 1,25(OH)2D (calcitriol) or the analog 1α-hydroxy-
cholecalciferol (alfacalcidol). The dose of calcitriol is usually 15–
30  ng/kg/day to maintain normocalcemia but requires twice or 
thrice daily dosage. Alfacalcidol usually requires about twice the 
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dose but, because it has to be metabolized fi rst, it has a longer 
half-life and needs to be given only once daily. Calcium supple-
ments are usually required, which may enable the dose of alfacal-
cidol to be reduced. This is a particular advantage in 
hypoparathyroid disorders in which the renal tubular reabsorp-
tive effects of PTH are lacking and hypercalciuria may supervene. 
In patients in whom cardiac failure is present (e.g. DiGeorge 
syndrome), loop diuretics such as furosemide should be used 
with caution because the hypercalciuric effects of these agents 
may precipitate symptomatic hypocalcemia. Regular renal ultra-
sound may detect early nephrocalcinosis. Synthetic PTH (1–34) 
and PTH analogs may be useful in the future.

The principles of treatment of PHP are similar to those of 
hypoparathyroidism. Alfacalcidol (1–3  μg/day) is usually suffi -
cient to maintain normocalcemia. Hypercalciuria is less likely to 
occur and the plasma calcium concentration can usually be kept 
within the normal range. Patients with PHP1a or PHP1c, and 
occasionally PHP1b, may have resistance to other hormones. 
TSH is frequently slightly raised and thyroxine is required to 
suppress this and allow optimum thyroid function. Menstrual 
irregularities may require estrogen therapy. The role of growth 
hormone for short stature is controversial but has been used in 
some patients with variable effect. If resistance to GRF can be 
demonstrated, there is some logic to this therapy. No treatment 
has a signifi cant effect on the AHO.

Disorders related to magnesium defi ciency
Hypomagnesemia usually arises as a result of impaired intestinal 
absorption or increased urinary losses, which can be distinguished 
by measuring the urinary magnesium : creatinine ratio. In some 
of these conditions there is hypercalciuria but low urinary calcium 
excretion is present in others.

Magnesium is a ligand for the CaSR and, if plasma magnesium 
concentrations fall, PTH secretion is stimulated in a manner 
similar to that of hypocalcemia. More severe hypomagnesemia 
(<0.5  mmol/L) inhibits PTH secretion in response to hypocalce-
mia. Initially, this inhibition is incomplete and PTH remains 
elevated but not as high as would be expected from the degree of 
hypocalcemia. As concentrations fall to 0.2–0.3  mmol/L, PTH 
secretion is inhibited completely and a state of hypoparathyroid-
ism then exists [60]. During the initial phase of mild hypomag-
nesemia, when PTH concentrations are still elevated, resistance 
to the action of PTH, caused by either desensitization or down-
regulation, worsens the hypocalcemia. Thus, hypocalcemia 
secondary to hypomagnesemia is resistant to treatment until 
magnesium concentrations have been restored to normal.

Hypomagnesemia with hypocalciuria
Hypomagnesemia with secondary hypocalciuria
Hypomagnesemia with secondary hypocalciuria (HOMG1) 
(#602014) was initially thought to be an X-linked recessive condi-
tion because this condition has a preponderance of males but it 
is now known to be autosomal recessive and is caused by a 
primary defect in magnesium absorption as a result of mutations 

in the TRPM6 gene (*607009) involved in active transport of 
magnesium in the gut (Fig. 16.1). Chronic hypomagnesemia 
leads to impaired PTH secretion and responsiveness with conse-
quent hypocalcemia early in the neonatal period. If patients 
survive, treatment is best undertaken using magnesium supple-
ments in large quantity, often as much as 20 times normal 
requirements, although this may be diffi cult because of secondary 
diarrhea. Acquired malabsorption of magnesium can also occur 
as a result of Crohn or Whipple diseases.

Hypomagnesemia with associated hypocalciuria
In hypomagnesemia with associated hypocalciuria (HOMG2) 
(#154020), misrouting of the γ-subunit of the Na+/K+-ATPase on 
the inner membrane of the renal tubule causes magnesium 
wasting (Fig. 16.1). Mutations of the FXYD2 gene (*601814), 
which codes for this protein, cause autosomal dominant hypo-
magnesemia with reduced urinary calcium excretion.

Isolated recessive renal hypomagnesemia
Isolated recessive renal hypomagnesemia (IRH, HOMG4) 
(#611718) is an autosomal recessive condition caused by a muta-
tion in the EGF gene (*131530) which controls magnesium 
reabsorption by TRPM6 (Fig. 16.1). Isolated hypomagnesemia is 
associated with normal plasma and urine calcium but the patients 
have psychomotor retardation and seizures with brisk refl exes, 
presumably as a result of other effects of EGF.

Gitelman syndrome
Gitelman syndrome (#263800), sometimes referred to as a benign 
form of Bartter syndrome, is a separate entity, although there 
is some overlap. Mutations in the thiazide-sensitive sodium 
chloride transporter (SLC12A3) (*600968) result in hypokalemic 
alkalosis with salt-wasting, hypomagnesemia and hypocalciuria. 
Patients usually present after the age of 5 years with episodes of 
muscle weakness, lethargy, tetany and muscle cramps. Dermatitis 
may be present and, although the syndrome is described 
as benign, a prolonged cardiac Q-T interval may give rise to 
arrhythmias and syncopal attacks. Chondrocalcinosis is a 
feature which these patients share with others with chronic hypo-
magnesemia. Urinary calcium excretion is low. Treatment 
consists of correcting the biochemical abnormalities, parti-
cularly the potassium and magnesium defi ciencies, with oral 
supplementation.

Hypomagnesemia with hypercalciuria
Claudin 16 (paracellin 1), located in the tight junctions of the 
epithelium of ascending loop of Henle, is mutated in hypermag-
nesuria with hypercalciuria and nephrocalcinosis (HOMG3) 
(#248250). It allows excessive excretion of both magnesium and 
calcium. Several different homozygous or compound heterozy-
gous mutations have been described and the severity of the condi-
tion varies according to genotype. In some cases the problem is 
self-limiting while in others renal failure may ensue. Hypocalce-
mia is occasionally present.



CHAPTER 16

400

Renal hypomagnesemia with ocular involvement
Renal hypomagnesemia with ocular involvement (#248190) is 
also autosomal recessive and is similar to HOMG3 but also 
includes ocular abnormalities such as coloboma, myopia and 
horizontal nystagmus. No mutations are found in the claudin 16 
gene but they are found in the similar claudin 19 gene (*610036). 
This is located mainly in the collecting ducts of the renal 
tubule.

Acquired tubulopathies leading to hypermagnesuria may 
occur in diabetic ketoacidosis, chronic alcoholism or following 
the chronic use of various drugs, such as loop diuretics, ciclospo-
rin, aminoglycoside antibiotics, cisplatin and cetuximab. Treat-
ment of hypomagnesemia is aimed at restoring plasma 
magnesium concentrations to normal to prevent inhibition of 
PTH secretion.

Rickets and other disorders with abnormal supply or 
metabolism of vitamin D
Vitamin D defi ciency
The defi nition of vitamin D defi ciency is controversial but a con-
sensus is emerging that suggests that true defi ciency should be 
considered in children when 25OHD concentrations are <30–
35  nmol/L (12–14  ng/mL) and that insuffi ciency is present when 
concentrations are above this but <50  nmol/L (20  ng/mL). Some 
physicians regard 70–80  nmol/L (28–32  ng/mL) to be the lower 
limit of normal on the grounds that some adults show increases 
in PTH below this concentration but not everyone who has 
vitamin D defi ciency as defi ned above presents with symptoms 
and it is likely that calcium intake plays a part in determining 
whether or not problems arise [61].

Calcium defi ciency rickets is also described, particularly from 
West and South Africa and parts of tropical Asia, in patients in 
whom vitamin D defi ciency was unimportant but who had low 
calcium intakes [62]. These patients tend to present later than 
those with vitamin D defi ciency and respond better to treatment 
with calcium supplementation than to vitamin D.

Vitamin D defi ciency and nutritional rickets remain signifi -
cant causes of abnormalities of calcium metabolism. Following 
the recognition of the importance of vitamin D, rickets was virtu-
ally eliminated in Western societies with fortifi cation of foods and 
administration of vitamin D supplements to children. A resur-
gence of vitamin D defi ciency was seen following the increase in 
immigration to the UK, particularly from the Caribbean and 
Indian subcontinent in the 1950s and 1960s. Various campaigns, 
such as the Glasgow Stop Rickets campaign during the 1970s, 
reduced the incidence of rickets and vitamin D defi ciency but, 
recently, there has been a third wave seen in both the UK and the 
USA. Vitamin D defi ciency remains the single most common 
cause of rickets in the UK and in many other countries world-
wide. Vitamin D defi ciency can also arise as a result of impaired 
absorption of vitamin D in gastrointestinal disorders, such as 
celiac disease, especially if the supply of vitamin D from sunlight 
is restricted.

Disorders associated with vitamin D defi ciency
Three particular conditions have been described in association 
with vitamin D defi ciency. Young infants and adolescents may 
present with hypocalcemic convulsions and other symptoms. 
Radiological evidence of rickets is often not present, particularly 
in teenagers. The muscle spasm that accompanies the hypocalce-
mia can be painful but is rapidly relieved by intravenous infusion 
of calcium. This situation arises early during the development of 
vitamin D defi ciency and occurs in children who are growing 
rapidly before rickets has a chance to develop [63]. The biochemi-
cal abnormalities are rapidly corrected by high dose vitamin D 
with calcium supplements.

Classic rickets develops in older infants and toddlers but may 
also be seen later in childhood. The more typical biochemical fi nd-
ings of mild hypocalcemia, hypophosphatemia and greatly ele-
vated alkaline phosphatase are usually seen. As rickets worsens, 
hypocalcemia ensues and may become symptomatic. Patients 
present with walking diffi culties caused by muscle weakness and 
bowing of the legs. Genu valgum, genu varum or a combination 
of the two, giving the so-called windswept appearance, are more 
common in older children. Swelling of the wrists and knees and a 
rickety rosary are apparent (Fig. 16.13). Developmental delay of 
motor milestones is often seen. The classic radiological features 
are widening and splaying of the epiphyses with a motheaten 
appearance to the epiphyses, the so-called champagne glass 
appearance (Fig. 16.14). The bones have an osteopenic appearance 
and evidence of secondary hyperparathyroidism, including micro-
cysts along the borders of the phalanges and periosteal reaction, 
can be seen. Fractures may also be present [64]. Treatment consists 
of high dose vitamin D, which usually corrects the biochemical 
abnormalities within a few weeks, although the rickets takes longer 
to heal. Bowing of the legs and other skeletal deformities may take 
several months to correct and referral for orthopedic procedures, 
particularly in young children, should be delayed until it is clear 
that further remodeling is not going to occur.

A third, potentially fatal, complication of vitamin D defi ciency, 
dilated cardiomyopathy, may occur in infants under the age of 6 
months [65]. They present with feeding diffi culties and respira-
tory distress and on examination are found to have heart failure 
associated with dilated cardiomyopathy. The combination of 
hypocalcemia and heart failure should strongly suggest this diag-
nosis. Urgent treatment with vitamin D and supportive therapy 
for the heart failure, which may include extracorporeal mem-
brane oxygenation, is required. The prognosis is good, unlike that 
of almost all other kinds of cardiomyopathy in infancy, although, 
while the biochemical abnormalities are usually correctable 
within a few days, cardiac function may take months to return to 
normal. These infants are most frequently born to mothers of 
South Asian or Afro-Caribbean origin who are themselves vitamin 
D defi cient and the infants are born vitamin D defi cient. Breast 
feeding increases the likelihood of vitamin D defi ciency because 
there is little vitamin D in breast milk.

In addition to the clearly defi ned syndromes of vitamin D 
defi ciency, many children with vitamin D insuffi ciency complain 
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Figure 16.13 Clinical appearances of swelling of the wrists (a), knees (b) and of the rickety rosary (c) in a case of classic vitamin D defi ciency rickets. The rickety rosary 
is seen lateral and parallel to the costal margins. (Reproduced with kind permission of the patient’s family.)

of aches and pains and backache without overt evidence of rickets 
or hypocalcemia. They respond to treatment with vitamin D and 
calcium supplements.

Biochemical abnormalities may not be seen, even in the pres-
ence of undetectable vitamin D concentrations, but when present 

Figure 16.14 X-ray appearances of wrists (a) and knees (b) in classic vitamin 
D defi ciency rickets. Both show the typical champagne glass appearances of the 
epiphyses with concave margins and a ragged appearance.

they develop in three stages, although these are not clearly demar-
cated and may overlap (Fig. 16.15) [66].

In stage 1, hypocalcemia and hyperphosphatemia are present, 
bone turnover is increased and alkaline phosphatase is usually 
moderately raised. PTH is raised secondary to hypocalcemia and 
these patients can present with severe hypocalcemic symptoms. 
The presence of hypocalcemia and hyperphosphatemia with 
raised PTH resembles an acquired PHP-like state and, indeed, 
PTH resistance, as demonstrated by cAMP responses to PTH, is 
present. Because of this, it is not possible to defi ne a cause for 
hypocalcemia until vitamin D defi ciency has been excluded or 
corrected. In some parts of the UK, vitamin D defi ciency remains 
the most common cause of hypocalcemia outside the neonatal 
period.

In stage 2, PTH rises further and seems to overcome the 
resistance seen in stage 1. Consequently, plasma calcium is only 
slightly low and hypophosphatemia supervenes in response to 
hyperparathyroidism. Alkaline phosphatase increases as the 
rickets develops.

In stage 3, hypocalcemia worsens and may again become 
symptomatic, whereas the hypophosphatemia persists. Rickets 
becomes worse and alkaline phosphatase rises further. At this 
stage, the radiological appearances become more obvious.

In vitamin D defi ciency, 25OHD concentrations are usually 
low but a normal concentration does not exclude the diagnosis, 
especially if vitamin D has been administered or sunlight expo-
sure obtained before presentation. 1,25(OH)2D concentrations (if 
measured) are usually low but may be normal or even elevated if 
vitamin D treatment has already begun because 1,25(OH)2D rises 

(b)

(a)

(c)
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to supraphysiological concentrations in response to the high PTH 
following administration of vitamin D and falls to physiological 
concentrations only as the rickets heal [67].

Treatment of vitamin D defi ciency is best undertaken with 
vitamin D and not one of its analogs. A dose of 1500  IU/day in 
infants and 3000  IU/day for 3 months in older children and 
6000  IU/day in adolescents is usually suffi cient to correct the 
biochemistry and restore vitamin D stores [67]. Acute symptom-
atic hypocalcemia may require calcium infusions until symptoms 
subside. It is advisable to give oral calcium supplements as well 
as vitamin D. Alfacalcidol should be avoided because it does not 
correct vitamin D defi ciency and may be ineffective in healing the 
rickets because supraphysiological concentrations are required 
for adequate healing.

Disorders of vitamin D metabolism
The biochemical changes seen in rickets associated with abnor-
malities of vitamin D metabolism are the same as those seen 
in vitamin D defi ciency, with the exception of the vitamin D 
metabolites (Table 16.4). Chronic liver disease may affect 25-
hydroxylation of vitamin D but this is not usually of clinical sig-

nifi cance because patients with chronic liver disease are usually 
given vitamin D supplements. In low birthweight infants (23–25 
weeks’ gestation), who often develop a degree of hepatitis, poor 
25-hydroxylation may be signifi cant and these infants sometimes 
require treatment with calcitriol rather than alfacalcidol to over-
come this defect. In selective 25-hydroxy vitamin D3 defi ciency 
(#600081), caused by mutations in one of the vitamin D 25-
hydroxylases, (CYP2R1) (*608713) [68], patients require treat-
ment with high dose vitamin D or calcitriol.

Vitamin D-dependent rickets Type 1
Patients with vitamin D-dependent rickets Type 1 (VDDR-I, 1a-
hydroxylase defi ciency) (#264700), caused by mutations in the 
vitamin D 1α-hydroxylase gene (CYP27B1) (*609506), usually 
present with rachitic features during the toddler age. 1,25(OH)2D 
concentrations are low or only just within the normal range 
despite adequate concentrations of 25OHD and high PTH. Alfa-
calcidol (or calcitriol) is the treatment of choice in large doses 
(150–200  ng/kg/day) until the rickets heal. This mimics the sup-
raphysiological concentrations of 1,25(OH)2D that occur during 
the initial phase of treatment of vitamin D defi ciency. Patients 

Stage 1 Stage 2 Stage 3

PTH

Ca

25OHD

Pi Figure 16.15 Stages in the development of 
vitamin D defi ciency. (After Arnaud et al. [66] with 
permission from de Gruyter.)
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need to be monitored and the dose reduced to prevent hypercal-
ciuria or hypercalcemia as the bones heal.

Vitamin D-dependent rickets Type 2
Vitamin D-dependent rickets Type 2, more properly known as 
hereditary 1α,25(OH)2D-resistant rickets (HVDRR) (#277440), 
is caused by mutations in the vitamin D receptor (VDR) (*601769) 
either within the ligand-binding domain (ligand-binding nega-
tive) or the DNA binding domain (ligand-binding positive). A 
wide variety of mutations has been demonstrated and those that 
are ligand-binding positive generally have alopecia while those 
that are ligand-binding negative have normal hair. Infants present 
with severe rickets and failure to thrive. Hypocalcemia, hypo-
phosphatemia and raised alkaline phosphatase are present with 
radiological signs of rickets. 1,25(OH)2D concentrations are 
usually raised, regardless of whether or not treatment has been 
begun, because of impaired 24-hydroxylase activity. Treatment 
with vitamin D analogs raises concentrations further.

Treatment of HVDRR can prove diffi cult. Some patients 
respond to large doses of calcitriol whereas others prove almost 
completely resistant. The most successful treatment has been with 

infusions of large doses of calcium which allows mineralization 
to take place. Once this has been established, it may be possible 
to maintain satisfactory calcium balance, although this may 
become more diffi cult during puberty.

Vitamin D-dependent rickets with normal vitamin D receptor
In one other form of HVDRR, vitamin D-dependent rickets 
with normal vitamin D receptor (%600785), patients present 
with lower limb deformities, normal muscle power and none of 
the other features normally associated with rickets. Plasma 
calcium concentrations are low or low-normal and 1,25(OH)2D 
and alkaline phosphatase elevated. No abnormalities have 
been demonstrated in the VDR and post-translation defects 
leading to failure of normal protein binding are thought to be the 
cause.

Distal renal tubular acidosis
Renal tubular acidosis (RTA) can result from defects either in the 
proximal or distal tubule (Table 16.5). In proximal RTA, the 
defect results from failure to excrete bicarbonate ions and is 
usually associated with other proximal tubular abnormalities (e.g. 

Table 16.4 Vitamin D metabolism and pathology.

Enzyme Gene Location OMIM Clinical condition OMIM Principal features

Vitamin D 25-hydroxylase CYP27A1 2q33-qter *606530 Cerebrotendinous 
xanthomatosis

#213700 Cerebellar ataxia, pseudobulbar palsy, 
premature atherosclerosis, cataracts. Rickets 
not a feature

CYP2R1 11p15.2 *608713 25-hydroxyvitamin D 
defi ciency

#600081 Rickets appearing in early childhood. Responds 
to high dose vitamin D or calcitriol

CYP3A4 7q22.1 *124010 nil Drug metabolism

CYP2J2 1p31.3-p31.2 *601258 nil Drug metabolism

25OHD-1α hydroxylase CYP27B1 12q13.1-q13.3 *609506 Vitamin D dependent rickets 
Type 1

#264700 Classic rickets appearing in toddler age range. 
Responds to 1α-hydroxylated vitamin D 
metabolites

25OHD-24 hydroxylase CYP24A1 20q13.2-q13.3 *126065 nil May be upregulated in some ethnic groups

Vitamin D receptor VDR 12q12-q14 *601769 1α,25(OH)2D-resistant 
rickets, ligand binding 
positive

#277440 Severe rickets usually unresponsive to vitamin 
D metabolites. Alopecia usual

Vitamin D receptor VDR 12q12-q14 *601769 1α,25(OH)2D-resistant 
rickets, ligand binding 
negative

#277440 Severe rickets usually unresponsive to vitamin 
D metabolites. Alopecia usually absent

Vitamin D receptor VDR ? Vitamin D dependent rickets 
Type II with normal vitamin 
D receptor

%600785 Rickets with lower limb deformities. Good 
physical condition. Muscle weakness, alopecia, 
etc. not present

Vitamin D enzymes and the disorders that arise from their mutations. The OMIM numbers in column 4 relate to the enzymes themselves and those in column 6 to the 
disorders caused by mutations in the various enzymes and refer to the Online Mendelian Inheritance in Man code numbers (http://www.ncbi.nlm.nih.gov/sites/entrez?
db=OMIM).
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Table 16.5 Distal renal tubular acidosis and miscellaneous renal tubular disorders associated with hypercalciuria, hyperphosphatemia and hypermagnesuria.

Clinical condition OMIM Location Gene Gene product OMIM Inheritance Features

Distal renal tubular acidosis
Autosomal dominant 
distal renal tubular 
acidosis

#179800 17q21-q22 SLC4A1 Band 3 glycoprotein +109270 AD Nephrocalcinosis, nephrolithiasis, rickets

Distal renal tubular 
acidosis with 
progressive nerve 
deafness

#267300 2cen-q13 ATP6V1B1 Vacuolar ATPase *192132 AR Nephrocalcinosis, rickets, sensorineural deafness

Autosomal recessive 
distal renal tubular 
acidosis

#602722 7q33-q34 ATP6N1B Multisubunit H(+)-ATPase pump *605239 AR Nephrocalcinosis, nephrolithiasis, rickets

Autosomal recessive 
distal renal tubular 
acidosis

#602722 17q21-q22 SLC4A1 Band 3 glycoprotein 109270 AR Nephrocalcinosis, nephrolithiasis, rickets. Elliptocytosis in some patients

Renal tubular acidosis 
III

267200 ? ? ? ? ?AR, ?XL Rickets, nephrolithiasis, nephrocalcinosis

Other renal tubular disorders causing proximal renal tubular acidosis, hypercalciuria, etc.
Absorptive 
hypercalciuria 2

#143870 1q24 SAC Soluble adenylyl cyclase *605205 AD Hypercalciuria, recurrent calcium oxalate stones

Absorptive 
hypercalciuria 1

%607258 4q33-qter ? ? ? Hypercalciuria, nephrocalcinosis, dysmorphic features

Dent disease 1 #300009 Xp11.22 CLCN5 Chloride channel 5 *300008 XLR Rickets, hypercalciuria, hyperphosphaturia, aminoaciduria, nephrolithiasis, 
renal failure

X-linked recessive 
nephrolithiasis

#310468 Xp11.22 CLCN5 Chloride channel 5 *300008 XLR Nephrolithiasis, renal failure

Low molecular weight 
proteinuria with 
hypercalciuria and 
nephrocalcinosis

#308990 Xp11.22 CLCN5 Chloride channel 5 *300008 XLR Low molecular weight proteinuria, hypercalciuria, nephrocalcinosis

X-linked recessive 
hypophosphatemic 
rickets*

#300554 Xp11.22 CLCN5 Chloride channel 5 *300008 XLR Hypophosphatemic rickets +/– nephrocalcinosis
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Dent disease 2 #300555 Xq26.1 OCRL1 Phosphatidylinositol 
4,5-bisphosphate-5-phosphatase

*300535 XLR Similar to Dent 1

Lowe oculocerebrorenal 
syndrome

#309000 Xq26.1 OCRL1 Phosphatidylinositol 
4,5-bisphosphate-5-phosphatase

*300535 XLR Vitamin D resistant rickets, ocular abnormalities, mental retardation

Wilson disease #277900 13q14.3-q21.1 ATP7B Copper transporting ATPase Beta 
polypeptide

*606882 AR Liver cirrhosis, neurological manifestations, low caeruloplasmin, 
hypercalciuria, nephrocalcinosis

IMAGE 300290 Chr.X ? ? XLR Hypercalciuria, hypercalcemia, IUGR, adrenal insufi ciency, mild 
dysmorphism, hypogonadotrophic-hypogonadism

Fanconi–Bickel 
syndrome

#227810 3q26.1-q26.3 GLUT2 Glucose transporter 2 *138160 AR Hypophosphatemic rickets, hepatorenal glycogenosis, proximal renal 
tubulopathy

Fanconi renotubular 
syndrome

%134600 15q15.3 ? ? AD Fanconi syndrome, mild rickets

Cystinosis #219800 17p13 CTNS Cystinosin *606272 AR Hypophosphatemic rickets, metabolic acidosis, photophobia, short stature, 
hypothyroidism, renal failure

Antenatal Bartter 
syndrome, Type 1

#601678 15q15-q21.1 SLC12A1 Sodium-potassium-chloride 
cotransporter-2

*600839 AR Hypokalemic hypochloremic alkalosis, salt-wasting, hypercalciuria, 
nephrocalcinosis, osteopenia

Antenatal Bartter 
syndrome, Type 2

#241200 11q24 KCNJ1 Inward-rectifying apical potassium 
channel

*600359 AR Hypokalemic hypochloremic alkalosis, salt-wasting, hypercalciuria, 
nephrocalcinosis, osteopenia

Bartter syndrome, Type 
3

#607364 1p36 CLCNKB Kidney chloride channel B *602023 AR Hypokalemic hypochloremic alkalosis, salt-wasting, hypercalciuria, 
nephrocalcinosis, osteopenia, occasional hypomagnesemia

Infantile Bartter 
syndrome with 
sensorineural deafness, 
Type 4

#602522 1p31 BSND Barttin *606412 AR Hypokalemic hypochloremic alkalosis, salt-wasting, hypercalciuria, 
nephrocalcinosis, osteopenia

Gitelman syndrome* #263800 16q13 SLC12A3 Thiazide sensitive Na-Cl cotransporter 600968 AR Hypochloremic, hypokalemic alkalosis, hypocalciuria, renal magnesium wasting

Table of renal tubular disorders including distal renal tubular acidosis (DRTA) and a number of miscellaneous disorders related to abnormalities of renal tubular dysfunction. Most of these are not described in detail in 
the text apart from DRTA and those marked with (*) which also appear in other tables and are described in detail in the text. OMIM numbers in columns 2 and 6 relate to the disorders and the genes respectively and 
refer to the Online Mendelian Inheritance in Man code numbers (http://www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM).
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in Fanconi syndrome). Rickets may result but is usually associ-
ated with hyperphosphaturia. In distal RTA (DRTA), the defect 
resides in one or other of the mechanisms that promote hydrogen 
ion excretion through the luminal surface of the tubule. A specifi c 
H+-ATPase pump on the luminal surface contains both A1 and 
B1 subunits as well as several others. Chloride and bicarbonate 
are exchanged across the baso-lateral surface through an anion 
exchanger (SLC4A1). Mutations within the genes coding for 
these proteins are responsible for DRTA. It is usually accompa-
nied by hypercalciuria and a tendency to nephrocalcinosis. The 
diagnosis needs to be distinguished from vitamin D-related 
rickets because treatment with vitamin D or its analogs worsens 
the hypercalciuria whereas treatment with oral bicarbonate cor-
rects the metabolic acidosis, heals the rickets and diminishes 
hypercalciuria.

Patients present at any age with failure to thrive, rickets and 
metabolic acidosis; unlike proximal RTA, there is no threshold for 
acidifi cation of the urine. Vitamin D metabolites are usually 
normal but hypercalciuria is present and nephrocalcinosis may 
be seen on renal ultrasound. Alkaline phosphatase is raised and 
hypokalemia with recurrent episodes of hypokalemic fl accid 
paralysis may be a feature.

There are several causes of DRTA [69]. Autosomal recessive 
DRTA with progressive nerve deafness (#267300) is caused by 
mutations in the ATP6B1 gene (*192132) which codes for the B-
subunit of the apical proton pump mediating distal nephron acid 
secretion. This is also present in the cochlea and accounts for the 
progressive deafness.

Autosomal recessive DRTA without progressive deafness 
(RTADR) (*192132) is a separate entity caused by abnormalities 
of the ATP6V0A4 gene that codes for the A-subunit of the proton 
pump. Hearing loss is not usually a feature although it may 
become so later in life. The acidosis can become apparent as early 
as 3 weeks of age.

Autosomal recessive (#611590) and dominant (#179800) 
forms of DRTA have been described in association with muta-
tions in the anion exchanger SLC4A1 gene (+109270). This is also 
present in the red cell membrane where it is known as Band 3 
protein. A wide variety of mutations in the gene has been identi-
fi ed, as a result of which some patients have predominantly 
DRTA while others mainly have elliptocytosis and hemolytic 
anemia. Mutations are found mostly in South-East Asian popula-
tions and may confer resistance to malaria.

Patients with carbonic anhydrase II (CAII) mutations, which 
cause autosomal recessive osteopetrosis Type 3 (OPTB3), have a 
degree of distal RTA.

Systemic conditions associated with hypocalcemia
Tumor-lysis syndrome occurs in 30% of children during the 
initial phases of treatment of some hematological tumors. 
The release of large quantities of phosphate, potassium and 
uric acid results in a syndrome characterized biochemically by 
hyperphosphatemia, hyperuricemia, hyperkalemia, uremia and 
hypocalcemia. The hypocalcemia is consequent upon the hyper-

phosphatemia, which itself occurs secondarily to the acute renal 
failure of hyperuricemia. The condition can be prevented by a 
combination of forced alkaline diuresis and the use of the recom-
binant urate oxidase inhibitor, rasburicase (Fasturtec®), which, 
although more expensive that allopurinol, has been found to be 
useful and cost-effective [70].

Chronic renal failure (CRF) has a serious impact on calcium 
metabolism. Reduced GFR results in retention of phosphate, 
plasma concentrations which begin to rise once GFR falls 
below 30  mL/min/1.73  m2. As the kidney is the only site of 1a-
hydroxylase activity, concentrations of 1,25(OH)2D fall, particu-
larly when GFR falls below 50–60  mL/min/1.73  m2. Metabolic 
acidosis, either directly as a result of the CRF or caused by renal 
tubular disorders that may have led to the CRF, is often a factor. 
Hypocalcemia results, which induces secondary hyperparathy-
roidism. Renal osteodystrophy therefore consists of a spectrum of 
both high turnover resulting from the hyperparathyroidism and 
low turnover secondary to osteomalacia [71]. Additional factors 
infl uencing renal osteodystrophy include calcium, phosphorus, 
vitamin D analogs and aluminum.

The principles of minimizing renal osteodystrophy depend 
upon preventing hyperphosphatemia, reversing the effects of the 
reduced 1a-hydroxylase activity and preventing hyperparathy-
roidism. Oral phosphate-binding agents are used for the former 
and selevamer (Renagel®) is most commonly used. It is an orally 
active phosphate binding agent that is not absorbed and which 
has the advantage over calcium carbonate of not causing ady-
namic bone while being as effective. Alfacalcidol or calcitriol is 
used to maintain 1,25(OH)2D concentrations but must be 
monitored to prevent hypercalciuria or hypercalcemia, which 
might worsen the renal failure. The vitamin D analog, 19-
nor-1α,25(OH)2D2, paricalcitol (Zemplar®) has been used 
because this has a preferential effect on reducing PTH without 
increasing renal calcium excretion [72].

Hypercalcemia

Disorders related to PTH
Disorders of the calcium-sensing receptor
Familial benign hypercalcemia
Familial benign hypercalcemia (FBH) or familial hypocalciuric 
hypercalcemia (FHH) (#145980) is caused in most cases by inac-
tivating mutations of the CaSR gene (Table 16.6) [11]. There are a 
few families in whom mutations in the CaSR have not been dem-
onstrated. In one, the a locus was identifi ed on chromosome 19p 
while in another linkage to 19q [73] has been found. These two 
variants have been designated FHH2 (%145981) and FHH3 
(Oklahoma) (%600740). All cases are autosomal dominant and 
most of the patients are heterozygous. It is often identifi ed inci-
dentally or as a result of investigation of FBH kindreds. In some 
families, there is a history of parathyroidectomy for presumed 
hyperparathyroidism. Plasma calcium usually remains elevated 
throughout life. There is a high degree of penetrance and hyper-
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Table 16.6 Hypercalcemic disorders associated with genetic abnormalities.

Location in 
calcium cascade

Metabolic abnormality OMIM Location Gene Gene product OMIM Inheritance Principal clinical features

Calcium sensing 
receptor

Familial benign 
hypercalcemia Type 1

#145980 3q13.3-q21 CaSR Calcium sensing 
receptor

+601199 AD Asymptomatic hypercalcemia with 
hypocalciuria. Occasional pancreatitis

Familial benign 
hypercalcemia Type 2

%145981 19p13.3 ? AD As above

Familial benign 
hypercalcemia Type 3

%600740 19q13 ? AD Oklahoma variant

Neonatal severe primary 
hyperparathyroidism

#239200 3q13.3-q21 CaSR Calcium sensing 
receptor

+601199 AD 
– homozygous

Severe neonatal hyperparathyroidism with 
grossly elevated calcium and PTH

Parathyroid glands Multiple endocrine 
neoplasia Type 1

+131100 11q13 MEN1 MENIN AD Parathyroid adenomas with 
hyperparathyroidism, pancreatic tumors, 
anterior pituitary tumors

Multiple endocrine 
neoplasia Type 2a

#171400 10q11.2 c-ret protooncogene RET receptor tyrosine 
kinase

*164761 AD Parathyroid tumors, medullary carcinoma 
of the thyroid, phaeochromocytomas

Multiple endocrine 
neoplasia Type 2b

#162300 10q11.2 c-ret protooncogene RET receptor tyrosine 
kinase

*164761 AD Medullary carcinoma of the thyroid, 
mucosal neurofi bromas, intestinal 
autonomic ganglion dysfunction

Medullary carcinoma only #155240 10q11.2

1q21-q22

c-ret protooncogene

NRK1

RET receptor tyrosine 
kinase
Neurotrophic receptor 
tyrosine kinase

*164761

*191315

AD

AD

Medullary carcinoma of the thyroid

Multiple endocrine 
neoplasia Type 4

#610755 12p13 CDKN1B Cyclin-dependent 
kinase

*600778 AD Primary hyperparathyroidism, pituitary 
adenomas

Sporadic parathyroid 
adenomas

1p32-ter ?Tumor suppressor Sporadic Isolated hyperparathyroidism

Continued on p. 408
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Hyperparathyroid-jaw 
tumor syndrome

#145001 1q25-q31 HRPT2 Parafi bromin comples *607393 AD Parathyroid adenomas and carcinomas, 
mandibular and maxillary jaw tumors

Familial isolated primary 
hyperparathyroidism

Various Various AD Isolated hyperparathyroidism (occasionally 
carcinoma)

Parathyroid carcinomas #608266 1q25-q31
13q14.1-q14.2

Parafi bromin complex
Retinoblastoma

May be part of hyperparathyroid-jaw 
tumor syndrome

PTH Sporadic parathyroid 
adenomas

11q13 PRAD1 Cyclin D1 *168461 Sporadic Primary hyperparathyroidism

PTH/PTHrP receptor Jansen disease #156400 3p22-p21.1 PTH1R Parathyroid hormone 
receptor 1

*168468 AD Neonatal hyperparathyroidism with low 
PTH, short stauture, abnormal chondrocyte 
proliferation

Target organs Hypophosphatasia 
– infantile
Hypophosphatasia 
– childhood
Hypophosphatasia – adult 
type

#241500
#241510
#146300

1p36.1-p34
1p36.1-p34
1p36.1-p34

TNAP Tissue non-specifi c 
alkaline phosphatase

*171760 AR Hypercalcemia, hyperphosphatemia, severe 
undermineralization of bone, variable 
severity depending on age of presentation

Abnormal Vitamin D 
metabolism

Williams–Beuren 
syndrome

#194050 7q11.2
7q11.23

ELN
LIMK1

Elastin
LIM-kinase

*130160
*601329

AD but usually 
sporadic

Failure to thrive, poor feeding, irritability, 
“elfi n” facies, radioulnar synostosis, 
“cocktail party” conversation

Genetic conditions that cause hypercalcemia. The conditions are classifi ed according to which part of the calcium cascade they affect and, where known, the gene location, gene product, inheritance and principal 
clinical features are shown. OMIM numbers in columns 3 and 7 relate to the disorders and the genes respectively and refer to the Online Mendelian Inheritance in Man code numbers (http://www.ncbi.nlm.
nih.gov/sites/entrez?db=OMIM).

Table 16.6 Continued

Location in 
calcium cascade

Metabolic abnormality OMIM Location Gene Gene product OMIM Inheritance Principal clinical features
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calcemia has usually developed before 10 years of age but often 
much earlier. Most patients remain asymptomatic, although some 
infants may develop mild symptoms during the fi rst year. In 
FHH3 PTH concentrations may become elevated later in life 
which can make it diffi cult to distinguish from primary hyper-
parathyroidism [74]. Pancreatitis has been described as a rare 
complication. It is not clear whether this is a true association or 
whether the hypercalcemia may be the cause. Some mutations 
may confer susceptibility to pancreatitis in a subgroup of 
patients.

FBH must be distinguished from primary hyperparathyroid-
ism. Although plasma calcium is elevated, sometimes >3.0  mmol/
L (12  mg/dL), PTH remains normal unless attempts have been 
made to reduce the plasma calcium with low-calcium diets, etc. 
The PTH has normal biological activity but, in contrast to hyper-
parathyroidism, plasma magnesium is usually slightly elevated, 
urinary calcium excretion is inappropriately low for the degree of 
hypercalcemia and nephrocalcinosis does not develop. Treatment 
of FBH is usually unnecessary and, when the condition is diag-
nosed in a child of a kindred known to carry the gene, reassurance 
is all that is required.

Neonatal severe primary hyperparathyroidism
Neonatal severe primary hyperparathyroidism (NSPHT) 
(#239200) is usually caused by a homozygous inactivating 
mutation in the CaSR gene and occurs mostly in consanguineous 
families [11]. Newborns fail to thrive, feed poorly and suffer 
constipation and atonia shortly after birth. Gross hypercalcemia 
and hypophosphatemia are present. PTH is markedly elevated 
and hyperparathyroid bone disease develops such that respiratory 
distress necessitating assisted ventilation may result from poor rib 
compliance. The bones become thin and develop a motheaten 
appearance because of the severe hyperparathyroidism, which 
can be identifi ed by the presence of microcysts in the subperios-
teal areas. Multiple fractures may occur and be mistaken for 
rickets. Once the diagnosis has been established, total parathy-
roidectomy is required to eliminate the hypercalcemia. As some-
times happens with primary hyperparathyroidism following 
surgery, a hungry bone condition develops, which requires infu-
sion of large quantities of intravenous calcium to prevent hypo-
calcemia until the bones recover. Bisphosphonates may be useful 
before surgery to restore normocalcemia.

NSPHT may also develop in infants who have a heterozygous 
mutation of the CaSR gene from an affected father, the mother 
being normocalcemic. The fetus senses the maternal calcium as 
low and develops a degree of secondary hyperparathyroidism that 
settles progressively, usually by 6 months of age [75]. Alterna-
tively, the degree of set point abnormality or bone responsiveness 
to PTH may be responsible. In these cases, conservative manage-
ment may be suffi cient until the hypercalcemia settles spontane-
ously to a concentration at which it becomes asymptomatic and 
identifying the mutation in the father but not the mother may be 
helpful in determining whether or not an expectant attitude can 
be taken.

Another phenotype similar to FBH is associated with the pres-
ence of CaSR blocking antibodies that lead to secondary hyper-
parathyroidism [33]. Mutational analysis of the CaSR was negative 
in all cases, most of whom had other autoimmune conditions 
such as hypothyroidism or celiac disease. The principal difference 
between this and primary hyperparathyroidism was the absence 
of hypercalciuria, the raised plasma magnesium and the normal 
PTH concentrations. The natural history of this condition is not 
known but there is a likelihood that it may remit spontaneously 
as the antibody concentrations decline.

Disorders of the parathyroid glands
Primary hyperparathyroidism can result from generalized PT 
gland hyperplasia or from single or multiple adenomas which 
may be isolated and sporadic or form part of one of the inherited 
tumor syndromes.

Familial isolated primary hyperparathyroidism
Familial isolated primary hyperparathyroidism (FIHP) (#145000) 
may be caused by mutations in either the HRPT2 gene that causes 
hyperparathyroid jaw tumor syndrome or in the MEN1 gene 
responsible for multiple endocrine neoplasia Type 1a. A third 
locus mapped to chromosome 2p14-p13.3 has also been described, 
although the function of the gene is not known. Familial hyper-
parathyroidism may be seen in MEN2A and in MEN4. Sporadic 
hyperparathyroidism has been seen in connection with mutations 
in the PTH gene or in PRAD1, genes thought to be oncogenes or 
tumor suppressor genes. In sporadic cases, a single hit mutation 
affects a proto-oncogene such as PRAD1 resulting in preferential 
growth of a single cell line. In the familial syndromes, a germline 
fi rst hit mutation affects a tumor suppressor gene and makes the 
parathyroid (and other) glands susceptible to a second hit [59]. 
Tumors that arise in familial hyperparathyroidism are usually the 
result of hyperplasia while those occurring in sporadic cases are 
adenomas but these can be multiple and it is sometimes diffi cult 
to distinguish the two.

Multiple endocrine neoplasias
Multiple endocrine neoplasia Type I (MEN1) (+131100) is char-
acterized by parathyroid (90% of patients), endocrine pancreatic 
(40%) and anterior pituitary (30%) tumors. Adrenocortical and 
carcinoid tumors such as lipomas, angiofi bromas and collageno-
mas may also occur [76]. The etiology is probably an inactivating 
mutation of the MEN1 gene (131100.0020), located on chromo-
some 11q13, which normally codes for a tumor suppressor 
protein, MENIN. Nonsense mutations, deletions, insertions, 
donor-splice site mutations and missense mutations have all been 
described. Parathyroid tumors are usually the fi rst to present, 
generally in late adolescence or the twenties or thirties.

Three variants of MEN2 are described. In the most common, 
MEN2A (#171400), parathyroid tumors (20%) are associated 
with medullary carcinoma of the thyroid (MCT) and pheochro-
mocytomas [77]. MEN2B (#162300) is not usually associated 
with parathyroid tumors but has an association with pheochro-
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mocytomas, mucosal neurofi bromas and intestinal autonomic 
ganglion dysfunction. In the third variant, MCT-only (#155240), 
no tumors other than MCT occur.

All three are linked by mutations in a gene that maps to chro-
mosome 10cen-10q11.2 which contains the c-ret proto-oncogene 
(*164761) but different mutations have been found in all three 
variants and identifi cation of them is useful in the diagnosis and 
management of family members at risk. Mutations in a second 
gene, NTRK1 (*191315) have also been shown to cause isolated 
MCT.

MEN4 (#610755) is caused by mutations in the CDKN1B gene 
(*600778). Pituitary, parathyroid and other tumors feature in this 
condition, although usually only in adulthood. The gene product 
is thought to be a suppressor of cell proliferation which acts by 
cyclin-dependent kinases.

Allelic loss of chromosome 1p32-pter has been found in a 
number of cases of isolated sporadic parathyroid adenomas [78]. 
This region contains a putative tumor suppressor gene but the 
gene product is unidentifi ed.

Hyperparathyroid-jaw tumor syndrome
Hyperparathyroid-jaw tumor syndrome (HYP-JT) (#145001) is 
an autosomal dominant syndrome. Parathyroid adenomas and 
carcinomas are associated with mandibular and maxillary jaw 
tumors that are fi bro-osseous in nature. Renal tumors are also 
seen on occasions. Different tumors may occur in different 
members of the same family. Inactivating mutations of the 
HRPT2 gene (*607393), located on chromosome 1q21-q31, are 
thought to be responsible [79]. The parafi bromin gene, together 
with three other genes, forms a parafi bromin complex that associ-
ates with RNA polymerase and acts as a tumor suppressor.

Parathyroid carcinoma
Parathyroid carcinoma (#608266) can be diffi cult to distinguish 
histologically from parathyroid adenoma, unless metastases are 
present. It is an important diagnosis to make as it may cause 
aggressive hyperparathyroidism which can be diffi cult to treat 
especially once it has metastasized. It may be a feature of HPT-JT 
syndrome and many patients with sporadic PT carcinoma have 
deletions in the HRPT2 gene [80]. PT carcinoma has also been 
shown to be associated with allelic deletions of the retinoblastoma 
(Rb) gene, which has three polymorphic markers, located on 
chromosome 13q14. Loss of heterozygosity of at least one of the 
markers at the Rb locus of the gene occurs in all cases of carci-
noma but also occurs in some cases of parathyroid adenoma but 
all parathyroid adenomas show some positivity for the retinoblas-
toma protein (pRb), whereas this is lacking in all carcinomas [81]. 
Lack of translation of the pRb seems to be the distinguishing 
feature. Treatment is surgical.

Disorders of the PTH gene
Sporadic parathyroid tumors may result from mutations within 
the PTH gene itself. The PRAD1 gene (*168461) is derived from 
a rearrangement of exon 1 of the PTH gene, which is not trans-

lated, with new non-PTH DNA located on chromosome 11q13. 
It encodes a 295 amino acid protein, cyclin D1 [82]. Mutations 
resulting in overexpression of this gene cause parathyroid cell 
proliferation and hyperparathyroidism. The mutations appear to 
be somatic and are not inherited.

A 22-bp deletion within exon 2 of the PTH gene has been 
described [83]. It is possible that silencing of the PTH gene leads 
to overexpression of the PRAD1/cyclin D1 gene, thus causing the 
parathyroid tumors seen in this condition which may cause con-
fusion when assaying PTH because it may not react in all 
immunoassays.

Disorders of the PTH1R
Metaphyseal chondrodysplasia, Jansen type
Metaphyseal chondrodysplasia, Jansen type (#156400) is an auto-
somal dominant condition that presents in the neonatal period 
with apparent hyperparathyroidism but without detectable PTH 
or PTHrP. It is characterized by short-limbed short stature caused 
by abnormal regulation of chondrocyte proliferation and differ-
entiation in the metaphyseal growth plate as a result of mutations 
of the PTH/PTHrP receptor, which autoactivate in the absence of 
either hormone [84]. Treatment is diffi cult but the condition is 
said to respond to calcitonin and, theoretically, bisphosphonates 
should be of value to reduce osteoclast activity and bone 
turnover.

Diagnosis and treatment of hyperparathyroidism
Hypercalcemia and hypophosphatemia are associated with raised 
PTH concentrations. Urinary calcium excretion is also raised and 
a partial Fanconi syndrome (generalized aminoaciduria and mild 
metabolic acidosis) is usually present. Plasma magnesium is often 
slightly low, in contrast to FHB. Radiological examination may 
reveal the presence of subperiosteal microcysts and severe hyper-
parathyroidism can be confused with rickets.

Localization of parathyroid tumors is best undertaken with 
the aid of radionuclide scanning with 99mTc-MIBI (methoxyiso-
butyl isonitrile) (Fig. 16.16) or 99mTc-tetrofosmin. These methods 
are more sensitive than either ultrasonography or magnetic reso-
nance imaging (MRI) scanning and have proved invaluable in 
locating persistent tumors, especially after primary surgery has 
failed to eradicate the problem. They are sometimes combined 
with thyroid subtraction scintigraphy and, if performed shortly 
before surgery, can be combined with the use of a handheld 
gamma camera to pinpoint the tumor at operation. Perioperative 
measurement of PTH has also proved useful in determining 
whether or not a tumor (or tumors) has been fully resected 
because it disappears rapidly from the circulation.

Surgical removal of the tumors should be undertaken only by 
those experienced in the procedure. It may be necessary to control 
hypercalcemia before surgery by forced diuresis and furosemide. 
Failing this, bisphosphonates (e.g. pamidronate 0.5  mg/kg/day for 
2–3 days) is usually suffi cient to restore plasma calcium to normal. 
Plasma calcium usually declines postoperatively within a few 
hours and the patient may become hypocalcemic and remain so 
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for some time if hyperparathyroidism has been long-standing. In 
this case, a hungry bone syndrome develops that requires infusion 
of calcium in large quantities.

Hypercalcemia associated with abnormal 
vitamin D metabolism
Subcutaneous fat necrosis
Subcutaneous fat necrosis usually occurs in term infants who 
have suffered a mild degree of birth asphyxia. Firm lumps appear 
in the subcutaneous tissues and may be multiple. Hypercalcemia 
develops within the fi rst few weeks after birth accompanied by 
hypercalciuria and nephrocalcinosis [85]. The skin lesions are 
invaded by macrophages and the etiology of the hypercalcemia is 
thought to be inappropriate activation of 1α-hydroxylase within 
them, which results in high concentrations of circulating 
1,25(OH)2D and vitamin D intoxication. The condition is self-
limiting but steps may need to be taken to reduce the plasma 
calcium concentration. Calcium and vitamin D restriction, ste-
roids and bisphosphonates may be of value.

Sarcoidosis
A similar process is thought to occur in sarcoidosis and other 
granulomatous diseases. Some 30–50% of children with sarcoid-
osis develop hypercalcemia, which may be precipitated by 
sunlight. Others have hypercalciuria without hypercalcemia. 
Tuberculosis and cat-scratch disease may also cause hypercalce-
mia by a similar mechanism [86]. The hypercalcemia usually 
resolves with treatment of the underlying condition.

In large doses, vitamin D may cause hypercalcemia, mainly 
because of the high concentrations of 25OHD that result from 

this consequent upon the uncontrolled metabolism of vitamin D 
by 25-hydroxylase. Although 25OHD has limited activity, high 
concentrations cause increased bone resorption. A more common 
cause is seen in patients treated with excess doses of either alfa-
calcidol or calcitriol. Symptoms are typical of hypercalcemia from 
other causes and complications of prolonged hypercalcemia are 
ectopic calcifi cation, nephrocalcinosis and impaired renal func-
tion. Hypercalcemia following excess vitamin D is usually more 
prolonged than that caused by the vitamin D metabolites because 
vitamin D itself is stored in fat, whereas the metabolites have a 
much shorter half-life. Treatment is directed toward restricting 
the source of excess vitamin D. If acute symptoms are present, 
steroids or bisphosphonates may be of value.

Williams–Beuren syndrome
Williams–Beuren syndrome (#194050) may be autosomal domi-
nant but is usually sporadic [87]. During infancy, patients have 
a characteristic phenotype consisting of elfi n facies caused by 
periorbital fullness, a long philtrum, malar hypoplasia and an 
open-mouthed appearance caused by an arched upper lip and 
full lower lip. As they get older, features change, become 
coarsened and radioulnar synostosis may develop. Many patients 
develop hypercalcemia during infancy, which rarely lasts beyond 
the fi rst year. Subsequently, cardiac anomalies, subvalvar 
aortic stenosis or peripheral pulmonary stenosis, manifest 
themselves. Developmental delay is a feature and patients 
develop a tendency to cocktail party conversation as children 
and young adults, in which it appears that they are conducting 
an intelligent conversation which, on refl ection, is largely 
meaningless.

The etiology of the hypercalcemia is not clear. Some patients 
have been thought to have abnormalities of vitamin D metabo-
lism or CT defi ciency while hypercalcemic, whereas others have 
been found to have no identifi able defect in any of the parameters 
of calcium metabolism after the hypercalcemia resolves. Most 
cases have a microdeletion of chromosome 7q11.23, which 
encompasses the elastin gene [88] (*130160). A number of other 
genes including LIM-kinase (*601329), RFC2 (*600404), 
GTF21RD1 (*604318) and GTF21 (*601679), all of which are 
located near the elastin gene on the long arm of chromosome 7, 
have also been implicated. Some of these are expressed in the 
central nervous system and variations in the extent of the micro-
deletion presumably account for the variable nature of the condi-
tion. Mutations of the CT receptor gene (7q21) are not thought 
to be responsible.

Infant patients present with failure to thrive, poor feeding and 
irritability. Treatment consists of a low-calcium diet. Where 
patients live in hard water areas, there may be suffi cient calcium 
in the water to negate the effect of diet. If symptoms are severe, 
a short course of prednisolone, 1  mg/kg/day, is useful and can 
usually be stopped after a few weeks. Correcting the hypercalce-
mia has no effect on the progress of the other features of the 
disease, which may evolve without hypercalcemia ever having 
been present.

Figure 16.16 SestaMIBI scan taken in a child with a single right lower 
parathyroid adenoma. She presented with hypercalcemia. A single adenoma was 
removed at operation and she remains normocalcemic. No mutations of the 
MEN1 or HYP-JT genes have been demonstrated.
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Idiopathic infantile hypercalcemia
Idiopathic infantile hypercalcemia (IIH) (143880) was originally 
described in infants born to mothers who had been ingesting 
large quantities of vitamin D and the incidence declined with a 
general reduction in vitamin D supplementation but some cases 
continued to occur with no evidence of excess vitamin D intake. 
Familial cases have been described. Some features of this condi-
tion resemble Williams syndrome and can include hypertension, 
strabismus and radioulnar synostosis with failure to thrive. The 
dysmorphic features are usually absent and correction of the 
hypercalcemia allows normal development, although the ten-
dency to hypercalcemia may last beyond the fi rst year. Lack of 
mutations in the elastin gene allows this condition to be distin-
guished from Williams syndrome [89].

The etiology of this condition is uncertain. It has been sug-
gested that an intrinsic hypersensitivity to vitamin D is present 
and elevated concentrations of N-terminal PTHrP were demon-
strated during hypercalcemia in one series. Treatment consists of 
lowering the plasma calcium with a calcium- and vitamin D-
restricted diet, steroids and bisphosphonates if necessary. Cellu-
lose phosphate has been used to limit calcium absorption.

Other causes of hypercalcemia in childhood
Immobilization
Hypercalcemia occurs in a small proportion of patients, especially 
adolescents, who are immobilized following quadriplegia or other 
neurological insults [90]. Symptoms consist of lethargy, mood 
changes, nausea, vomiting and anorexia but may be overlooked 
in the context of other problems. They usually arise within a few 
days or weeks of the original insult when bone turnover is 
rapid.

Hypercalcemia and hypercalciuria are present and nephrocal-
cinosis can result. Bone biopsy shows loss of trabecular volume, 
increased osteoclast and decreased osteoblast activity with an 
overall increase in bone turnover as demonstrated by raised 
bone turnover markers. The etiology is probably multifactorial, 
including lack of mechanical stress, poor vascularity, metabolic 
changes in bone and denervation [90]. If remobilization is not 
possible and conventional treatment with intravenous fl uids and 
loop diuretics (which may increase urinary calcium excretion) 
are ineffective in controlling hypercalcemia, pamidronate 0.5  mg/
kg/day for 2–3 days is usually effective for several weeks but 
may need to be repeated. The effect of calcitonin is not so 
rapid and it has to be given in divided daily doses for prolonged 
periods. The hypercalcemia is self-limiting as bone turnover 
slows.

Hypercalcemia of malignancy
Hypercalcemia is a rare complication of malignancy in childhood 
and has been reported to occur in about 0.4% of cases [91]. It 
may be a presenting feature of leukemia but also occurs in 
Hodgkin disease, non-Hodgkin lymphoma and a variety of solid 
tumors, such as rhabdomyosarcoma, hepatoblastoma, neuroblas-
toma and angiosarcoma.

As with other conditions complicated by hypercalcemia, the 
symptoms may be overlooked. The cause is usually related to 
excess secretion of PTHrP and PTH concentrations are low. 
Bone turnover is increased and, if the hypercalcemia does 
not remit on treatment of the underlying malignancy, it usually 
responds to bisphosphonate therapy as for immobilization.

Hypophosphatasia
This condition is caused by mutations in the tissue non-specifi c 
alkaline phosphatase (TNAP) gene (171760). Six different condi-
tions are described depending on the age of presentation and 
severity [92,93]. Hypercalcemia and hyperphosphatemia occur in 
the more severe forms. In perinatal hypophosphatasia, infants are 
born with undermineralized rachitic bones, a high-pitched cry 
and unexplained fevers and seizures. They usually die shortly after 
birth, probably with the homozygous form of the condition.

In infantile hypophosphatasia (#241500), hypercalcemia and 
its attendant symptoms together with bone abnormalities develop 
during the fi rst 6 months after birth. Initial development may be 
normal until the onset of symptoms and, if they survive, there 
tends to be a gradual improvement with time and the prognosis 
is good. Raised intracranial pressure may result from premature 
fusion of the cranial sutures.

Childhood hypophosphatasia (#241510) presents later and is 
variable in its manifestations. It is often accompanied by prema-
ture tooth loss which is distinguished from normal loss of decidu-
ous teeth by minimal tooth root resorption. Short stature is 
often a feature and apparent rachitic changes are seen on X-ray. 
Characteristic tongues of demineralized bone are seen at the 
metaphyses. A dolichocephalic shape to the skull may be caused 
by premature fusion of the sutures. The condition tends to 
improve at adolescence, although osteomalacia may reappear 
later in life.

Adult hypophosphatasia (#146300) is mild but there may be 
a history of tooth loss and rickets during early life. Diagnosis 
is made by a combination of a low alkaline phosphatase and 
the characteristic radiological and clinical features. Raised 
concentrations of phosphoethanolamine and pyridoxal phos-
phate are found as both of these are substrates for alkaline 
phosphatase.

In odontohypophosphatasia premature tooth loss is the only 
feature and pseudohypophosphatasia is characterized by infants 
who appear to have the clinical features of hypophosphatasia but 
with normal alkaline phosphatase. This is thought to be caused 
by abnormally inactive enzyme.

Treatment is symptomatic. Raised intracranial pressure may 
require neurosurgical intervention and orthopedic surgery, phys-
iotherapy and dental care may be needed. Infusions of plasma 
containing high concentrations of alkaline phosphatase have 
been tried with generally disappointing results. Bisphosphonates 
have been tried in the infantile form without success, presumably 
because these drugs target the osteoclasts rather than the 
osteoblasts.



The Parathyroid and its Disorders 

413

Tertiary hyperparathyroidism
This occasionally occurs in children after chronic hyperstimula-
tion of the PT glands, particularly in CRF. It may also result from 
chronic vitamin D defi ciency. PTH concentrations are usually 
elevated and the hyperplastic glands become susceptible to devel-
oping autonomous nodules. It is not clear whether or not this 
adenomatous formation is polyclonal or monoclonal in origin 
but the latter may be present in a majority of cases. Treatment 
consists of parathyroidectomy.

Disorders of bone metabolism

Disorders that affect bone can be divided between those that 
affect bone matrix and those that result from poor bone miner-
alization. Most conditions result in changes in bone density but 
those that demonstrate uniform changes are referred to as the 
osteoporoses while those in which mineralization defects are 
paramount are known as the osteomalacias. In children, osteo-
malacia is most obviously apparent in the growth plates and gives 
rise to rickets, which cannot occur in adults once the growth 
plates have fused. In addition, there are several conditions in 
which changes in bone density occur in specifi c areas while 
leaving the remainder of the bone intact.

Disorders of bone matrix accompanied 
by low bone density
Osteoporosis
Osteoporoses in children can result from:
• Failure to achieve normal bone density during growth and 
development;
• Increased bone resorption;
• Failure to replace bone during remodeling [94].
In practice, many osteoporoses result from a combination of these 
processes. The primary osteoporoses result from intrinsic defects 
in matrix formation, with subsequent failure of normal mineral 
deposition or from abnormalities in one or other of the cell types 
within bone. In the secondary osteoporoses there is no intrinsic 
defect in bone function but outside infl uences (e.g. excessive 
steroid therapy) affect bone density in otherwise normal bone.

Primary osteoporosis
The most common cause of primary osteoporosis is osteogenesis 
imperfecta (OI), a group of conditions resulting from intrinsic 
defects in bone matrix caused by abnormalities, either quantita-
tive or qualitative, in bone collagen. The original classifi cation of 
OI [95] divided it into four types based on clinical differences 
related to collagen defects. Other causes of bone matrix abnor-
mality have been described and are now included in the classifi ca-
tion (Table 16.7).

Osteogenesis imperfecta Type I
Osteogenesis imperfecta Type I (#166200), the mildest form of 
OI, results from a quantitative defect in either COL1A1 or 

COL1A2. It is sometimes associated with dentinogenesis imper-
fecta (DI) (Type 1a) and sometimes not (Type Ib). Blue sclerae 
are frequently present and can be assessed objectively [96]. Frac-
tures, which are uncommon in infancy, occur in childhood with 
minimal trauma but they do not usually result in bone deformity 
if treated adequately. The frequency tends to increase during 
phases of rapid growth such as puberty when patients are particu-
larly prone to vertebral compression fractures that may need 
treatment with bisphosphonates. Fracture frequency increases 
after the menopause and later in men. Hearing diffi culties, usually 
conductive, may develop during adolescence and progress to pro-
found deafness. Patients may bruise easily and have hypermobile 
joints. Excessive sweating is characteristic. Growth is usually 
normal. Radiological evidence of Wormian bones is usually 
present at birth.

Osteogenesis imperfecta Types IIA and IIB
Osteogenesis imperfecta Types IIA and IIB are the most severe 
forms of OI and usually fatal. If the infants are born live, they 
have multiple fractures and poorly mineralized bones. Respira-
tory problems usually supervene rapidly because of the poor rib 
compliance. Heterozygous mutations in COL1A1 or COL1A2 are 
responsible in most cases. This is designated Type IIA (#166210), 
and an autosomal recessive condition. Type IIB (#610854), which 
is clinically similar, is caused by a mutation in the CRTAP gene.

Osteogenesis imperfecta Type III
Osteogenesis imperfecta Type III (#259420), caused by a qualitative 
defect in COL1A1 or COL1A2, is the most severe form of OI com-
patible with life. Affected infants suffer multiple fractures in utero 
and are born small for gestational age. They continue to have mul-
tiple fractures with mild trauma. Blue sclerae at birth may whiten 
with age. The bones become progressively deformed and multiple 
orthopedic procedures are frequently needed. Growth is often poor 
and raised urinary calcium excretion may cause nephrocalcinosis. 
A characteristic radiological feature is the development of “popcorn” 
bones [97]. These are not present at birth, increase in number and 
severity during childhood but disappear as growth ceases. They 
occur within the epiphyses and metaphyses always in close proxim-
ity to the growth plate and appear to be detached fragments of 
growth plate probably in response to trauma. They mostly occur in 
the lower extremities, particularly the lower femur and upper tibia 
and less frequently in the upper limbs.

Osteogenesis imperfecta Type IV
Osteogenesis imperfecta Type IV (#166220) is an intermediate 
form of OI with variable degrees of bone deformity. The sclerae 
are typically white but may have a bluish tinge. Fracture rates are 
variable and may not be particularly troublesome but growth is 
often impaired and it may be this rather than fractures that the 
patients are more concerned about. It is caused by qualitative 
defects in either COL1A1 or COL1A2.
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Table 16.7 Primary osteoporoses.

Condition OMIM Gene location Gene Gene product OMIM Inheritance Severity, clinical features Sclerae

Osteogenesis imperfecta
Type I #166200 17q21.31-q22 COL1A1 Type 1A1 collagen +120150 AD Mild to moderate. May have dentinogenesis imperfecta (Type IA) or not 

(Type IB)
Usually blue

#166200 7q22.1 COL1A2 Type 1A2 collagen +120140 AD

Type IIA #166210 17q21.31-q22 COL1A1 Type 1A1 collagen +120150 AD Severe, usually lethal
#166210 7q22.1 COL1A2 Type 1A2 collagen +120140 AD

Type IIB #610854 3p22 CRTAP Cartilage associated 
protein

*605497 AR Severe, usually lethal

Type III #259420 17q21.31-q22 COL1A1 Type 1A1 collagen +120150 AD Severe, multiple fractures and deformities at birth Blue
#259420 7q22.1 COL1A2 Type 1A2 collagen +120140 AD

Type IV #166220 17q21.31-q22 COL1A1 Type 1A1 collagen +120150 AD Mild to moderate, often associated with short stature White or 
pale blue#166220 7q22.1 COL1A2 Type 1A2 collagen +120140 AD

Type V %610967 N/K N/K AD Moderate, radioulnar membrane with impaired supination, exuberant callus 
formation

White

Type VI %610968 ?AR N/K AD Moderate, bone deforming, characteristic “fi sh-scale” appearance on bone 
biopsy

White or 
pale blue

Type VII #610682 3p22, 
3p24.1-p22

CRTAP Cartilage associated 
protein

*605497 AR Variable, usually mild to moderate. Rhizomelia, coax vara

Type VIII #610915 1p34 LEPRE1 Prolyl 3 Hydroxylase 1 *610339 AR Severe growth defi ciency, extreme skeletal undermineralization, bulbous 
metaphyses

White

Bruck 1 %259450 17p12 N/K N/K ? AR Contractures. Mild DI. Moderately-severe bone disease White

Bruck 2 #609220 3q23-q24 PLOD2 Bone-specifi c 
telopeptide lysyl 
hydroxylase

*601865 AR Clinical phenotype as for Bruck 1 White

Cole–
Carpenter

112240 N/K N/K N/K ? N/K Normal at birth; develop craniosynostosis, ocular proptosis, hydrocephalus 
and diaphyseal fractures

White

Other primary osteoporoses

OPS #259770 11q13.4 LRP5 Low density lipoprotein 
receptor-related 
peptide 5

*603506 AR Moderate, associated with “optic pseudoglioma” and impaired vision White

IJO 259750 N/K N/K ?AR ↓Bone density with fractures. No other features of OI White

Juvenile 
Paget 
disease

#239000 8q24 TNFRSF11B Osteoprotegerin *602643 AR Large head, expanded bowed extremities, markedly raised alkaline 
phosphatase

White

Disorders causing primary osteoporosis. The various forms of osteogenesis imperfecta are shown at the beginning, followed by the other causes of primary osteoporosis. OMIM numbers in columns 2 and 6 relate to the 
disorders and the genes respectively and refer to the Online Mendelian Inheritance in Man code numbers (http://www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM). IJO, idiopathic juvenile osteoporosis; OI, osteogenesis 
imperfecta; OPG, osteoporosis-pseudoglioma syndrome.
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Osteogenesis imperfecta Type V
Osteogenesis imperfecta Type V (%610967) differs from other 
forms of OI in that no mutations in either COL1A1 or COL1A2 
have been demonstrated and the etiology is unknown [98]. Mod-
erately deforming, patients have limited supination of the radius 
and ulna caused by the presence of a calcifi ed interosseous mem-
brane between the two bones. They also have exuberant callus 
formation at the site of fractures and elsewhere and this can 
present as hard lumps which can be confused with osteosarcoma. 
The callus progresses initially but may eventually disappear [99]. 
A third feature is the presence of a radio-opaque metaphyseal 
band adjacent to the growth plate.

Osteogenesis imperfecta Type VI
The few patients described with osteogenesis imperfecta Type VI 
(%610968) presented with fractures between 4 and 18 months 
and fractured more frequently than in Type IV [100]. Although 
none of the patients had radiological evidence of rickets, bone 
biopsy showed a characteristic fi sh scale pattern and there was 
evidence of increased osteoid suggestive of a mineralization 
defect. Alkaline phosphatase was raised more than in Type IV. No 
evidence of COL1A1 or COL1A2 defects has been identifi ed and 
the etiology remains unknown.

Osteogenesis imperfecta Type VII
Osteogenesis imperfecta Type VII (#610682) is another rare form 
of OI [101]. Unlike most of the other forms of OI, Type VII is 
autosomal recessive. Fractures occur throughout childhood and 
seem to diminish in frequency during adolescence. Short stature 
is common as a result of bone deformity. Rhizomelia and coxa 
vara are characteristic radiological features. Hearing loss, diabetes 
insipidus and ligamentous laxity are not seen. Homozygous 
mutations in the CRTAP gene (*605497) have been shown to be 
the cause.

Osteogenesis imperfecta Type VIII
Osteogenesis imperfecta Type VIII (#610915) is a severe, often 
lethal, form of OI which overlaps the clinical features of Types II 
and III. It is caused by homozygous mutations in the LEPRE1 
gene that codes for prolyl-3 hydroxylase-1 (P3H1) (*610339) 
which catalyzes proline hydroxylation in the crosslinks of Type 1 
collagen fi brils [102]. Affected individuals have radiological 
evidence of fractures in utero. The survivors develop bulbous 
metaphyses and vertebral compression fractures and have 
extremely low bone density. The hands are large compared to the 
forearms. The sclerae are white.

Bruck syndrome
Two forms of this condition are described. Both have a similar 
phenotype consisting of moderately severe bone disease similar 
to OI Type 4 but with additional joint contractures which fre-

quently limit mobility more than the bone disease would warrant. 
Bruck 1 (%259450) has no known underlying etiology but Bruck 
2 (#609220) is caused by mutations in the PLOD2 gene (*601865) 
that is involved in maturation of Type 1 collagen crosslinks.

Cole–Carpenter syndrome (112240)
This is of unknown etiology but is characterized by diaphyseal 
fractures, craniosynostosis and proptosis. The infants are normal 
at birth.

Osteoporosis-pseudoglioma syndrome
Osteoporosis-pseudoglioma syndrome (OPG) (#259770) shares 
many of the clinical features of mild to moderate deforming OI. 
It is not classifi ed amongst the OIs because it is not primarily a 
disorder of bone matrix, the principal defect lying within the 
osteoblast. It is an autosomal recessive condition caused by muta-
tions in the LRP5 gene (*603506). LRP5 is the factor that is 
present in the cell surfaces of osteoblast precursors which forms 
a receptor complex with frizzled-related protein for which Wnt 
(the homolog of the Drosophila wingless gene) is the ligand. This 
results in transformation of preosteoblasts into osteoblasts (Fig. 
16.6). LRP5 is present in many other tissues, notably retinal 
vessels, and OPG is associated with severely reduced vision caused 
by the presence of pseudoglioma of the retina that results from 
disordered retinal development. The term pseudoglioma is a non-
specifi c expression used to describe any lesion that resembles 
retinoblastoma. When bilateral, it must be distinguished from 
Norrie disease (#310600), which is X-linked and not associated 
with low bone density. Patients present with early onset low 
trauma fractures which are often deforming but of variable sever-
ity. Vision is severely impaired and most patients are registered 
blind. Treatment is undertaken along similar lines to that of OI 
and responds to bisphosphonates.

Heterozygous carriers of LRP5 mutations have low bone 
density and some cases of IJO have been associated with this. 
Carriers do not have ophthalmic abnormalities but may develop 
osteoporosis later in life. Some mutations in the LRP5 gene are 
associated with increased bone density.

Idiopathic juvenile osteoporosis
Idiopathic juvenile osteoporosis (IJO) (259750) is, as the name 
implies, of unknown etiology, presenting with low trauma 
fractures during mid to late childhood. These are not usually 
deforming if treated but include vertebral collapse which may be 
associated with a marked kyphosis and long bone fractures, par-
ticularly around the metaphyses [103–105]. It can be suffi ciently 
debilitating to render the patients wheelchair-bound. It improves 
after puberty but may require treatment with bisphosphonates to 
allow increased mobility before its natural improvement.

It is distinguished from OI by the absence of other features, 
either clinical or genetic, and appears to be a condition primarily 
of failure of adequate bone formation. Bone biopsy, using double 
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tetracycline labeling, has shown diminished cancellous bone 
volume but bone resorption is normal. Thus, in contrast to OI, 
bone turnover is low rather than increased.

Juvenile Paget disease
Juvenile Paget disease (JPD) (#239000), in contrast to IJO, is an 
autosomal recessive condition of increased bone resorption 
caused by abnormal osteoclast function usually caused by muta-
tions in the TNFRSF11B gene that codes for osteoprotegerin 
(*602643). This normally exercises an inhibitory effect on RANKL 
to prevent overstimulation of osteoclasts by the RANK receptors 
on osteoclast precursors (Fig. 16.7). Bone turnover is high and 
markers of bone turnover, such as alkaline phosphatase, NTX and 
hydroxyproline are increased.

Patients present in early life with a large head. The long bones 
are bowed and greatly expanded and show coarse trabeculation 
on X-ray. The calvaria show marked thickening with isolated 
areas of increased density. Treatment with bisphosphonates 
should be of value but the most logical treatment is with 
recombinant osteoprotegerin, which has been used in adults with 
success [106]. There are no reports of its use in children.

Secondary osteoporoses
Secondary osteoporosis is more common that primary disease 
and may arise either because of an underlying condition or 
because of treatment of that condition. Diseases such as celiac 
disease, juvenile chronic arthritis and β-thalassemia often cause 
reduced bone mass, partly because the infl ammatory processes 
occurring in association with those diseases have an adverse effect 
on bone through infl ammatory markers and partly because ste-
roids and other drugs detrimental to bone are used. Immobiliza-
tion is another cause of osteoporosis that may result in a tendency 
to spontaneous or low trauma fractures.

Treatment of the osteoporoses
For the more severe forms, a multidisciplinary approach is 
required from a team including a pediatrician, pediatric endocri-
nologist, physiotherapist, occupational therapist orthopedic 
surgeon, dentist, specialist nurse and social worker [107]. Access 
to a geneticist is advisable. Specialist ophthalmology and audiol-
ogy may also be required.

Apart from the routine treatment of fractures, surgery is often 
required to correct bone deformity. This may involve surgical 
fracture of bones with insertion of rods to maintain the integrity 
of the bones. Physiotherapy and other measures to increase 
mobility are essential because immobility has a detrimental effect 
which can be reversed by mobilization. The mainstay of medical 
treatment is intravenous or, more rarely, oral bisphosphonates 
which have a dramatic effect on diminishing bone pain, improv-
ing bone density, decreasing fracture rates and enabling mobiliza-
tion of previously immobile patients.

Secondary osteoporosis is best treated by removing the cause. 
If the patient can be weaned off steroids or adequately mobilized, 
bone density may improve. If this proves impossible (e.g. in 

paraplegic patients), the use of bone-sparing drugs such as the 
bisphosphonates may be of value.

Diseases characterized by increased bone density
Conditions associated with increased bone density occur as a 
result of a mismatch between osteoblast and osteoclast function 
that favors the former (Table 16.8). The osteoclasts may either be 
poorly formed (osteoclast-poor) or they may be poorly function-
ing (osteoclast-rich). This group of conditions includes the osteo-
petroses, pyknodysostosis, van Buchem disease and sclerosteosis.

Osteopetrosis
Eight kinds of osteopetrosis (OPT) are described of which six are 
autosomal recessive and two autosomal dominant. They vary in 
their severity and are described as being malignant, benign or 
intermediate. The malignant forms present with early onset 
symptoms and can be diagnosed radiologically during the ante-
natal period. Bone overgrowth results in apparent macrocephaly, 
progressive blindness and deafness and anemia because of 
encroachment on the bone marrow. Hepatosplenomegaly from 
extramedullary hematopoiesis is present. Despite the increased 
bone density, the bones are more fragile than normal and frac-
tures may occur. Hypocalcemia may be present, particularly in 
the malignant forms, and rickets may also be present despite the 
osteosclerosis.

Several treatments have been tried. Bone marrow transplanta-
tion is the most effective but must be undertaken as early as pos-
sible before excessive bone overgrowth has occurred [108]. High 
dose calcitriol [109] and recombinant human interferon γ1b 
[110] have been tried with some success.

Autosomal recessive osteopetrosis Type 1
Autosomal recessive osteopetrosis Type 1 (OPTB1) (#259700), an 
osteoclast-rich infantile malignant form of OPT, is caused by 
mutations in the T-cell immune regulator subunit of the vacuolar 
proton pump (TCIRG1 subunit) (*604592). This results in failure 
to generate a suitably acid environment by the osteoclast ruffl ed 
border for bone resorption to occur because the protons cannot 
be transported to the extracellular space (Fig. 16.7).

Autosomal recessive osteopetrosis Type 2
Autosomal recessive osteopetrosis Type 2 (OPTB2) (#259710) is 
mild and characterized by prognathism, genu valgum and an 
increased fracture tendency. Anemia and hepatosplenomegaly 
are present in some cases. The underlying cause is mutations in 
the TNFS11 gene (*602642) otherwise known as RANKL (Fig. 
16.7). Osteoclasts are not transformed in normal numbers and 
bone resorption is therefore defective.

Autosomal recessive osteopetrosis Type 3
Autosomal recessive osteopetrosis Type 3 (OPTB3) (#259730) is a 
benign form of OPT caused by mutations in the carbonic anhy-
drase II (CA2) gene (*611492). Like the vacuolar proton pump, it 
contributes to the development of the bone resorbing acid envi-
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Table 16.8 Osteopetrotic conditions.

Condition OMIM Location Gene Gene product OMIM Inheritance Osteoclasts Severity Cause

Osteopetroses
Autosomal recessive 1 #259700 11q13.4-q13.5 TCIRG1 subunit T-cell immune regulator subunit of the 

vacuolar proton pump
604592 AR Osteoclast rich Malignant Failure of acidifi cation

Autosomal recessive 2 #259710 13q14 TNFSF11
RANK L

Tumor necrosis factor superfamily 11
RANK ligand

602642 AR Osteoclast poor Benign Failure of osteoclast 
transformation

Autosomal recessive 3 #259730 8q22 CA2 Carbonic anhydrase II 611492 AR Osteoclast rich Intermediate Failure of acidifi cation; 
RTA

Autosomal recessive 4 #611490 16p13 CLCN7 Chloride channel-7 protein 602727 AR Osteoclast rich Malignant Failure of acidifi cation

Autosomal recessive 5 #259720 6q21 OSTM1 Osteopetrosis-associated transmembrane 
protein-1

607649 AR Osteoclast rich Malignant Failure of acidifi cation

Autosomal recessive 6 #611497 17q21.3 PLEKHM1 Plekstrin homology domain-containing protein, 
family M member 1

611466 AR Osteoclast rich Intermediate Abnormal vesicular 
transport

Autosomal recessive #612301 18q22.1 RANK Tumor necrosis factor superfamily member 11a 603499 AR Osteoclast poor Benign Failure of osteoclast 
transformation

Autosomal dominant 1* #607634 11q13.4 LRP5 Low density lipoprotein receptor protein 5 603506 AD Osteoclast rich Benign Increased osteoblast 
signaling

Autosomal dominant 2 #166600 16p13 CLCN7 Chloride channel-7 protein 602727 AD Osteoclast rich Benign Failure of acidifi cation

Other bone sclerosing conditions
Pyknodysostosis #265800 1q21 CTSK Cathepsin K 601105 AR Osteoclast rich Failure of bone matrix 

resorption

Hyperostosis corticalis 
generalisata (van 
Buchem disease)

#239100 17q12-q21 SOST Sclerostin 605740 AR Osteoclast rich Increased osteoblast 
signaling

Sclerosteosis #269500 17q12-q21 SOST Sclerostin 605740 AR Osteoclast rich Increased osteoblast 
signaling

Disorders of primary bone sclerosis. The various forms of osteopetrosis are shown at the beginning followed by the other causes of bone sclerosis. Note that this does not include those conditions that are 
characterized by soft tissue calcifi cation. OMIM numbers in columns 2 and 6 relate to the disorders and the genes respectively and refer to the Online Mendelian Inheritance in Man code numbers (http://www.ncbi.
nlm.nih.gov/sites/entrez?db=OMIM). RTA, renal tubular acidosis. *No longer strictly an osteopetrosis as there is no defect of osteoclast formation or function.
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ronment of the osteoclast ruffl ed border. It is therefore an osteo-
clast-rich form of the condition. It is associated with mild nerve 
compression, particularly of the optic nerve, dental malocclusion, 
short stature and a degree of mental retardation. Mild anemia 
may also be present but tends to resolve with time. The CA2 defi -
ciency also gives rise to a degree of renal tubular acidosis.

Autosomal recessive osteopetrosis Type 4
Autosomal recessive osteopetrosis Type 4 (OPTB4) (#611490) is 
a malignant infantile form of OPT caused by mutations in chlo-
ride channel 7 (CLCN7) gene (*602727) responsible for trans-
porting the chloride ions that provide the hydrochloric acid that 
dissolves bone mineral. The clinical features are similar to those 
of OPTB1.

Autosomal recessive osteopetrosis Type 5
Autosomal recessive osteopetrosis Type 5 (OPTB5) (#259720), 
similar to OPTB4, is another infantile malignant form of OPT. 
Mutations in OSTM1 (*607649) result in an abnormal β-subunit 
of CLCN7 which also results in failure of osteoclast acidifi cation.

Autosomal recessive osteopetrosis Type 6
Autosomal recessive osteopetrosis Type 6 (OPTB6) (#611497) is a 
mild form of OPT which presents with walking diffi culties and leg 
pains. Initially the patients have dense metaphyseal bands on X-
ray but later develop an Erlenmeyer fl ask appearance of the distal 
femora. Mutations in the plekstrin gene (PLEKHM1) (*611466) 
involved in vacuolar transport in osteoclasts are responsible.

Autosomal dominant osteopetrosis Type 1
Autosomal dominant osteopetrosis Type 1 (OPTA1) (#607634) is 
an osteoclast-poor form of OPT caused by mutations in the LRP5 
gene. In contrast to OPPG, these mutations result in an abnormal 
protein that cannot bind to, and therefore be inhibited by, Dick-
kopf (Fig. 16.6). As a result, LRP5 binds avidly to Frizzled protein 
and overstimulates osteoblast activity. The osteosclerosis is mainly 
seen in the skull vault while the spine is almost completely spared 
with no evidence of a bone within bone appearance (Table 16.8).

Autosomal dominant osteopetrosis Type 2
Autosomal dominant osteopetrosis Type 2 (OPTA2) (#166600) 
is another milder form of OPT caused by heterozygous mutations 
in the CLCN7 gene (see OPTB4). As chloride channels exist as 
dimers, it seems that a dominant negative effect is present to 
account for the abnormality. The condition can be differentiated 
from OPTA1 by the distribution of the osteosclerosis which 
mainly affects the skull base, spine and pelvis. A bone within bone 
appearance is seen in the vertebrae. Increased bone fragility and 
dental abscesses are prominent.

Other miscellaneous conditions
Pycnodysostosis
Pycnodysostosis (#265800) is caused by mutations in the gene 
coding for cathepsin K (CTSK) (*601105) which is synthesized 

by the osteoclasts and responsible for resorption of bone matrix 
once the mineral has been removed. Extreme short stature, 
abnormalities of the skull vault, with delayed fusion of the sutures 
and acroosteolysis of the maxilla and phalanges are prominent 
features. Increased bone fragility is present and stress fractures of 
the tibia and femur and of the lumbar and cervical vertebrae may 
occur. Bone overgrowth can sometimes lead to extramedullary 
hematopoiesis similar to the more severe forms of OPT.

Sclerosteosis and van Buchem disease
Sclerosteosis (SOST) (#269500) and van Buchem Disease (VBCH) 
(#239100) are both caused by mutations in the sclerostin (SOST) 
gene (*605740). Sclerostin, normally produced by osteocytes, 
inhibits the action of bone matrix proteins (BMPs) which stimu-
late osteoblast differentiation. Bone overgrowth results because 
osteoblast transformation is unrestrained. SOST is the more 
severe disease with tall stature, increased body weight and over-
growth of the long bones and skull, the latter resulting in cranial 
nerve compression which is often multiple. It is particularly 
common in the Afrikaner population of South Africa.

VBCH is less severe and may result from mutations down-
stream of the SOST gene itself within a proposed SOST gene 
regulator. It usually presents in late childhood or adolescence 
with osteosclerosis of the skull, which may be up to four times 
normal weight, mandible, long bones and ribs. Cranial nerve 
compression, particularly of the optic and auditory nerves may 
occur.

Craniometaphyseal dysplasia
Craniometaphyseal dysplasia (CMDD) (#123000), caused by 
mutations in the ANKH gene (*605145) which is responsible for 
transporting pyrophosphate from the intracellular to extracellu-
lar space in osteoclasts, is a condition that particularly affects the 
craniofacial bones. Widening of the bridge of the nose (with the 
development of leonine facies) may result in cranial nerve com-
pression. Increases in pyrophosphate concentrations inhibit bone 
resorption leading to bone overgrowth.

Several other conditions associated with mutations within the 
TNFRSF11B (RANKL) gene or of the genes which regulate 
RANKL, such as sequestosome 1 (*601530) and TGFβ1 (*190180) 
have been shown to be responsible for other rare conditions 
such as familial expansile osteolysis (FEO) (#174810), expansile 
skeletal hyperphosphatasia, Paget disease of bone (PDB) 
(#602080) and Camurati–Engelmann disease (CED) (#131300) 
[111].

Disorders of phosphate metabolism
It has become clear over the past few years that the key to the 
control of phosphate metabolism is FGF23 and much work has 
been done to elucidate the mechanisms by which the conditions 
associated with altered phosphate metabolism arise (Table 16.9). 
They can be divided into those in which FGF23 is raised and those 
in which it is too low. Plasma phosphate is usually low in those 
with raised FGF23 and vice versa. There is also a group of condi-
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Table 16.9 Conditions associated with disorders of phosphate metabolism and soft tissue calcifi cation.

Condition OMIM Location Gene Gene product OMIM Inheritance Clinical features

Hypophosphatemia
X-linked dominant 

hypophosphatemic rickets
#307800 Xp22.2-p22.1 PHEX Phosphate regulating gene with 

homologies to endopeptidases
*300550 XLD Hypophosphatemic, vitamin D resistant rickets

Autosomal dominant 
hypophosphatemic rickets

#193100 12p13.3 FGF23 Fibroblast growth factor 23 *605380 AD Hypophosphatemic, vitamin D resistant rickets

Autosomal recessive 
hypophosphatemic rickets

#241520 4q21 DMP1 Dentin matrix protein 1 *600980 AR Hypophosphatemic, vitamin D resistant rickets

Hereditary hypophosphatemic 
rickets with hypercalciuria

#241530 9q34 SLC34A3 Sodium/phosphate co-transporter *609826 AR Hypophosphatemic, vitamin D resistant rickets with hypercalciuria

X-linked recessive 
hypophosphatemic rickets

#300554 Xp11.22 CLCN5 Chloride channel 5 *300008 XLR Hypophosphatemic rickets +/– nephrocalcinosis

McCune–Albright syndrome #174800 20q13.2 GNAS1 G-protein α subunit +139320 Somatic 
mutation

Polyostotic fi brous dysplasia

Tumor induced osteomalacia 4q21.1 MEPE Matrix extracellular phosphoprotein *605912 Sporadic Tumor induced osteomalacia
12p13.3 FGF23 Fibroblast growth factor 23 *605380 Sporadic Tumor induced osteomalacia

Hyperphosphatemia
Hyperphosphatemic familial 

tumoral calcinosis
#211900 2q24-q31 GALNT3 UDP-n-acetyl-α-d-galactosamine:

polypeptide n-
acetylgalactosaminyltransferase 3

*601756 AR Progressive deposition of basic calcium crystals in periarticular 
spaces and soft tissues

#211900 12p13.3 FGF23 Fibroblast growth factor 23 *605380 AR
#211900 13q12 KL Klotho +604824 AR

Hyperostosis-
hyperphosphatemia 
syndrome

#610233 2q24-q31 GALNT3 UDP-n-acetyl-α-d-galactosamine:
polypeptide n-
acetylgalactosaminyltransferase 3

*601756 AR Recurrent, transient, painful swellings of the long bones, periosteal 
reaction, cortical hyperostosis. Bone but not skin involvement

Other soft tissue calcifi cation disorders
Normophosphatemic familial 

tumoral calcinosis
#610455 7q21 SAMD9 Sterile alfa motif domain-containing 

protein 9
*610456 AR As above but with normal plasma phosphate

Progressive osseous 
heteroplasia

#166350 20q13.2 GNAS1 Gsα subunit +139320 AD Osteoma cutis. Variable severity. May be a feature of Albright 
hereditary osteodytrophy

Fibrodysplasia ossifi cans 
progressiva

#135100 2q23-q24 ACVR1 Activin A receptor 1 *102576 AD Progressive life-threatening ectopic ossifi cation. Uniphalangic great 
toes. Mild mental retardation

Generalized arterial 
calcifi cation of infancy

#208000 6q22-q23 ENPP1 Ectonucleotide pyrophosphatase/
phosphodiesterase 1

*173335 AR Progressive arterial calcifi cation. Often early death from coronary 
artery occlusion

Williams–Beuren syndrome #194050 7q11.23, 
7q11.23

ELN
LIMK1

Elastin
LIM-kinase

*130160 AD/sporadic Infantile hypercalcemia, failure to thrive, subvalvar aortic stenosis, 
peripheral pulmonary stenosis, aortic calcifi cation

Table of disorders associated with abnormalities of phosphate metabolism. The table also includes those conditions characterized by soft tissue calcifi cation in which plasma phosphate is normal. OMIM numbers in 
columns 2 and 6 relate to the disorders and the genes respectively and refer to the Online Mendelian Inheritance in Man code numbers (http://www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM).
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tions in which plasma phosphate is normal but which cause soft 
tissue calcifi cation.

Hypophosphatemic rickets
X-linked dominant hypophosphatemic rickets
X-linked dominant hypophosphatemic (vitamin D resistant) 
rickets (XLH) (#307800), caused by mutations in the phosphate-
regulating endopeptidase gene (PHEX)  (*300550) located on the 
X chromosome, is the most common form of hypophosphatemic 
rickets. Affected individuals usually present within the fi rst or 
second year of life with bowed legs and clinical signs of rickets. 
There may be a family history. Boys are more severely affected 
than girls because of the absence of a normal allele on the second 
X chromosome. The phenotype in females is variable and not 
necessarily consistent within families so that maternal carriers 
may be unaware that they have it until tested following diagnosis 
in a child.

The signs of rickets are similar to those of vitamin D-related 
rickets although often without the muscle weakness and pain. 
Radiological signs of rickets differ from those of vitamin D-
related rickets in showing rather coarser trabeculation which 
may suggest the diagnosis. Growth may also be impaired. Diag-
nosis is made by demonstrating a raised urinary phosphate 
excretion and low plasma phosphate. Plasma calcium is normal 
in the untreated state and alkaline phosphatase and FGF23 are 
raised.

Treatment consists of a combination of oral phosphate 
supplements together with alfacalcidol or calcitriol to counter-
act the suppressive effect of FGF23 on 1α-hydroxylase activity 
and to prevent hypocalcemia. Unfortunately, because urinary 
excretion is so rapid, the phosphate supplements need to be 
given four or fi ve times a day if adequate concentrations are 
to be maintained. The dose of phosphate is often limited by 
diarrhea. Getting the balance right between these two treat-
ments and preventing hypocalcemia while healing the rickets 
can be diffi cult. Growth hormone has also been used with 
some effect to try to improve growth and it may have a tem-
porary benefi cial effect on phosphate excretion [112,113]. 
Monitoring of treatment requires regular measurements of 
calcium, phosphate and alkaline phosphatase in plasma. Meas-
urements of FGF23 have yet to be fully evaluated. Repeat X-
rays may help to show healing of the rickets but it is important 
to understand that, unlike vitamin D-related rickets, the bone 
never returns to normal and biopsy evidence of osteomalacia 
persists, however effective the treatment. Orthopedic interven-
tion may be required.

Autosomal dominant hypophosphatemic rickets
Autosomal dominant hypophosphatemic rickets (ADHR) 
(#193100) caused by mutations in the FGF23 gene (#241520) is 
clinically and biochemically similar to that of XLH, although the 
onset may not be until a later age. The mutations are thought to 
prevent the natural cleavage of the molecule which thus main-
tains higher than normal concentrations of FGF23. It is rarer than 

XLH but treatment is similar. The hypophosphatemia occasion-
ally resolves with age.

Autosomal recessive hypophosphatemic rickets
Autosomal recessive hypophosphatemic rickets (ARHR) 
(#241520) is clinically and biochemically similar to XLH and 
ADHR but caused by mutations in the DMP1 gene (*600980). 
DMP1 is secreted by osteocytes and normally provides a restrain-
ing infl uence on FGF23 secretion. FGF23 is therefore elevated in 
this condition. Treatment is the same as that for XLH and 
ADHR.

Hereditary hypophosphatemia with hypercalciuria
Hereditary hypophosphatemia with hypercalciuria (HHRH) 
(#241530), unlike XLH, ADHR and ARHR, is not related to 
abnormalities in FGF23. It is an autosomal recessive condition 
caused by a defect in the sodium–phosphate co-transporter of the 
renal tubule (*609826) which results directly in increased phos-
phate excretion, although heterozygous carriers show some inter-
mediate effects on calcium and phosphate transport between 
homozygotes and normal individuals. As a consequence, FGF23 
concentrations are low and 1,25(OH)2D concentrations are 
appropriately raised as a result of the hypophosphatemia and 
the lack of inhibition by FGF23. Urinary calcium excretion is 
therefore elevated with the subsequent risk of nephrocalcinosis. 
Treatment consists of phosphate supplements alone. These 
usually correct the biochemical abnormalities, apart from the 
low renal phosphate threshold. Vitamin D analogs should not be 
used because of the tendency to increase urinary calcium 
excretion.

Fanconi syndrome
Fanconi syndrome, a generic term for a number of proximal renal 
tubular disorders that, in its full manifestation, consists of bicar-
bonaturia, glycosuria, aminoaciduria and phosphaturia [114], 
has a wide variety of acquired and genetic causes, the most 
common of which is cystinosis. Rickets may be the fi rst manifes-
tation but chronic renal failure may supervene without appropri-
ate treatment. Specifi c treatment of the rickets consists of 
correcting the acidosis (which may require large quantities of 
bicarbonate) and reversing the hypophosphatemia.

Polyostotic fi brous dysplasia and McCune–Albright 
syndrome
Polyostotic fi brous dysplasia (PFD) and McCune–Albright syn-
drome (MAS) (#174800) are caused by mosaicism for activating 
somatic mutations in the GNAS1 gene (+139320). Fibrous dys-
plastic lesions can occur in any bone and may be limited or 
widespread. Apart from the fact that fractures may occur through 
the dysplastic lesions, they may also cause hypophosphatemic 
rickets and osteomalacia because of increased concentrations of 
FGF23. The mechanism by which this occurs is not understood 
but is probably dependent on how widespread the lesions are and 
it is likely that a humoral factor is responsible.
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Bisphosphonates are sometimes used as specifi c treatment for 
PFD, particularly for the accompanying bone pain [115]. The 
bone lesions do not return to normal but pain relief is sometimes 
considerable. Because there is no specifi c abnormality of the oth-
erwise normal bone, treatment is aimed at symptom relief rather 
than being given regularly. If hypophosphatemia is present before 
treatment, oral phosphate supplements should be given to prevent 
worsening hypophosphatemia causing acute cardiovascular 
disturbances.

Tumor-induced osteomalacia
Occasionally, tumors are associated with rickets and osteomalacia 
that is hypophosphatemic in nature. The tumors are usually of 
mesenchymal origin. The precise mechanism is not clear but 
probably results from the production of humoral factors such as 
MEPE by the tumor. The condition is best treated by tumor 
removal.

Phakomatosis pigmentokeratotica and Schimmelpenning–
Feuerstein–Mims syndrome
Several epidermal nevus syndromes, such as phakomatosis pig-
mentokeratotica and Schimmelpenning–Feuerstein–Mims syn-
drome (%163200), have been reported to be associated with 
hypophosphatemic rickets [116–118]. The mechanism is uncer-
tain but thought to be similar to that of TIO and FGF23 concen-
trations are raised. Effective removal of the nevi is suffi cient to 
cure the osteomalacia.

Soft tissue calcifi cation disorders
Hyperphosphatemic familial tumoral calcinosis
Hyperphosphatemic familial tumoral calcinosis (HFTC) 
(#211900) is an autosomal recessive condition characterized by 
progressive deposition of painful calcifi c nodules in periarticular 
spaces and soft tissues, including the skin. The nodules consist of 
calcium phosphate and should be distinguished from extraskele-
tal ossifi cation. The underlying biochemical defect is hyperphos-
phatemia secondary to inactive or ineffective FGF23 and can be 
caused by inactivating mutations of the FGF23 gene itself 
(*605380), by mutations in the GALNT3 gene (*601756), which 
prevents FGF23 from being processed properly, or by mutations 
in the Klotho gene (+604824) which prevent FGFR1 from being 
able to act as a suitable receptor for FGF23 (Fig. 16.5). As a con-
sequence, tubular reabsorption of phosphate is increased and 
calcium phosphate deposition occurs. Angioid streaks in the 
retina, similar to those of pseudoxanthoma elasticum (#264800), 
are also usually present.

Treatment is diffi cult but some success has been achieved with 
a low phosphate diet and phosphate binding agents such as alu-
minum hydroxide. The newer phosphate binding agent, sevela-
mer, should also be effective without running the risk of 
aluminum toxicity.

Hyperostosis-hyperphosphatemia syndrome
Hyperostosis-hyperphosphatemia syndrome (HHS) (#610233) 
overlaps HFTC and is also caused by mutations in the GALNT3 

gene but it is characterized by recurrent transient episodes of 
swelling and pain in long bones which are accompanied by radio-
logical evidence of periosteal reactions. Skin and other soft tissues 
are not involved in the same way as in HFTC.

Other causes of soft tissue calcifi cation
Normophosphatemic familial tumoral calcinosis
Normophosphatemic familial tumoral calcinosis (NFTC) 
(#610455) is similar to HFTC but not accompanied by hyper-
phosphatemia. It is caused by inactivating mutations in the 
SAMD9 gene (*610456) that is involved in fi bromatous tumor 
suppression.

Progressive osseous heteroplasia
Progressive osseous heteroplasia (POF) (#166350) is caused by 
heterozygous paternally inherited inactivating mutations of the 
GNAS1 gene (+139320). In contrast to HFTC and HHS, the 
lesions in this condition consist of bony spicules that contain 
normal membranous bone structures. Osteoma cutis (hard 
swellings in the skin) occur initially, often in young children 
and later become ossifi ed and visualized radiologically. There is 
clearly some overlap between this condition and Albright 
hereditary osteodystrophy (#103580) in which heterotopic ossi-
fi cation can also occur and which is caused by similar 
mutations.

Fibrodysplasia ossifi cans progressiva
Fibrodysplasia ossifi cans progressiva (FOP) (#135100) is an auto-
somal dominant condition in which progressive extraskeletal 
ossifi cation begins at a variable age from childhood to late adult-
hood but on average by 5 years. It is caused by mutations in the 
Type 1 activin A receptor gene (ACVR1) (*102576). The activins 
are mainly involved in the control of gonadotropin secretion but, 
being part of the TGFβ superfamily, also have an infl uence on 
ossifi cation by osteoblasts. Progressive ossifi cation occurs in a 
characteristic way from head to foot, back to front, trunk to limbs 
and proximal to distal and results in increasing disability. It is 
associated with abnormalities of the great toes, which may be 
uniphalangeal.

Drugs used in the treatment of disorders of 
calcium and bone metabolism

Vitamin D
The normal requirement for vitamin D in individuals not exposed 
to adequate sunshine is 200–400 units/day (5–10  μg/day). 
Vitamin D is the treatment of choice for vitamin D defi ciency 
given either as cholecalciferol or ergocalciferol. The former is 
probably more effective but there is little to choose between them. 
In the presence of defi ciency, it can be given as a daily supplement 
(1500–10 000 units/day depending on age) for a total of 3 months 
in the fi rst instance. If there are concerns about compliance or if 
there is a problem of malabsorption, larger single doses can be 
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given, a regimen known as stosstherapy [119], in divided doses 
orally during one day or as a single intramuscular dose (150 000–
600 000 units) every 3 months, depending on age. Many prepara-
tions containing either vitamin D in combination with calcium 
or as a multivitamin formula are available.

Vitamin D metabolites
1,25-dihydroxycolecalciferol (calcitriol)
1,25-dihydroxycolecalciferol (calcitriol) is the fully active metab-
olite of vitamin D. Because it does not need to be metabolized 
before becoming active, it has a half-life of only 5–6  h and there-
fore needs to be given at least twice and preferably three times 
daily. Its principal value is in situations where 25-hydroxylation 
of vitamin D is impaired, such as in chronic liver disease and in 
bone disease of prematurity, especially where there is coexistent 
hepatitis. In countries where alfacalcidol is not available, calcitriol 
15–30  ng/kg/day is usually used.

1a-hydroxycolecalciferol (alfacalcidol)
1α-hydroxycolecalciferol (alfacalcidol) is vitamin D3 that has 
been hydroxylated in the 1-position but not in the 25-position. It 
is active orally but, once absorbed, has to be converted to 
1,25(OH)2D3 in the liver. It has a half-life of around 30–35  h 
which make it ideal to be given daily. It is the treatment of 
choice in hypoparathyroidism, hypophosphatemic rickets, 1α-
hydroxylase defi ciency rickets and chronic renal failure, although 
vitamin D defi ciency as a cause of raised PTH in the latter must 
be excluded and treated fi rst [72]. The usual dose requirement is 
30–50  ng/kg/day and treatment must be monitored regularly to 
make sure that hypercalcemia and/or hypercalciuria do not 
supervene. Higher doses may be needed initially until plasma 
calcium concentrations are stabilized. In hypoparathyroidism 
plasma calcium concentrations may need to be maintained at the 
lower end of the normal range or even lower, as long as the patient 
remains asymptomatic, particularly when activating mutations 
of the CaSR (ADH) are responsible, in order to prevent 
hypercalciuria.

Unfortunately, alfacalcidol is not available in some countries, 
including the USA, and calcitriol is usually used instead. 1α-
hydroxyergocalciferol (Hectorol®) is available in the USA and 
licensed for use in chronic renal failure. It has half to two-thirds 
of the potency of alfacalcidol.

Paricalcitol (Zemplar®)
This is 19-nor calcitriol and has a preferential effect on the VDR 
in the kidney and less effect in the gut. It is sometimes used 
instead of alfacalcidol or calcitriol in chronic renal disease for this 
reason.

Teriparatide (Forsteo®)
This is synthetic PTH 1–34 available for the treatment of post-
menopausal osteoporosis and hypoparathyroidism in adults. It is 
not licensed for treatment in children and there are few short-
term studies of its use in pediatric patients with hypoparathyroid-

ism. It is effective in raising plasma calcium concentrations and 
may have a specifi c benefi t in patients in whom hypercalciuria 
and nephrocalcinosis is a particular problem, such as in ADH 
[32]. There are no long-term safety studies in children and the 
manufacturers have raised concerns about the possibility of 
developing osteosarcomas with long-term treatment because of 
similar problems in rats given high doses.

The bisphosphonates
These are analogs of pyrophosphate in which the central oxygen 
atom is replaced with carbon, the tetravalent nature of which 
allows the addition of extra residues on the spare side-chains, 
designated R1 and R2. In most bisphosphonates, R1 is an hydroxyl 
group that allows it to bind with pyrophosphate. The variety of 
the R2 residues determines the properties of the bisphosphonates 
and much work has been devoted to developing products that 
have a differential effect on bone accretion and resorption. 
The fi rst generation of bisphosphonates (e.g. etidronate and clo-
dronate) showed some of this differential but care has to be 
exercised in ensuring that they do not cause a mineralization 
defect and the later generations of drugs are not only much 
more potent (zoledronate is 10 000 times more potent than eti-
dronate) but also have a greater effect on osteoclasts than on 
osteoblasts.

First generation bisphosphonates act by forming acyclic 
analogs of ATP which are cytotoxic and lead to cell apoptosis 
[120,121]. The second to fourth generation bisphosphonates 
contain an amino group and act by inhibiting farnesyl diphos-
phate synthase which inhibits protein prenylation (transfer of 
fatty acid chains) into intracellular proteins that are unable to be 
incorporated normally into cell membranes by the mevalonic 
acid pathway [122]. This disrupts cell function and leads to apop-
tosis. The effect is temporary and, after a few weeks, the osteo-
clasts recover and resume their functions. Each episode of 
treatment can be identifi ed radiologically by the presence of a 
dense band across the metaphyses and, as growth slows, these 
bands become closer together until eventually they fuse.

The most frequently used bisphosphonate in children is pami-
dronate which reduces bone pain and fracture frequency and 
increases bone strength and density [123]. Pamidronate has 
become standard for children with moderate to severe OI. It is 
usually given by intravenous infusion in a regimen of 1  mg/kg/
day for 3 days every 3–4 months. Trials of the newer bisphospho-
nate zoledronate have been undertaken and the results are 
awaited. Bisphosphonates can be given orally but are poorly 
absorbed because of their highly polar nature. They should be 
given at least 2  h before or after food. Trials of oral alendronate 
or olpadronate have proved disappointing and the most potent, 
risedronate, is still under investigation.

The indications for the use of bisphosphonates in children 
are:
• Generalized osteoporotic conditions, such as OI and OPG, as 
well as the secondary osteoporoses if symptomatic (e.g. back pain, 
crush fractures).
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• Hypercalcemic conditions such as that caused by immobiliza-
tion, malignancy or hyperparathyroidism. These patients are 
usually sensitive to treatment and may respond successfully to as 
little as a single dose of 0.5  mg/kg.
• Soft tissue calcifi cation. There are no large series reporting the 
effects of bisphosphonates in these conditions but several case 
reports have demonstrated their value in a variety of conditions 
including dermatomyositis, fi brodysplasia ossifi cans progressiva, 
scleroderma and infantile arterial calcifi cation.
• Miscellaneous conditions, particularly polyostotic fi brous dys-
plasia. The effects here are principally to reduce pain and the 
treatment has little effect on the bone lesions. Because the aim is 
not principally to increase bone density, treatment is usually 
given when the patient’s symptoms demand it rather than on a 
regular basis.

Bisphosphonates are accompanied by a number of side effects:
• Acute phase reaction. This effect only occurs with the amino-
bisphosphonates and is accompanied by fever, aches and pains 
and sometimes vomiting. They respond to simple analgesics and 
antipyretics. These usually only occur during the fi rst cycle of 
treatment and subsequent cycles do not usually cause problems.
• Hypocalcemia and hypophosphatemia occur to a certain extent 
but do not usually cause problems unless exaggerated by the 
presence of vitamin D defi ciency. Patients should always be 
screened for this and, if necessary, treated before initiation of 
bisphosphonates.
• Increased risk of fractures. If treatment of conditions such as 
OI is commenced, it should continue at least until growth has 
ceased since there appears to be an increase in fracture risk at the 
junction of treated and untreated bone [124].
• Esophagitis. Some of the oral bisphosphonates, particularly 
alendronate and olpadronate, are reported to cause some esopha-
gitis. This seems to be less of a problem in children than in adults 
and less so with risedronate.
• Osteonecrosis of the jaw has been reported in adults but there 
are no reports of its occurrence in children.
• Osteopetrosis and undertubulation. There is one report of a 
child treated for non-specifi c bone pain with pamidronate at 
monthly intervals [125]. He developed dense bones, similar to 
those seen in osteopetrosis and undertubulation which results 
from failure of remodeling of the long bones. All known causes 
of osteopetrosis were excluded. The bone abnormalities persisted 
even after treatment had been stopped for 18 months.
• Iritis has been reported following treatment with both oral rise-
dronate and intravenous pamidronate. This appears to be less of a 
problem in children than in adults but, in the event of eye prob-
lems developing, early referral to an ophthalmologist is advised.

Treatment with bisphosphonates should be undertaken only 
in centers where there is expertise in their use.

Calcitonin
This is occasionally used for its hypocalcemic effects when severe 
hypocalcemia has not responded to forced diuresis, etc. Its use has 
now been largely supplanted by bisphosphonates.

Phosphate supplements
These form part of the treatment of hypophosphatemic condi-
tions, especially hypophosphatemic rickets. Phosphate is rapidly 
absorbed from the gastrointestinal tract and is also rapidly 
excreted, especially when TRP is low. Unfortunately, there are 
no slow-release preparations of phosphate available so it has to 
be given up to four or fi ve times daily to maintain adequate con-
centrations. It is often diffi cult to achieve this because of prob-
lems of compliance both because of the taste and frequency of 
administration. Diarrhea may limit the total dose that can be 
given.

Phosphate binders
These are most useful in chronic kidney disease (CKD) when a 
reduced GFR limits phosphate excretion. Aluminum hydroxide 
has now been largely supplanted by calcium carbonate (Tetralac®) 
and sevelamer (Renagel®). While calcium carbonate is effective 
at reducing plasma phosphate, it has been associated with the 
development of adynamic bone. Sevelamer is not absorbed by 
the gut and does not have this problem. Sevelamer may also be 
useful in situations where soft tissue calcifi cation arises as a result 
of hyperphosphatemia but there are no reports of its use in this 
situation.

Cinacalcet (Mimpara®)
Cinacalet acts by increasing the sensitivity of the parathyroids to 
plasma calcium. It thus shifts the CaSR–PTH curve to the left 
(Fig. 16.2). It has been developed principally for the treatment of 
secondary hyperparathyroidism in CKD but there are also reports 
of its successful use in familial benign hypercalcemia (FBH) 
[126,127]. It is not clear if it is effective in homozygous forms of 
this condition. It is effective orally but requires twice daily 
administration.

Magnesium supplements
These may be required in large quantities in hypomagnesemic 
states, particularly where the hypomagnesemia causes secondary 
hypoparathyroidism. Magnesium sulfate is likely to cause diar-
rhea if used in large quantities. Magnesium glycerophosphate 
causes fewer such side effects. Magnesium sulfate can be given 
intramuscularly. A 50% solution contains 2  mmol/mL (46  mg/
mL) and the dose may be repeated as required to maintain con-
centrations >0.7  mmol/L (1.6  mg/dL). It may also be given intra-
venously but must be given with caution as it causes intense 
vasodilatation if given too quickly.
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17 Endocrine Neoplasia in Childhood

Joanne C. Blair
Alder Hey Children’s NHS Foundation Trust, Liverpool, UK

Endocrine neoplasia is rare in childhood and its management 
is challenging. Children typically present with clinical features 
of hormone excess or enlargement of an endocrine gland but 
optimal management often requires collaboration between a 
large number of professionals, including oncologists, specialist 
surgeons, geneticists, clinical biochemists, pathologists, radio-
therapists and anesthetists.

Endocrine tumors present more commonly in adult life and 
collaboration with adult endocrinologists can be invaluable. 
Many children require lifelong endocrine therapies or surveil-
lance for recurrent or associated disease and from diagnosis close 
collaboration with specialists in adult practice facilitates seamless 
transition into adult medical services.

The rarity of these tumors is refl ected in a lack of knowledge 
of the natural history of some of these conditions and a paucity 
of evidence informing the management of children with advanced 
or relapsed disease. National and international collaborations 
seek to address these defi ciencies by establishing disease registries 
and delivering rigorous clinical trials.

Endocrine neoplasia often occurs in the context of constitutional 
genetic abnormalities, which may be associated with an increased 
lifetime risk of malignant disease of a number of endocrine or non-
endocrine organs. Cross-sectional and prospective studies of large 
cohorts of patients have informed surveillance programs and pro-
phylactic therapy. Such advances in the care of patients and families 
with inherited endocrine neoplasia have improved the morbidity 
and mortality in some of these conditions.

Tumors of the adrenal gland

Adrenocortical tumors
Adrenocortical tumors (ACT) occur with a worldwide incidence 
of 0.2–0.3 cases per million with a marked geographical variation: 

children in Brazil are affected 10–15 times more commonly that 
those in North America. Approximately 90% of ACT are malig-
nant and they account for 0.2% of all pediatric solid malignan-
cies. There is a bimodal age distribution in the fi rst and fourth 
decades of life and most children present before the age of 5 years. 
Girls are affected more commonly than boys and female pre-
dominance increases from early childhood, when the female : male 
ratio is 1.5 : 1, to 6 : 1 during adolescence [1].

Childhood ACT is usually associated with constitutional 
genetic abnormalities. Fifty percent of children have Li–Fraumeni 
syndrome, a dominantly inherited condition that results from 
mutations of the p53 gene. A number of other malignancies occur 
with increased frequency in early adult life, including sarcomas, 
brain tumors, breast and lung cancers. Childhood ACT may be 
the fi rst presentation of Li–Fraumeni syndrome in a family.

The p53 gene is a tumor suppressor gene located on chromo-
some 17p13.1. It encodes a 53-kDa transcription factor which 
responds to diverse cellular stresses to regulate cell cycle arrest, 
apoptosis, senescence, DNA repair or changes in metabolism. 
Regulation of apoptosis by p53 is also induced through non-
transcriptional cytoplasmic processes. In unstressed cells, p53 is 
kept inactive. Loss of heterozygosity of p53 has been widely docu-
mented in ACT tumor cells with deletion of the wild-type allele 
and accumulation of the mutant p53 protein within the cell 
nuclei.

Atypical p53 germline mutations are found in 80% of children 
with sporadic ACT. The cancer family history of these patients 
may be unremarkable because p53 mutations have low pene-
trance and are likely to be tissue-specifi c. Nevertheless, the cancer 
risk for carriers of p53 mutations is increased and the presence 
of a p53 mutation of any type greatly increases the risk of child-
hood ACT. Genetic counseling and testing should be considered 
for all families of children with ACT. Germline mutations of p53 
do not appear to be associated with ACT in older children and 
young adults.

The prevalence of ACT is increased in a number of other 
genetic conditions. Beckwith–Wiedemann syndrome occurs with 
a prevalence of 1 in 13 700. The mode of inheritance is complex. 
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Possible patterns include autosomal dominant inheritance with 
variable expressivity, genomic imprinting resulting from a defec-
tive or absent copy of the maternally derived gene and contiguous 
gene duplication at 11p15. The cardinal features are exomphalos, 
midline abdominal wall defects, macroglossia, neonatal hyperin-
sulinemia and macrosomia. Ear pits and ear creases are also com-
monly observed. Patients are at increased risk of malignant and 
benign tumors including Wilms tumor, ACT, hepatoblastoma, 
neuroblastoma and rhabdomyosarcoma. Patients with appar-
ently dominantly inherited disease have genetic alternations in 
the region 11p15.5 and duplication of this region may confer an 
increased risk of ACT.

Isolated hemihypertrophy is a term applied to patients with 
asymmetric overgrowth of single or multiple organs or regions 
of the body. Approximately 1 in 86 000 live born infants are 
affected and a female preponderance is observed. A number of 
tumors occur with increased frequency, including ACT, hepatob-
lastoma, Wilms tumor and neuroblastoma. In one study of nine 
affected children, two developed ACT [2].

Carney complex is a dominantly inherited condition charac-
terized by pigmented lesions of the skin and mucosae and cardiac, 
endocrine, cutaneous and neural myxomatous tumors. At least 
two genetic loci have been associated with Carney complex: type 
1 is caused by mutation in the protein kinase A regulatory 
subunit-1α gene on chromosome 17q and type 2 has been 
mapped to chromosome 2p16. Twenty fi ve percent of patients 
with Carney complex develop Cushing syndrome due to primary 
pigmented nodular adrenocortical disease. Papillary and follicu-
lar thyroid carcinomas, benign thyroid adenomas and large-cell 
calcifying Sertoli cell tumor have also been reported to occur with 
increased frequency.

ACT are described in patients with congenital adrenal 
hyperplasia. Adrenal carcinomas, adenomas, myelolipomas and 
hemangioma have all been reported. The reasons for this associa-
tion are unknown but tumorigenesis is likely to be related to 
chronic stimulation of the adrenal gland by elevated concentra-
tions of ACTH.

Multiple endocrine neoplasia type 1 (MEN1) is discussed in 
detail below. Approximately 35% of adult patients have 
adrenal nodules of which the majority are benign and non-
functional. Benign cortisol secreting tumors, pheochromo-
cytoma and adrenocortical carcinomas have also been 
reported.

Diagnosis
Clinical features
Ninety percent of ACT affecting young children are functional 
and the majority of children present with clinical features of 
androgen excess: accelerated growth and skeletal maturity, acne, 
pubic hair growth, growth of the penis in boys and cliteromegaly 
in girls. Estrogen secretion occurs very rarely and induces acceler-
ated growth and skeletal maturity, breast development and, in 
girls, vaginal bleeding. Approximately 40% of patients are hyper-
tensive at diagnosis because of glucocorticoid or mineralocorti-

coid excess or compression of the renal artery [1]. A minority of 
patients present with hypertensive seizures. Glucocorticoid excess 
results in the clinical characteristics of Cushing syndrome in a 
minority of patients. Older patients are more likely to have non-
functioning tumors and present more commonly with abdominal 
pain and weight loss.

Biochemical evaluation
The endocrine profi le of the tumor should be defi ned at diagnosis 
by measurement of serum cortisol, dihydroepiandrosterone 
sulfate (DHEAS), testosterone androstendione, 17 hydroxypro-
gesterone, estradiol, renin, aldosterone and 11 deoxycortisol. 
Congenital adrenal hyperplasia and exaggerated adrenarche can 
be excluded on 24-h urinary steroid profi le. Non-functioning 
ACT can be distinguished from pheochromocytoma and neuro-
blastoma by analysis of 24-h urinary catecholamines or 
metanephrines.

Blood glucose and electrolytes should also be monitored as 
hyperglycemia and hypokalemia are found commonly in children 
with functional tumors.

Diagnostic imaging
The use of radiation should be used sparingly for the diagnosis 
and surveillance of children with ACT given the high prevalence 
of p53 gene mutations and known risk of secondary 
malignancies.

Ultrasound is the examination of fi rst choice for the defi nition 
of tumor location, dimensions and characteristics. Large tumors 
often have a stellate appearance due to hemorrhage, necrosis and 
fi brosis. Calcifi cation is common. Tumor thrombus occurs in 
20% of patients and can be visualized in the inferior vena cava 
on ultrasound examination. Extension into the right atrium is not 
uncommon.

Detailed scanning by magnetic resonance imaging (MRI) or 
computerized tomography (CT) is essential for surgical planning, 
in particular to gain further information regarding tumor inva-
sion of adjacent structures. The MRI appearances of ACT are 
illustrated in Fig. 17.1. The liver should also be examined for 
evidence of metastatic spread. Tumors should never be biopsied 
because of the risk of tumor spillage.

The presence of lung metastases should be investigated by CT 
of the chest. Metastases to bone and brain are also common and 
require specifi c imaging.

Imaging with fl uorine18-labeled fl uorodeoxyglucose positron 
emission tomography (FDG-PET) is being used increasingly for 
the diagnosis and staging of a number of malignancies. FDG is a 
glucose analog that enters cells in the same manner as glucose but 
is trapped within the cell after phosphorylation and is not 
metabolized further, so intracellular FDG refl ects intracellular 
glucose metabolism and is markedly increased in a variety of 
tumor cells. The identifi cation of local recurrence can be diffi cult 
by conventional CT and MRI and in this scenario FDG-PET is a 
particularly valuable investigation that also identifi es distant 
metastases.
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These observations warn us that the set of criteria established 
for differentiation of adult ACT tumors cannot be directly applied 
to the pediatric population. Although early DNA studies sug-
gested that cytofl uorometric analysis of DNA content could be 
an effective predictor of clinical outcome when histomorphologi-
cal features are ambiguous, cortical adenomas may be aneuploid 
and carcinomas diploid, indicating that ploidy is not a reliable 
discriminatory feature between adenomas and carcinomas.

Management
Preoperative medical management
Hypertension is common at diagnosis and may be diffi cult to 
treat. Specifi c therapies that block one or more enzymatic steps 
of steroid biosynthesis may be more successful than conventional 
therapies. Such medications include metyrapone, ketoconazole 
or mitotane but all have a delayed onset of action. Spironolac-
tone, an aldosterone antagonist, has a more rapid effect and may 
be required in large doses in children with severe or refractory 
hypertension. Hyperglycemia and electrolyte abnormalities 
should also be corrected.

Surgery
Surgery should aim for complete en bloc tumor resection and this 
may include adjacent kidney, portions of the pancreas and liver 
and other adjacent structures. Patients in whom there is residual 
disease have a much poorer prognosis than those in whom surgi-
cal resection is complete.

In 20% of patients, the inferior vena cava is infi ltrated with 
tumor thrombus making radical surgery diffi cult. For this reason, 
the inferior vena cava should be palpated and thrombus removed 
before tumor resection is attempted. In extensive disease, a com-
bined thoracic and abdominal approach may be required.

Large tumors often show local recurrence and modifi ed lymph 
node dissection of the ipsilateral nodes is recommended from the 
renal vein to the bifurcation of the common iliac vessel. If the 
contralateral nodes are enlarged, these should also be dissected.

Postoperative medical management
All patients with glucocorticoid secreting tumors experience 
adrenal insuffi ciency in the postoperative period because of 
adrenocorticotropic hormone (ACTH) suppression. Replace-
ment therapy with hydrocortisone at stress concentrations is 
required and gradually weaned until there is recovery of the 
hypothalamo-adrenal-pituitary axis which may take many 
months or even years. Patients with bilateral disease have a life-
long need for glucocorticoid and mineralocorticoid replacement 
therapy. Patients who were hypertensive in the preoperative 
period are at risk of profound hypotension following surgery and 
pressor support may be required.

The urinary steroid profi le should be checked during the fi rst 
postoperative week in patients with functional tumors. Hor-
mones typically return to normal within 7 days of complete 
tumor resection. The use of hydrocortisone as a glucocorticoid 
replacement will render urinary cortisol meaningless and, if it is 

Figure 17.1 Magnetic resonance imaging (MRI) appearances of a left-sided 
adrenocortical carcinoma.

Pathology
The distinction between cortical adenomas (benign) and carci-
nomas (malignant) can be very diffi cult. Tumor size and weight 
offer a rough indication of malignant potential in that tumor 
nodules less than 5  cm in diameter and less than 200  g are likely 
to be adenomas (Plates 17.1 & 17.2).

A large number of parameters to distinguish benign and malig-
nant disease have been studied. The presence of necrosis (greater 
than two high-power fi elds in diameter) and broad fi brous bands/
septae were useful discriminatory features, in addition to a diffuse 
pattern of growth, nuclear polychromasia and vascular invasion 
[3].

Tumors with high nuclear grade (>5 mitoses/50 high power 
fi eld), atypical mitoses, diffuse growth pattern, invasion of venous, 
sinusoidal and capsular structures, clear cells comprising <25% 
of the tumors were likely to pursue a malignant course. Tumors 
with less than two of these features never metastasized, whereas 
those with more than four almost invariably recurred or metas-
tasized [4].

Benign cortical tumors in children were signifi cantly more 
likely to have higher mitotic activity, necrosis, broad fi brous 
bands and nuclear polymorphism than adenomas in adults [5].
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anticipated that urinary cortisol will be used as a tumor marker, 
replacement therapy should be with dexamethasone. Serum cor-
tisol measured 12  h following an oral dose of hydrocortisone can 
be used to assess endogenous cortisol production.

Management of advanced and metastatic disease
Second look surgery
Recurrent or metastatic disease should be surgically resected 
wherever possible.

Mitotane therapy
The place of mitotane in the management of ACT is uncertain. 
Up to 30% of patients with advanced disease have an objective 
response; however, this is usually transient and the overall effect 
on survival is unknown [6]. Complete responses have been 
reported in children with advanced or metastatic disease but 
appear to be unusual.

Mitotane in low doses inhibits glucocorticoid biosynthesis and, 
in high doses, it induces cell death in the zona fasciculata. The 
zona glomerulosa is also affected but less severely so. Mitotane 
accelerates the metabolic clearance of glucocorticoids, thyroid 
and parathyroid hormones so glucocorticoid and mineralocorti-
coid replacement therapy is required in all patients and many also 
require thyroid hormone supplementation.

The antitumor effect of mitotane relies on the maintenance of 
high serum concentrations for prolonged periods of time. This is 
only achieved in 50–60% of patients using standard protocols 
because severe side effects limit patient compliance [7]. Gastroin-
testinal side effects include nausea, vomiting and abdominal pain 
but somnolence, lethargy, depression, ataxia and vertigo are 
the most profound effects. Improved tolerability and favorable 
therapeutic results have been reported using low dose mitotane 
regimens and therapeutic concentrations can be achieved with 
gradual increments over 3–5 months [8]. Mitotane in lower doses 
also has a place in palliation of symptoms related to hormone 
excess in the management of children with advanced disease.

Chemotherapy
The effect of chemotherapy on ACT in childhood has been less 
extensively studied. The use of cisplatin alone can induce remis-
sion in up to 25% of patients with advanced disease [9]. Combi-
nation therapy of cisplatin with doxorubicin and cyclophosphamide 
or 5-fl uorouracil increases remission rates to 20–40% [10,11].

The use of mitotane in combination with etoposide-based 
chemotherapy is attractive to reduce the occurrence of multidrug 
resistance and improved remission rates of 63% have been 
reported when mitotane is combined with cisplatin, etoposide 
and doxorubicin [12].

Radiotherapy
In general, ACT are considered radio-resistant. The high preva-
lence of p53 gene mutations in these patients and associated risk 
of secondary malignancies also makes it an unattractive therapy. 
A number of children treated with radiotherapy have been 

reported, in whom secondary sarcoma in the radiation fi eld 
proved fatal.

Staging and prognosis
The staging guidelines for ACT are given in Table 17.1. Prognosis 
is closely related to the stage of the tumor at diagnosis, event-free 
survival at 5 years being 91% for children presenting with stage I 
disease and 53% for those with stage III disease [1]. Very few 
children present with stage II or IV disease but the prognosis is 
extremely poor for these patients.

Data from the International Pediatric Adrenocortical Tumor 
Registry reported that 44.1% of children had stage I disease at 
diagnosis and 31.5% had stage II disease and the mean duration 
of symptoms prior to diagnosis was 5 months [1]. It is important 
to note that 79.5% of children on this registry were from southern 
Brazil, where the high prevalence of the disease is likely to prompt 
early investigation of children presenting with the clinical char-
acteristics of ACT, particularly those from previously affected 
families. In contrast, the mean duration of symptoms before diag-
nosis in a small British cohort was 31 months [13].

Prognosis is more favorable in children who present below the 
age of 3 years, those with tumor weighing less than 200  g and 
isolated virilization at presentation.

Surveillance
Stage I disease
Patients in whom tumor resection is complete and tumor size is 
less than 100  g in weight or 200  mL in volume should enter a 
tumor surveillance program for 5 years.

Stage II–IV disease
Children in whom tumor resection is incomplete, tumor size 
exceeds 100  g in weight or 200  mL in volume and those with 
evidence of metastatic disease should be considered for either 
mitotane or chemotherapy. Those with complete resection of 
large tumors and no biochemical evidence of residual disease may 
be followed closely clinically, with biochemical profi les and 
abdominal imaging for evidence of recurrent or residual disease. 
There are currently no robust clinical trials to inform the selec-
tion of adjuvant therapy.

Table 17.1 Staging of adrenocortical tumors.

Stage I Total excision of tumor; tumor volume <200  cm3 (100  g)
Absence of metastases and normal hormone concentrations 

after surgery
Stage II Microscopic residual tumor, tumor volume >200  cm3 (100  g)

Persistently elevated adrenocortical hormone concentrations 
after surgery

IIA Resected tumors (>200  cm3/100  g) 50% surgically cured
IIB Microscopic residual disease or persistant hormone excess – 

100% progression
Stage III Gross residual or inoperable tumor
Stage IV Distant metastases
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Surveillance and transitional care
Once the child has entered remission they should enter a program 
of tumor surveillance with periodic clinical review, evaluation of 
urinary steroid excretion and imaging.

Patients who have completed 5 years of tumor surveillance 
should continue under the care of the endocrinologist until adult 
life to ensure that growth and puberty progresses normally. Viri-
lized girls with cliteromegaly may be best seen in a multidiscipli-
nary service for children with disorders of sex development to 
enable their psychological, surgical and medical needs to be 
met.

Patients with any of the genetic syndromes discussed above 
require lifelong tumor surveillance to facilitate early tumor diag-
nosis and treatment of associated neoplasms. Planned transition 
from pediatric to adult services is critical if patients are to comply 
with complex and sometimes demanding surveillance programs. 
This is most likely to succeed in a service designed specifi cally to 
meet the needs of families with genetic conditions associated with 
neoplasia. Such services may be complex, drawing on the exper-
tise of health care professionals of many disciplines and delivering 
a range of surveillance programs. Adult oncologists are best 
placed to lead such a service and expert nurses should have a 
central role in family education and coordination of the surveil-
lance program.

Palliative care
A signifi cant number of children with ACT have inoperable 
disease or recurrent disease resistant to current treatment modal-
ities. These children require the care of a pediatric palliative care 
team. Palliation of the symptoms of hormone excess and replace-
ment of hormone defi ciencies is best achieved when the endo-
crinologist works alongside the palliative care team.

Pheochromocytoma and paraganglioma

Pheochromocytoma and paraganglioma are tumors of the sym-
pathetic and parasympathetic paraganglia. Both originate from 
chromaffi n cells derived from the neural crest and are highly 
vascularized, slowly growing tumors. Parasympathetic paragan-

glia are found in the head and neck and are generally non-
functioning. Sympathetic paraganglia arise from the adrenal 
medulla or the sympathetic ganglia and generally secrete 
catecholamines.

The term pheochromocytoma is applied to catecholamine 
secreting paraganglia located within the abdomen or thorax.

The incidence is 1.55–2 per million and 10–20% of tumors 
occur in children and adolescents. Pheochromocytoma are rarely 
malignant in childhood. Anecdotally, pheochromocytoma was 
known as the “10% tumor”: 10% were believed to be malignant, 
10% were extra-adrenal, 10% were bilateral and 10% were 
believed to be hereditary. In fact, about 40% of cases are associ-
ated with a germline mutation in one of fi ve major susceptibility 
genes (Table 17.2) and this fi gure is likely to be higher in 
childhood.

Genotype–phenotype studies have informed surveillance pro-
grams for those at risk of inherited disease. The need to screen 
asymptomatic patients has prompted re-evaluation of established 
diagnostic tests and the development of new biochemical tests 
better suited to surveillance than conventional investigations. 
Such programs should enable the early identifi cation of active 
disease, facilitating safer surgical intervention.

The prognosis for elective surgical management of 
pheochromocytoma is excellent and the perioperative mortality 
is 0–3% for all age groups. In contrast, undiagnosed or ill-
prepared patients experience a perioperative mortality as high 
as 50%.

Inherited pheochromocytoma and 
paraganglioma syndromes
Chronic hypoxia is associated with the development of paragan-
glioma of the carotid body and this observation led to speculation 
that genes involved in oxygen sensing and signaling may be 
important in the etiology of this condition.

Succinate dehydrogenase (SDH) was an attractive candidate 
gene in the search for the genetic cause of hereditary pheochro-
mocytoma. Loss of function of this complex may result in the 
constant signaling of hypoxia within the cell and upregulation of 
hypoxic angiogenic response genes has been associated with 
mutations of the genes encoding SDH [14].

Table 17.2 Genetic syndromes associated with pheochromocytoma.

Syndrome Gene Frequency of 
pheochromocytoma (%)

Frequency of head and 
neck paraganglia (%)

Youngest age at 
presentation (years)

MEN2 RET oncogene 30–50   0  5
von Hippel–Lindau von Hippel–Lindau suppressor gene 15–20   0  5
Neurofi bromatosis-1 Neurofi bromatosis type 1  1–5   0
Paraganglioma syndrome type 1 SDHD 58  79  5
Paraganglioma syndrome type 3 SDHC  0 100 13
Paraganglioma syndrome type 4 SDHB 87  15  5

MEN2, multiple endocrine neoplasia type 2; SDH, succinate dehydrogenase (subunits B, C & D).
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SDH is also known as complex II of the electron transport 
chain. This pathway includes four protein complexes that link the 
Krebs cycle and oxidative phosphorylation, the process by which 
mitochondria generate adenosine triphopshate (ATP). SDH gen-
erates a proton gradient by catalyzing the oxidation of succinate 
to fumarate and thereby transferring its reducing equivalent to 
ubiquinone.

SDH is composed of four subunits: two catalytic subunits A 
and B that are anchored in the inner mitochondrial membrane 
by subunits C and D. Mutations of SDHB, -C and -D have been 
reported in patients and cause paraganglioma syndrome types 4, 
3 and 1, respectively. Mutations of SDHA are associated with 
Leigh syndrome, a necrotizing encephalomyopathy in which cer-
ebrospinal fl uid (CSF) glucose is reduced and lactic acidosis 
occurs intermittently, and a syndrome of optic atrophy, ataxia 
and myopathy.

Patients with mutations of SDHB usually present in early adult 
life. The mean age at diagnosis is 35 years, although children as 
young as 5 years of age have been affected. Eighty-seven percent 
of patients develop a pheochromocytoma, which is most com-
monly extra-adrenal in location. Multiple tumors are common 
and occur in 28% of patients, of which 35% are malignant [15]. 
There are case reports of renal and thyroid carcinoma occurring 
in patients with SDHB mutations but the data are inadequate to 
determine whether this is a true association.

Mutations of the gene encoding SDHC are less common than 
those affecting either SDHB or SDHD. Pheochromocytoma have 
not yet been reported in association with SDHC gene mutations 
and paraganglia appear to be restricted to the head and neck. The 
carotid body is the most common site of disease. The mean age 
at diagnosis is 46 years; the youngest affected patient reported was 
13 years. Multiple lesions occur in 10% of patients but malignant 
disease has not yet been described [16].

Patients carrying mutations of the SDHD gene present at a 
mean age of 40 years and the youngest affected patient was 5 years 
of age [15]. Seventy-nine percent of patients develop paraganglia 
of the head and neck and approximately 50% develop pheochro-
mocytoma, most commonly affecting the adrenal gland. Malig-
nant disease has not yet been reported, although a number of 
cases of thyroid carcinoma have reported in patients with SDHD 
gene mutations.

Von Hippel–Lindau disease
Von Hippel–Lindau (VHL) disease is inherited in an autosomal 
dominant manner. It occurs with an incidence of 1 in 36 000 and 
has a penetrance of 97% by the age of 60 years. Approximately 
20% of patients develop pheochromocytoma and its absence or 
presence classifi es patients as having type 1 or 2, respectively. 
Other features of the disease include retinal angiomas, heman-
gioblastomas of the central nervous system, renal cysts and clear 
cell carcinomas, pancreatic cysts, neuroendocrine pancreatic 
tumors, tumors of the endolymphatic sac and epididymal cysta-
denoma. The classifi cation of VHL can be further refi ned into 2A 

or 2B, the former unaffected by renal cell carcinoma and the 
latter affected.

Mean age at diagnosis of pheochromocytoma in patients with 
VHL is 28 years but children as young as 5 years of age have been 
affected. Patients are more likely to present with multifocal 
disease than those with sporadic pheochromocytoma but 
patients are generally asymptomatic and malignancy is less 
common.

The VHL gene is located on chromosome position 3p25 and 
consists of three exons. More than 200 different mutations have 
been reported, including large deletions, frameshift mutations 
and insertions which result in truncated proteins, nonsense and 
missense mutations. Genotype–phenotype studies report that 
only missense mutations occur in families with pheochromocy-
toma. Two alternative transcripts result from the presence or 
absence of exon 2, resulting in two proteins of 213 and 160 amino 
acids, respectively. The function of these proteins appears to be 
very similar. Like SDH, the VHL protein has an important role 
in the regulation of hypoxia-inducible gene expression. Loss of 
VHL protein function results in upregulation of these genes. The 
VHL protein has also been implicated in the cell cycle regulation 
and mRNA stability.

The VHL gene is a tumor repressor gene and genes on both 
alleles must be inactive before the syndrome manifests. The fi rst 
mutation is inherited but the second is a somatic event that 
usually involves partial or complete gene deletion.

Neurofi bromatosis
Neurofi bromatosis type 1 (NF-1) is the most common inherited 
disease associated with central nervous system tumors and has an 
incidence of 1 in 3000. The estimated prevalence of pheochromo-
cytoma is 0.1–5.7%, although autopsy reports place this fi gure at 
3–13%. Examination fi ndings that should alert the physician to 
the diagnosis include cutaneous, nodular or plexiform neurofi -
bromas, café-au-lait lesions of more than 1.5  cm in diameter, 
Leisch nodules of the iris, auxiliary freckling and macrocephaly. 
Other manifestations include intestinal tumors, malignant 
gliomas and juvenile chronic myeloid leukemia.

The mean age at diagnosis of pheochromocytoma in patients 
with NF-1 is approximately 40 years, although presentation in 
childhood has been reported. In a cohort of 148 individuals with 
NF-1 and pheochromocytoma, 84% of patients had unilateral 
disease, 9.6% bilateral disease and 6.1% ectopic disease. Eleven 
percent of patients had malignant disease [17].

The NF-1 gene is located on chromosome 17q11.2. It spans 
300  kb of genomic DNA and contains 60 exons which encode 
neurofi brimin, a protein that has been shown to regulate 
the Ras and cyclic adenosine monophosphate (cAMP) signaling 
pathways. Mutational analysis of the gene is diffi cult because of 
the gene size, lack of mutational hot spots and high rate of 
new mutations. For these reasons, extensive mutational analysis 
of NF-1 in large cohorts of patients has seldom been undertaken 
and mutations have been described in only about 15% of 
patients.
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Diagnosis
Clinical features
Pheochromocytoma secrete large amounts of catecholamines, 
including epinephrine, norepinephrine, dopamine and various 
peptides, and ectopic hormones, including encephalins, somato-
statin, calcitonin, oxytocin, vasopressin, insulin and adrenocor-
ticotropic hormones. The clinical manifestations of the disease 
refl ect hormone excess, e.g. headache, sweating, weight loss and 
diarrhea, or mass effects such as abdominal pain. Hypertension 
and tachycardia are usual but may be episodic. Blood glucose may 
be elevated and hypokalemia is common in children.

Biochemical evaluation
The diagnosis of pheochromocytoma has traditionally depended 
on the demonstration of catecholamine excess by analysis of 
urinary excretion of catecholamines or their metabolites. Analysis 
of two 24-h urine collections for catecholamines (norepinephrine, 
epinephrine and dopamine) and metanephrines (normetane-
phrine or metanephrine) identifi es 95% of patients with a 
pheochromocytoma.

The differential diagnosis of a retroperitoneal mass in child-
hood includes neuroblastoma and, if this diagnosis is suspected, 
urinary vanillylmandelic acid (VMA) and 4-hydroxy-3-methoxy-
mandelic acid (HMMA) should also be measured.

Catecholamine secretion may be intermittent in patients with 
pheochromocytoma and concentrations may be normal between 
episodes. A minimum of two negative samples are required 
to exclude the diagnosis. Elevated concentrations may result 
from conditions other than pheochromocytoma and some 
medications, including some antihypertensives, affect catch-
olamine excretion and may need to be discontinued before 
investigation.

Analysis of plasma free metanephrines (o-methylated metabo-
lites of catecholamines) circumvents many of these problems and 
may be a more useful diagnostic test. In adult practice, the sensi-
tivity and specifi city of fractionated plasma metanephrines for the 
diagnosis of pheochromocytoma is reported to be as high as 99% 
and 89%, respectively, in contrast to plasma catecholamines 
(85% and 80%) and urinary catecholamines (83% and 88%) 
[18].

Diagnostic imaging
The localization of pheochromocytoma and paraganglia and 
assessment for metastatic disease relies on anatomical imaging 
and assessment of tumor function using radioisotopes.

On CT, pheochromocytoma are seen as rounded or oval lesions 
of density similar to surrounding tissues. Scattered calcifi cation 
is seen in approximately 10% of lesions. Most lesions enhance 
rapidly with contrast medium but the use of ionic contrast media 
can precipitate a hypertensive crisis. If these media are to be used, 
the patient should receive α-adrenergic blockade.

MRI provides excellent anatomical detail without the use of 
ionizing radiation. Rapid scanning techniques enable whole body 
assessment and avoid the potentially dangerous use of contrast 

required for CT. The MRI appearances of an extra-adrenal pheo-
chromocytoma are illustrated in Fig. 17.2.

The radionuclide imaging technique of choice is 123I-MIBG 
scintigraphy, which detects a wide range of neural crest tumors. 
It is similar in structure and uptake to norepinephrine and uptake 
is observed normally in the heart, salivary glands, liver, spleen 
and urinary tract. A number of medications interfere with MIBG 
uptake, including calcium antagonists and labetalol, which should 
be withdrawn 48–72  h before imaging. If necessary, hypertension 
can be treated with phenoxybenzamine and propranolol.

Because of the mechanism of uptake, MIBG is a highly specifi c 
investigation but 5–10% of lesions do not take it up. Anatomical 
resolution is also limited and it may be most appropriately 
employed in patients in whom biochemical investigations are 
inconclusive or for the localization of paraganglia not identifi ed 
on MRI. Appearances of an extra-adrenal pheochromocytoma 
are shown in Fig. 17.3.

Positron emission tomography (PET) with fl uorine-18-labeled 
dopamine (18F-DOPA) is based on the capacity of neurendocrine 
tumors to take up, decarboxylate and store amino acids such as 
dopamine. Normal uptake is observed in the striatum, gallblad-
der, urinary tract, pancreas and occasionally colon.

This imaging modality has a number of advantages over MIBG 
and in time may replace it as the radionuclide investigation of 
fi rst choice. PET scanning enables superior anatomical resolution 
compared to gamma camera, resulting in better image quality 
and greater sensitivity for small lesions compared to either MIBG 
or somatostatin analogs. The low background uptake enables 
identifi cation of paraganglia and pheochromocytoma with a 
greater degree of certainty. Finally, interference of 18F-DOPA 
uptake with medications has not yet been reported.

FDG-PET employs a fl uorine-18-labeled glucose analog to 
identify areas of increased glucose uptake and metabolism. 

IVC
Portal
vein

Descending
aorta

Figure 17.2 Magnetic resonance imaging (MRI) appearances of a left-sided 
extra-adrenal pheochromocytoma illustrating displacement of the inferior vena 
cava (IVC), portal vein and descending aorta.
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Because most tumors are metabolically active, tumors that do not 
take up MIBG can generally be visualized using FDG. Specifi city 
is less acceptable because FDG uptake simply refl ects intracellular 
metabolism and the scan cannot differentiate pheochromocy-
toma or paraganglioma from a number of other tumors.

Management
Preoperative medical management
Once the diagnosis of pheochromocytoma is made, medical 
therapy should commence with the aim of achieving complete 
blockade of α-adrenergic receptors and correcting the metabolic 
consequences of catecholamine excess.

Patients are stabilized with an α-adrenergic antagonist, most 
commonly phenoxybenzamine, although doxazosin is an accept-
able alternative. Successful α-blockade results in postural hypo-
tension due to vasodilatation so it is important to maintain 

adequate hydration to expand the intravascular space during α-
blockade. This can usually be achieved using oral fl uids during 
phenoxybenzamine therapy. Blood hematocrit can be measured 
at the start of therapy and subsequently to monitor volume 
expansion and hemodilution.

Blockade of β-adrenergic receptors may be necessary to control 
symptoms of tachycardia and hypoglycemia using propranolol. 
It is critical that α-blockade is complete before β-blockade 
because unopposed stimulation of α-adrenergic receptors can 
precipitate a hypertensive crisis. Medical therapy should be main-
tained for a minimum of 4 weeks preoperatively to enable full 
α-blockade to minimize the risk of profound hypertension during 
surgery and enable re-expansion of the intravascular compart-
ment to minimize the risk of hypotension during the postopera-
tive period.

If the tumor is located in the left adrenal, consideration should 
be given to pneumococcal vaccination in case of splenic 
trauma.

Intra-operative management
Resection of pheochromocytoma should be undertaken by expe-
rienced endocrine and pediatric surgeons and anesthetists often 
working together.

The tumors may be approached either laparoscopically or 
through an open operation. When the tumor is handled, catecho-
lamine release may precipitate hypertensive episodes. Sodium 
nitroprusside is a potent arterio-venodilator with a rapid onset 
and offset of action ideally suited to the management of intra-
operative hypertension. After tumor removal or on venous 
clamping, the anesthetist should be warned of the risk of sudden 
and profound hypotension. Sodium nitroprusside should be 
stopped and intravenous fl uid expansion with or without pressor 
agents may be needed to maintain adequate perfusion. The anes-
thetic charts of a patient undergoing resection of a pheochromo-
cytoma are illustrated in Fig. 17.4.

Postoperative medical management
In the postoperative period, the child should be nursed in an 
intensive care unit and monitored closely for cardiovascular Figure 17.3 MIBG images of a right-sided extra-adrenal pheochromocytoma.

Figure 17.4 Anesthetic charts illustrating hemodynamic changes during resection of a pheochromocytoma. As the tumor is mobilized the patient experiences surges in 
blood pressure which are controlled with sodium nitroprusside. When the tumor is clamped dobutamine is commenced to maintain blood pressure.
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instability. Postoperative hypoglycemia can be profound, 
especially in the fi rst 24  h because inhibition of pancreatic 
β-cell secretion is removed resulting in increased insulin secre-
tion while lipolysis and glycogenolysis are inhibited by residual 
α-blockade.

Management of malignant disease
Malignant pheochromocytoma is rare in children and the evi-
dence base informing the management of these patients is drawn 
primarily from the adult literature. In adults, 5-year survival is 
approximately 50%.

Nearly all pheochromocytoma occurring in patients with 
MEN2, more than 90% of those with VHL and 90% of those with 
NF-1 appear to be benign. The prevalence of malignancy is much 
higher in patients with mutations of SDHB.

A number of biochemical, morphological and molecular 
markers have been investigated as potential markers of malignant 
disease but none has reliably identifi ed the presence of malignant 
tissue. The only criterion currently accepted for the diagnosis of 
malignant disease is the presence of metastatic disease.

Surgery to debulk the tumor is widely regarded as the mainstay 
of treatment. Reduction of tumor size reduces exposure of target 
organs to high concentrations of catecholamine and, in those 
treated with 131I-MIBG, improves the delivery of radiotherapy to 
residual tumor tissue.

Chemotherapy with cyclophosphamide, vincristine and dacar-
bazine has induced a complete response in a signifi cant number 
of patients (14–50%), although in the majority of patients the 
disease stabilizes or progresses [19].

Radiotherapy with 131I-MIBG was introduced in 1983. Since 
that time outcome data report tumor responses, which are gener-
ally partial, in 24–45% of patients and disease progression after 
2 years is common. In the pediatric population, the use of 131I-
MIBG in the treatment of neuroblastoma has been associated 
with myeloid leukemia as a secondary malignancy in 1.7% of 
patients [20]. Chemotherapy and 131I-MIBG combination therapy 
has been used with some success; however, the toxicity is consid-
erable and the benefi ts of combination therapy over either chem-
otherapy or radiotherapy alone are unclear.

Surveillance and transitional care
All patients with pheochromocytoma require lifelong follow-up 
because of the risk of contralateral tumors. In addition, approxi-
mately 40% of patients who present with a pheochromocytoma 
in childhood harbor a germline mutation of one of the fi ve genes 
described in Table 17.2. They and their families are best cared for 
in a clearly structured multidisciplinary team (MDT). A compre-
hensive service focused on delivering care to families rather than 
independent pediatric and adult services delivering services to 
individuals is more likely to succeed in maintaining patients in 
surveillance programs from the point of diagnosis in childhood 
through adolescence and into adult life.

The core MDT should include clinical geneticists, pediatric and 
adult endocrinologists, endocrine surgeons and specialist endo-

crine nurses. Close collaboration with an extended team of 
clinical biochemists, radiologists, ophthalmologists and neuro-
surgeons is necessary to meet the complex needs of these 
patients.

The primary purpose of the MDT should be to identify and 
treat tumors associated with these syndromes at an early stage of 
development thereby minimizing the impact of these syndromes 
on patients’ morbidity, mortality and quality of life. The MDT 
also has an important role in educating patients of the value of 
predictive testing for family members at risk of inheriting a germ-
line mutation.

Surveillance programs for the early diagnosis of tumors associ-
ated with these conditions have been published [21,22] and these 
are summarized in Table 17.3.

Thyroid neoplasia

Thyroid cancer is the most common pediatric endocrine malig-
nancy and the third most common pediatric solid tumor, 
accounting for 1–1.5% of all childhood cancers with an incidence 
of 0.5 per million per year. Five to ten percent of all thyroid 
cancers occur in children. Females are more commonly affected 
than males, the female : male ratio increasing steadily with age 
from 1.5 : 1 in those aged less than 15 years, to 3 : 1 in those aged 
15–20 years to 4 : 1 in the adult population.

Where the diagnosis is confi rmed patient management should 
be undertaken in consultation with a pediatric oncologist, a clini-
cal oncologist or nuclear medicine physician and an experienced 
thyroid surgeon.

Thyroid neoplasia can be broadly subdivided into those tumors 
arising from the follicular epithelium and those of non-follicular 
origin. Well-differentiated thyroid cancers account for 60–90% 
of childhood thyroid cancers. Histological classifi cation of 
papillary, follicular or papillary-follicular does not affect treat-
ment, although children with papillary or papillary-follicular 
tumors are more likely to relapse than those with follicular 
disease.

Papillary-follicular thyroid carcinoma
Thyroid malignancies in childhood are most commonly well-
differentiated papillary or follicular carcinomas that arise from 
follicular epithelium, although all histological subtypes have been 
observed.

Papillary carcinomas (75% of malignant tumors in childhood) 
are irregular, solid or cystic. On histological examination they 
show a variety of patterns, ranging from properly formed papil-
lary to frond-like structures covered by distinct uniform tumor 
cells showing occasional mitoses. Both papillary and follicular 
components are often seen within the same tumor. The most 
important histological diagnostic criteria of papillary carcinoma 
are the typical nuclear features of the cells and not the histological 
pattern or organization of the tumor.
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Tumor cell nuclei of papillary carcinoma are uniformly round 
and pale, an appearance described as clear, washed out or ground 
glass. Within cell nuclei, fi ne grooves are observed. The presence 
of psammoma bodies is helpful. The histological appearances of 
papillary thyroid carcinoma are demonstrated in Plate 17.3. Pap-
illary carcinomas metastasize via the lymphatic route, resulting 
in multiple tumor deposits in regional or distant lymph nodes.

Follicular carcinoma (18% of thyroid malignancies) are gener-
ally encapsulated tumors with highly cellular follicles and micro-
follicles. Nuclei are of fairly uniform size, usually centrally located, 
compact in appearance and dark. The distinction between follicu-
lar carcinoma and adenoma is often diffi cult and is not based on 
cellular and nuclear features of malignancy but depends on iden-
tifi cation of tumor cell invasion into the capsule and angioinva-
sion (into the lumen of a medium-sized vein). Plate 17.4 illustrates 
the histological appearances of follicular carcinoma with angio-
invasion. Unless these features are identifi ed, the tumor should 
be regarded as benign, regardless of its size and other features. 
Angioinvasion of follicular carcinoma results in hematogenous 
spread with frequent and early metastasis into the lungs, brain 
and bone.

The behavior of both these tumors is more aggressive in child-
hood than in adult life. Local lymph node metastases are palpable 
at presentation in 60–80% of patients and distant metastases are 
found in 10%. Extracapsular extension of the tumor is observed 
in 30–50% of patients.

There appear to be two common genetic events that trigger 
malignant transformation of thyroid cells. Mutations of two 
genes integral to the regulation of the mitogen-activated protein 
kinase (MAPK) signaling pathway, RET and BRAF, have been 

reported in adult and pediatric patients. The MAPK signaling 
pathway is a crucial intracellular cascade that regulates cell 
growth, differentiation and death in response to growth factors, 
hormones and cytokines.

Activation of RET occurs following inversion or translocation, 
known as RET/PTC rearrangement, which breaks the RET gene 
and results in fusion of its 3′ end to the 5′ end of several unrelated 
genes. Sixteen different types of RET/PTC have been described, 
of which RET/PTC1 (fusion of RET with the gene CCDC6) and 
RET/PTC3 (fusion of RET with the gene NcoA4) occur most 
commonly. Both these genes are constitutively expressed in 
thyroid cells. Because the mechanisms by which these genes are 
activated continue to operate transcription of the fusion gene is 
also activated. The MAPK cascade is triggered and the expression 
of proliferation genes is increased. Overexpression of RET by the 
generation of fusion genes is only the initiating event in the 
malignant transformation of thyroid cells and much less is under-
stood about subsequent events.

The frequency with which RET/PTC rearrangements are mani-
fest in papillary thyroid carcinoma varies with the populations 
studied, probably refl ecting ethnic diversity and methodological 
differences between study groups. However, it is now clear that 
rearrangements of RET/PTC occur much more commonly in 
young people and children than in older patients and are encoun-
tered in 40–70% of sporadic papillary carcinomas described in 
this population [23]. The highest prevalence of RET/PTC rear-
rangements is reported in papillary thyroid carcinoma in 
children exposed to 131I following the Chernobyl disaster and 87% 
of these patients are found to harbour a RET/PTC rearrangement 
[24].

Table 17.3 Recommended surveillance schedule for patients with syndromes associated with hereditary pheochromocytoma.

Syndrome Tumor Age to begin 
(years)

Biochemical tests Imaging tests

MEN2 Pheochromocytoma 15 Annual plasma metanephrines Every 3–5 years
Hyperparathyroidism Every 3–5 years: Plasma calcium and PTH MRI or CT adrenals

VHL Pheochromocytoma  5 Annual plasma metanephrines Annually: US of the adrenal 
Every 3 years: MRI of the adrenals

Retinal hemangioblastoma  5 Annually: fl uroscein angiography
CNS hemangioblastoma 10 Every 3 years: MRI brain and spinal 

cord
Renal carcinoma  5 Annually: US kidneys 

Every 3 years: MRI kidneys
Paraganglioma syndrome type 1 Pheochromocytoma 

Paraganglioma
10 Annual plasma metanephrines Annual MRI of neck, thorax, chest and 

abdomen
Paraganglioma syndrome type 3 Paraganglioma 10 Annual MRI of neck, thorax, chest and 

abdomen
Paraganglioma syndrome type 4 Pheochromocytoma 

Paraganglioma
10 Annual plasma metanephrines Annual MRI of neck, thorax, chest and 

abdomen

CNS, central nervous system; CT, computed tomography; MEN2, multiple endocrine neoplasia type 2; MRI, magnetic resonance imaging; PTH, parathyroid hormone; US, 
ultrasound; VHL, von Hippel–Lindau disease.
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The RET/PTC3 rearrangement appears to be associated with a 
shorter latency period and is reported most commonly in 
the youngest children while carcinomas associated with 
RET/PTC1 appear to have a longer latency period and are also 
reported to occur commonly in patients exposed to external 
irradiation.

The MAPK signaling cascade can also be activated by muta-
tions in the gene encoding BRAF kinase. Activating mutations in 
this gene result in constitutive activation of BRAF kinase and 
therefore of the MAPK signaling cascade. Mutations of BRAF 
occur much more commonly in adults than in children and are 
reported in 40–60% of adult patients but only 0–12% of children 
[25].

Medullary thyroid carcinoma
Medullary thyroid carcinoma (MTC) arises from the parafollicu-
lar C cells of the thyroid gland. At least 50% of cases are domi-
nantly inherited as often part of a constellation of endocrine 
malignancies and tumors of neuroectodermal origin that are col-
lectively described as the multiple endocrine neoplasia (MEN) 
syndrome type 2 (Plate 17.5). This fi gure is likely to be higher in 
children and young people.

Nodular hyperplasia and follicular adenomas
The distinction between hyperplastic non-neoplastic nodules 
from follicular adenomas (FA) may be diffi cult. Hyperplastic 
nodules are polyclonal in origin, whereas FA are monoclonal and 
therefore true neoplasms. Follicular adenomas are considered to 
be benign in nature but some subtypes may have malignant 
potential, e.g. FA of Hürtle cell origin or atypical FA. These 
lesions should be considered as suspicious if there is:
1 Partial infi ltration of the capsule;
2 The presence of abnormal thyrocytes within the capsule or 
neighboring lymph nodes;
3 The growth of an oxyphilic tumor into the thickened capsule 
without crossing its border; or
4 The presence of a neoplastic lesion within the capsule.

Tumors demonstrating any of these “borderline” features 
should be described as “a well-differentiated tumor of uncertain 
malignant potential” (WDT-UMP) if they demonstrate question-
able papillary type nuclear changes, or as a “follicular tumor of 
uncertain malignant potential” (FT-UMP) if they show question-
able capsular penetration without nuclear changes. Tumors that 
display these characteristics can present in childhood and the 
long-term prognosis is uncertain. These tumors should be treated 
as benign by surgery with thyroxine supplementation to maintain 
thyroid stimulating hormone (TSH) in the normal range, with 
surveillance for evidence of malignant change [26].

Etiology
Radiation and thyroid cancer
Radiation exposure, either internal or external, is a well-
recognized risk factor for the development of thyroid cancer. The 
risk of developing thyroid cancer is strongly related to the radia-

tion dose. External irradiation is a valuable treatment for a 
number of childhood conditions including Hodgkin lymphoma 
and preparation for bone marrow transplantation. Such children 
are at increased risk of developing thyroid cancer and should 
remain under lifelong observation with periodic ultrasound 
examination of the thyroid. The latent period between exposure 
and the appearance of thyroid cancer may be up to 40 years. 
Those developing thyroid nodules of more than a few millimetres 
in size should be thoroughly investigated.

The incidence of thyroid cancer increased up to 100-fold in 
populations across Eastern Europe exposed to 131I following the 
Chernobyl disaster in 1987. An increase in the incidence of 
thyroid cancer, predominantly papillary carcinoma, was observed 
fi rst in Belarus and the Ukraine. Children living in iodine defi -
cient areas and those aged under 2 years at the time of exposure 
were particularly vulnerable. There are also a number of reports 
of thyroid cancer in children who were fetuses at the time of 
exposure, while the disease was rare in children aged more than 
5 years. Those at a greater distance from Chernobyl accumulated 
lower doses of radioiodine and suffered later. After an initial peak 
in patients presenting with papillary thyroid carcinoma, a second 
peak of follicular carcinoma was observed, indicating the longer 
latency period of this malignancy.

Congenital abnormalities of the thyroid and thyroid cancer
Some causes of congenital hypothyroidism are associated with an 
increased risk of thyroid nodules and possibly thyroid cancer. 
Neoplastic transformation is reported in children with dyshor-
monogenesis or defects of iodine transport in whom thyroxine 
replacement therapy is inadequate and thyrotropin concentra-
tions are elevated for prolonged periods of time. These lesions are 
generally benign but malignant lesions most commonly follicular 
in nature have been reported.

Thyroglossal cysts are the most common developmental abnor-
mality of the thyroid and occur in up to 7% of the normal popu-
lation. They are most commonly located in the midline between 
the base of the tongue and the hyoid bone and are usually clini-
cally silent. There is debate regarding the additional risk these 
lesions represent for the development of thyroid cancer. If there 
is an additional risk, it appears to be small and thyroid cancer has 
been reported in association with a thyroglossal cyst in only eight 
children.

Autoimmune thyroid disease and thyroid cancer
Papillary thyroid cancer has been reported in children with 
both Graves disease and autoimmune hypothyroidism but the 
number of cases is small and this association remains 
controversial.

Diagnosis
Thyroid nodules in children are not common but data pooled 
from 16 cohort studies of thyroid nodules in childhood reported 
malignant disease in 299 out of 1134 (26%) nodules [26]. For this 
reason all should be carefully investigated.
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Clinical features
Presentation of thyroid cancer is with a painless mass that is fre-
quently an incidental fi nding on routine examination or is 
identifi ed by the child or parent. The appearance of a thyroid 
tumor at presentation in a 12-year-old boy is illustrated in Plate 
17.6.

Characteristics that are associated with malignant disease 
include fi rm texture, rapid growth, tethering to adjacent tissues, 
cervical lymphadenopathy and lack of movement on swallowing. 
Many malignant tumors do not demonstrate these characteristics 
and the classic features of adult thyroid malignancy (pain, tender-
ness, upper airway obstruction, vocal cord paralysis and diffi culty 
swallowing) are rarely present in children. Size is not predictive 
of malignancy, although most malignant tumors are more than 
1.5  cm in diameter but the rate of tumor growth is more closely 
related to risk of malignancy.

Eighty to ninety percent of patients are euthyroid at presenta-
tion and the clinical state (euthyroid, hypothyroid or thyrotoxic) 
is not predictive of malignancy.

Biochemical evaluation
Thyroid hormones should be measured in all children at presen-
tation. The presence of hypothyroidism or thyrotoxicosis does 
not inform the differential diagnosis but abnormalities of thyroid 
hormones should be corrected preoperatively. Serum thyroglob-
ulin (Tg) is a glycoprotein that is synthesized only by normal or 
neoplastic thyroid follicular cells. Elevated concentrations are 
highly suggestive of malignancy. Measurement of Tg is also of 
value in the long-term surveillance of patients treated with total 
thyroidectomy and radioiodine remnant ablation. Concentra-
tions may be falsely elevated in the presence of heterophile or 
anti-Tg antibodies.

Calcitonin is secreted in excessive amounts in MTC and can be 
used as a marker of disease activity, although basal concentrations 
may be normal at early stages of tumor development. Some 
tumors also secrete chorionic embryonic antigen (CEA), although 
this may become undetectable in advanced disease.

Diagnostic imaging
Thyroid ultrasound is the examination of fi rst choice for assess-
ment of thyroid nodules. Although ultrasound is not suffi ciently 
sensitive or specifi c for the diagnosis of thyroid malignancy for it 
to be considered a diagnostic test, it does have a place in the 
selection of patients requiring more detailed investigation.

Ultrasound examination allows assessment of the number of 
follicles, their size and location and ultrasound appearances may 
also contribute signifi cantly to the differential diagnosis of benign 
versus malignant disease, although this is an area of some con-
troversy. Appearances suggestive of the presence of malignancy 
are outlined in Table 17.4. Multiple, solid isoechogenic or hypo-
echogenic lesions and those with a peripheral halo are likely to 
be benign. Lesions with a thick or irregular halo are more likely 
to be malignant. The use of color Doppler can lend further infor-
mation, and high intranodular blood fl ow in the presence of a 

normal TSH is suggestive of malignant disease. MRI gives further 
anatomical detail to aid surgical planning in the child with exten-
sive local disease.

Thyroid scintigraphy gives information on iodine uptake. It is 
of limited value in the further assessment of thyroid nodules. 
Most lesions show reduced uptake, while hyperfunctioning or 
“hot” nodules are occasionally malignant. Scintigraphy is rela-
tively insensitive, failing to identify up to 20% of nodules visual-
ized on ultrasound. Thus, the appearance of a thyroid nodule on 
scintigraphy does not inform the differential diagnosis nor aid 
the selection of patients for thyroidectomy: its use should be 
restricted to the assessment of the thyrotoxic patient with thyroid 
nodules. By contrast, whole body scanning may be useful in the 
identifi cation of metastatic disease, especially of the lungs, which 
may not be easily visualized on X-ray or CT.

Fine needle aspiration
Fine needle aspiration (FNA) is being used increasingly in chil-
dren and adolescents for preoperative diagnosis and selection of 
patients for thyroidectomy. The diagnostic accuracy of FNA in 
childhood varies from 77 to 90.4% and sensitivity and specifi city 
89–100% and 63–83%, respectively [26]. Success requires experi-
enced aspirationists and histopathologists in specialized centers.

The procedure is well-tolerated in children with the use of 
transdermal and infi ltrative local anesthesia. Recognized compli-
cations include papillary endothelial cell hyperplasia, hemor-
rhage, vascular proliferation, vascular thrombosis, fi brosis, cystic 
change, infarction and abscess formation.

Selection of patients for FNA should be based on clinical fea-
tures and ultrasound appearances. Children too young to cooper-
ate with FNA should undergo excisional biopsy under general 
anesthetic.

Thyroid hormone concentrations should be measured before 
FNA because high concentrations of serum TSH induce morpho-
logical changes in epithelial follicular cells which may lead to a 
false diagnosis of papillary thyroid carcinoma. If serum TSH were 
elevated in a patient with a multinodular goiter, thyroxine should 
be started and follow-up with reassessment of thyroid hormone 
concentrations should be arranged 4–6 weeks later. Ultrasound 

Table 17.4 Ultrasound appearances of a thyroid nodule suggestive of 
malignancy.

Solitary solid lesion
Hypoechogenic
Subcapsular localization
Irregular margins
Invasive growth
Heterogeneous appearances
Multifocal lesions within an otherwise solitary module
Microcalcifi cation
High intranodular fl ow on Doppler with normal TSH
Suspicious regional lymph nodes

TSH, thyroid stimulating hormone.
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should be repeated after 3 months and only if TSH is in the 
normal range and concern persists regarding the nature of the 
thyroid mass should the patient proceed to FNA.

Molecular analysis of FNA biopsies
The diagnostic accuracy of FNA may be improved by the use of 
reverse transcriptase polymerase chain reaction (RT-PCR) to 
identify genetic markers of malignancy. A number of markers 
have been identifi ed, including telomerase, Hector Battifora mes-
othelial cell (HBME-1), galectin -3, CD44v6 and cytokeratin-19. 
None of these alone is suffi ciently specifi c for diagnostic purposes 
(e.g. galectin-3 is expressed in both benign multinodular goiter 
and Hashimoto thyroiditis). The expression of genes in tandom 
(e.g. HBME-1 and galectin-3) signifi cantly increases the specifi -
city of testing. Expression of the gene encoding calcitonin is sup-
portive of a diagnosis of MTC. Up to 60% of children with 
papillary thyroid carcinoma harbor a RET/PTC rearrangement 
and BRAF gene mutations may be identifi ed in a further 10% of 
patients.

The use of microarrays has enabled the identifi cation of thou-
sands of genes expressed in papillary thyroid carcinoma that are 
not expressed in normal thyroid tissue, many of which are related 
to an immune response. These gene patterns are not yet of routine 
diagnostic value but they offer the prospect of accurate and rapid 
molecular diagnosis in the future.

Staging and prognosis
The American Joint Committee on Cancer (AJCC) TNM staging 
system for thyroid carcinoma is given in Table 17.5. Clinical fea-
tures that adversely affect prognosis include male gender, age less 
than 10 years, large tumor size, extrathyroidal expansion, palpa-
ble lymph nodes and distant metastases [27].

The progression-free survival for children with differentiated 
thyroid cancer is 76–80% at 5 years, 61–83% at 10 years and 46–
66% at 20 years. Despite this the long-term survival of differenti-
ated thyroid cancer diagnosed in childhood is excellent: 
99.5–100% at 5 years, 90–100% at 10 years and 90–99% at 20 
years, indicating effective salvage of relapsed patients [27].

Management
Surgery
The majority of children with thyroid cancer present with 
extrathyroidal invasion of tumor tissue or cervical lymph node 
spread which is a signifi cant negative predictor of progression-
free survival. Children have a high risk of local tumor recurrence, 
either in the thyroid bed or in cervical lymph nodes. In light of 
these observations, excision of as much tumor tissue as possible 
is logical and the operations of choice are total or near-total thy-
roidectomy and cervical lymph node dissection. Multivariate 
analysis has demonstrated that radical surgery is the strongest 
predictor of event-free survival in childhood [28]. Radical surgery 
is associated with an increased risk of permanent hypoparathy-
roidism, recurrent laryngeal paralysis and Horner syndrome 
compared to hemithyroidectomy; a surgical team skilled in 

thyroid cancer surgery is mandatory, and collaboration with sur-
geons with adult thyroid patients maybe necessary.

Radioiodine remnant ablation
All patients should undergo radioiodine remnant ablation (RRA) 
4–6 weeks after thyroidectomy with the aim of destroying any 
residual normal thyroid and microscopic tumor deposits. Abla-
tion of all thyroid tissue facilitates interpretation of whole body 
scintigraphy and serum Tg concentrations as markers of tumor 
recurrence and metastatic disease. Pregnancy should be excluded 
in adolescent girls before administration of 131I and avoided for 
at least 6 and preferably 12 months following treatment. Cryop-
reservation of sperm should be considered in peripubertal and 
adolescent boys.

The use of RRA has been associated with a reduction in relapse 
and disease-related mortality in a large cohort of 1510 adults and 
children with tumors of more than 1.5  cm at presentation with 
no distant metastases [29]. A smaller study of 60 children and 
adolescents in whom the dose of 131I was modifi ed according to 
the presence of distant metastases reported a reduction in regional 

Table 17.5 Tumor Node Metastases (TNM) staging system for thyroid cancer 
according to the American Joint Committee on Cancer.

Primary tumor
pT0 No evidence of primary tumor
pT1 Intrathyroidal tumor <1  cm in greatest dimension
pT2 Intrathyroidal tumor 1–4  cm in greatest dimension
pT3 Intrathyroidal tumor >4  cm in greatest dimension and limited to 

the thyroid
pT4 Tumor of any size extending beyond the thyroid capsule
pTX Tumor cannot be assessed

Regional lymph nodes (cervical and upper mediastinal)
NX Regional nodes cannot be assessed
N0 No lymph node metastasis
N1 Regional lymph node metastasis
 N1a Metastasis in ipsilateral cervical nodes
 N1b Metastasis in bilateral, midline or contralateral cervical or superior 

mediastinal nodes

Distant metastasis
MX Distant metastases cannot be assessed
M0 No distant metastases
M1 Distant metastases

Stage grouping
Papillary or follicular
Stage I Any T, any N, M0
Stage II Any T, any N, M1

Medullary
Stage I T1, N0, M0
Stage II T2, N0, M0

T3, N0, M0
T4, N0, M0

Stage III Any T, N1, M0
Stage IV Any T, any N, M1
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relapse of from 42% to 6.3% in those treated with RRA compared 
with those untreated [30].

Exposure to iodine should be limited before RRA to facilitate 
uptake of 131I. Iodinated radiographic contrasts and antiseptics 
should be avoided for 12 weeks before RRA and foods high in 
iodine (sea salt, seafood and vitamin preparations containing 
iodine) for 2 weeks.

In the postoperative period, tri-iodothyronine should be used 
for replacement. This should be stopped 2 weeks before RRA to 
enable TSH to rise to above 30  mU/L. Immediately before RRA, 
an uptake scan using 2  mCi 123I is recommended to visualize the 
size of the local remnant, assess local invasion and calculate abso-
lute uptake value of radioactive iodine.

There is some evidence that the dose of 131I should be stratifi ed 
according to risk [27]. Patients who are aged less than 10 years 
with tumors more than 1.5  cm in size, capsular invasion, residual 
disease or lymph node involvement are at high risk and should 
be treated with a 100  miC dose. Lower risk patients should receive 
a dose modifi ed for body surface area of 100  miC/1.73  m2.

Thyroid hormone replacement therapy
Thyroxine replacement should start 3 days following 131I admin-
istration. Most differentiated thyroid carcinomas express TSH 
receptors and the growth of follicular cells is dependent on TSH 
stimulation. It is anticipated that suppression of serum TSH using 
supraphysiological doses of thyroxine will minimize the risk of 
TSH stimulated tumor regrowth and a reduction in disease recur-
rence has been reported in children with thyroid cancer treated 
in this way [31]. The aim of thyroid hormone replacement 
therapy should be to maintain the child in a clinically euthyroid 
state with serum T4 and T3 in the near normal range, while sup-
pressing TSH to <0.1  μU/mL in most cases and to undetectable 
concentrations in children with extensive disease.

Management of recurrent disease
Recurrence is diagnosed when there are clinical features of disease 
such as a palpable mass or bone pain, when a biopsy sample is 
positive in a patient considered disease-free for more than 6 
months, if stimulated Tg is greater than 10  ng/mL (10  μg/L) or 
stimulated Tg is greater than 2  ng/mL (2  μg/L) and there is a 
trend of rising Tg or if there is 131I uptake in an area that previ-
ously showed no uptake. Persistent disease is defi ned as positive 
131I uptake persisting more than 6 months after treatment or Tg 
greater than 10  ng/mL (10  μg/L) persisting for more than 2 years 
after therapy [27].

Surgical excision is the treatment of choice for palpable lesions 
and bulky lesions affecting bone and some mediastinal lesions. If 
lesions are not amenable to surgery, 131I in a dose of 100–270  mCi 
should be administered 6-monthly.

Dosing regimens are complicated in children. Tumor burden 
is often higher in children than in adults but 131I uptake is greater 
and radioactive iodine treatment maybe more effective at a similar 
dose. Repeated dosing may be required and excessive doses 
should be avoided to minimize the risk of the complications of 

chronic radioiodine, pulmonary fi brosis, lymphadenitis pulmo-
nis, chronic sialadenitis, bone marrow suppression, leukemia and 
ovarian damage.

Surveillance and transitional care
Surveillance should enable identifi cation and treatment of tumor 
recurrence as well as identifi cation and management the compli-
cations of supraphysiological doses of thyroxine. Clinical exami-
nation for thyroid masses and cervical lymphadenopathy is 
supported by the use of serum Tg, neck ultrasound and 131/123I 
diagnostic whole body scan (DWBS). No single investigation is 
suffi ciently sensitive for the identifi cation of recurrent disease.

The sensitivity of serum Tg and DWBS can be improved by 
TSH stimulation and the avoidance of iodine-rich foods. TSH 
stimulation can be achieved in two ways: either by withdrawal of 
thyroxine or by administration of recombinant human TSH 
(rhTSH). The latter avoids the unpleasant symptoms of 
hypothyroidism.

TSH stimulation by the induction of hypothyroidism has tra-
ditionally been achieved by the substitution of T4 with T3 5 weeks 
before DWBS followed by the withdrawal of T3 2 weeks before 
scanning, but withdrawal of T4 2–3 weeks prior to DWBS is 
equally effective with improved quality of life [32]. Using this 
regime, a dose of 2–5  mCi 131I should be used for DWBS.

A recommended protocol for the use of rhTSH includes with-
drawal of T4 on day 1, subcutaneous administration of rhTSH 
days 2 and 3, radioactive iodine dose on day 4 and DWBS on day 
6. A higher dose of 4  mCi 131I is used for DWBS in using this 
regimen than in hypothyroid patients, allowing for the reduced 
renal clearance of iodine in the hypothyroid state. Serum Tg 
concentrations should be measured on day 3.

Using either regimen, a stimulated Tg greater than 10  ng/ml 
(10  μg/L) should be considered indicative of residual or recurrent 
disease [27].

Neck ultrasound is valuable for the identifi cation of recurrent 
disease and may be more sensitive than either stimulated Tg or 
DWBS for the identifi cation of positive lymph nodes. The appear-
ance of lesions of more than 4  mm in diameter, rounded in shape 
and/or containing areas of microcalcifi cation or cystic compo-
nents should be considered suspicious. A hypervascular appear-
ance on color Doppler is also suggestive of malignant disease.

Patients are at lifelong risk of recurrence but it usually occurs 
in the fi rst 10 years following surgery with a range of 8 months 
to 44 years. Lifelong surveillance for recurrence, relapse and the 
complications of prolonged exposure to supraphysiological doses 
of thyroxine is indicated in all patients. Close collaboration with 
thyroid surgeons and nuclear medicine physicians at the point of 
diagnosis should facilitate communication and transition into the 
adult services. Specialists from both services deliver thyroid 
cancer services and the direction of referral will refl ect local prac-
tice. Whatever the favored route of referral, optimal care requires 
careful planning, excellent communication between clinicians 
and patients and, wherever possible, a period of joint consulta-
tion during adolescence.
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Multiple endocrine neoplasia syndromes

The multiple endocrine neoplasia (MEN) syndromes 1 and 2 are 
dominantly inherited cancer syndromes that may present in 
childhood. Neoplasms that develop in the context of these inher-
ited cancer syndromes are characterized by a preneoplastic phase 
of benign glandular hyperplasia, presentation at an earlier age 
than sporadic disease and a high prevalence of multifocal disease 
affecting a number of different organs. Identifi cation of the 
genetic causes of the MEN syndromes has enabled the diagnosis 
of asymptomatic carriers, informing the selection and timing of 
prophylactic surgery in patients with MEN2 and early diagnosis 
and treatment of clinically silent tumors in patients with MEN1 
and MEN2. In order to improve the prognosis for carriers of 
MEN gene mutations, the target organ must be expendable or its 
function must be amenable to replacement therapy and its 
removal must pose minimal risk for the patient.

Medullary thyroid carcinoma associated with MEN2 meets 
these criteria and early thyroidectomy has improved morbidity 
and mortality [33]. The benefi t of early diagnosis and surveillance 
of asymptomatic carriers of MEN1 gene mutations is less 
certain.

Families affected by MEN1 or MEN2 require the expertise of 
a multidisciplinary team, including adult and pediatric endo-
crinologists, pediatric and adult endocrine surgeons and clinical 
geneticists. Such a team should enable seamless transition of the 
affected child from pediatric to adult services.

The identifi cation of a potentially lethal genetic disease is asso-
ciated with considerable stress, anxiety and guilt, particularly in 
the parents of an affected child. The support of clinical psychol-
ogy may be invaluable in supporting these families through many 
years of disease surveillance and intervention.

Multiple endocrine neoplasia Type 1
MEN1 is a dominantly inherited condition affecting 1–10 per 
100 000 individuals. More than 20 benign and malignant endo-
crine and non-endocrine tumors are recognized (Table 17.6) but 
parathyroid adenomas, pituitary and enteropancreatic tumors 
are most common. The age-related penetrance for MEN1 is near 
zero below the age of 5 years, 50% by 20 years and above 95% at 
40 years of age.

Genetic testing
Mutations in the MEN1 gene are identifi ed in 80–90% of clini-
cally diagnosed patients. The gene is located on chromosome 
11q13 and consists of 10 exons. It encodes a 610 amino acid 
protein known as menin. Genetic linkage studies suggest that all 
familial MEN1 traits arise from the same chromosomal locus and 
therefore the same gene. Failure to identify a mutation in 10–20% 
of cases is likely to occur when mutations are located in regions 
of the gene not routinely studied or in the presence of large gene 
deletions that are not detected by routine PCR amplifi cation 
methods.

Mutations of the MEN1 gene are scattered in and around the 
open reading frame and most commonly result in truncation of 
the menin protein. Nonsense mutations are reported in 25% of 
patients, 45% have small deletions, 15% small insertions, 10% 
missense mutations and fewer than 5% donor-splice mutations. 
At present there appears to be no correlation between specifi c 
mutations, the type of tumor, behavior of specifi c tumors or 
clinical presentation (age and tumor site). The phenotypic pres-
entation of an MEN1 mutation may vary signifi cantly between 
and within families.

The MEN1 gene is a tumor suppressor that is recessive at the 
tumor level, i.e. both alleles must be inactivated for neoplastic 
clonal expansion, but a heterozygous germline mutation com-
bined with the frequent occurrence of somatic mutations leads 
to a dominant pattern of inheritance. Somatic mutations fre-
quently result in the loss of large regions of the gene and whole 
gene deletion is not uncommon. This phenomenon is described 
as loss of heterozygosity. Biallelic inactivation is observed in 
approximately one-quarter of sporadic MEN1 type tumors when 
both MEN1 alleles are inactivated within the same somatic cell 
line.

Menin is located in the cell nucleus where it interacts with a 
number of transcription factors, such as JunD, to inhibit JunD 
activated cell proliferation. Menin also has a role in the inhibition 
of transforming growth factor B mediated cell growth and inhibi-
tion of SMAD3 activity by inhibition of SMAD3/DNA binding at 
specifi c transcriptional regulatory sites.

Table 17.6 Endocrine and non-endocrine manifestations of multiple endocrine 
neoplasia type 1 (MEN1).

Endocrine features Non-endocrine features

Parathyroid adenoma Lipomas
Enteropancreatic tumor Facial angiomas
 Gastrinoma Collagenomas
 Insulinomas
 VIPoma
 Somatostatinoma
 Non-functioning
Foregut carcinoid
 Thymic carcinoid
 Bronchial carcinoid
 Gastric enterochromaffi n-like tumor
Anterior pituitary
 Prolactinoma
 GH + prolactinoma
 GH
 Non-functioning
 ACTH
 TSH
Adrenal cortex, non-functioning
Pheochromocytoma

ACTH, adrenocorticotropic hormone; GH, growth hormone; TSH, thyroid 
stimulating hormone.
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Whether to test potential MEN1 carriers during childhood is 
debatable. Presentation in early childhood is extremely rare and 
a positive test in childhood will not lead to a major therapeutic 
intervention. It will, however, deny the patient an independent 
choice about genetic testing.

Current recommendations for starting surveillance for MEN1-
related tumors refl ect the youngest age at which MEN1-related 
tumors have been reported and surveillance therefore starts in 
early childhood. The issue of whether or not surveillance pro-
grams should be based upon single case reports of young patients 
is also a matter of some debate because these data give little 
insight into an individual’s risk of developing a tumor during 
childhood.

Major endocrine tumors of MEN1
Parathyroid hyperplasia
Hyperparathyroidism occurs in nearly all patients by the age of 
50 years, the typical age of the onset of symptoms being 20–25 
years, approximately 30 years earlier than sporadic hyperparathy-
roidism. Longitudinal studies of asymptomatic carriers of MEN1 
gene mutations indicate that serum calcium starts to rise sharply 
from the age of 10 years and the bone mineral density of women 
with MEN1 and hyperparathyroidism is signifi cantly reduced by 
the age of 35 years, probably indicating long-standing disease.

Hyperparathyroidism is associated not only with impaired 
bone mineral density but also with nephrocalcinosis, nephrolia-
thiasis and hypertension. Treatment is by total parathyroidec-
tomy with autograft of a small remnant in the forearm or 
near-total parathyroidectomy, in which a small (approximately 
50  mg) volume of parathyroid tissue is left in situ and tagged to 
enable easy identifi cation. Ninety to 95% of patients should be 
euparathyroid postoperatively and 5–10% hypoparathyroid but 
the residual parathyroid tissue has a slow progression to hyper-
parathyroidism and further surgery is necessary 8–12 years after 
apparent cure in 50% of patients.

Entero-pancreatic islet tumors
Entero-pancreatic islet cell tumors occur in 30–75% of patients 
and are found in 80% at postmortem. The onset of symptoms 
occurs most commonly from the age of 40 years. Insulinomas have 
been reported in children as young as 13 years of age and biochem-
ical screening of asymptomatic carriers of a MEN1 gene mutation 
has identifi ed affected patients as young as 15 years of age.

Lesions are generally multifocal and vary from microadenomas 
to macroadenomas to invasive and metastatic disease. The major-
ity of gastrinomas are found in the duodenum, while pancreatic 
lesions are found to contain chromogranin A and B, pancreatic 
polypeptide, glucagon, insulin, proinsulin, somatostatin, gastrin, 
vasoactive intestinal polypeptide (VIP), serotonin, calcitonin, 
growth hormone releasing hormone (GHRH) and neurotensin. 
Malignant disease is rare before the age of 30 years but by middle 
age approximately 50% of patients are affected and metastatic 
malignant disease is the leading cause of MEN1-related death.

Approximately 40% of patients develop gastrinomas. Lesions 

are frequently multiple and metastatic spread is present in 50% 
of patients at diagnosis. For these reasons surgery is seldom cura-
tive. The presence of a primary lesion located in the pancreas, 
metastatic disease and ectopic Cushing syndrome are features 
associated with a poor prognosis. Prognosis is also related to the 
concentration of serum gastrin at diagnosis.

The role and timing of surgery in the management of gastri-
nomas is controversial. Because the primary aim is to prevent 
cancer, some advocate surgical intervention as soon as the bio-
chemical diagnosis is unequivocal. Others recommend surgery in 
patients with tumors of more than 1  cm in diameter and a more 
conservative approach, operating only on patients with tumors 
of more than 3  cm in diameter, is also advocated. A large case 
series reporting patients with sporadic and MEN1-related gastri-
noma of 3  cm or more in size reported cure rates of 16% and 5 
years following surgery only 6% of patients remained free of 
disease [34]. Whether outcomes are signifi cantly improved by 
earlier intervention is uncertain.

With the exception of insulinomas, hormone excess from 
MEN1-related entero-pancreatic islet cell tumors can be well 
controlled medically. Proton pump inhibitors control symptoms 
relating to gastrinomas, and somatostatin analogs effectively treat 
symptoms relating to oversecretion of other hormones.

Pituitary tumors
Up to 25% of patients with sporadic disease present fi rst with an 
anterior pituitary tumor, usually a microadenoma. For patients 
with familial disease diagnosed prospectively, this fi gure is 10%. 
The reported prevalence of pituitary tumors ranges from 10% to 
60%. Pituitary tumors of all types occur, with the exception of 
gonadotropinomas. Prolactinomas are most common in all age 
groups and can be effectively treated with dopamine antagonists, 
such as bromocriptine or cabergoline. Large prolactinomas 
sometimes require trans-sphenoidal resection to relieve compres-
sion of adjacent structures. The youngest reported case to date is 
of a 5-year-old who presented with rapid growth, acromegalic 
features and hyperprolactinemia. Immunohistochemical exami-
nation of the tumor cells was positive for both growth hormone 
and prolactin [35].

Other expressions of MEN1
Adrenal cortical lesions are often observed on imaging. Adeno-
mas, diffuse hyperplasia, nodular hyperplasia and malignancy 
have all been described in adults. Carcinoid tumors arise in 10% 
of adult patients and show a predilection for the thymus in males 
and the bronchi in females. The foregut may also be affected.

Multiple endocrine neoplasia Type 2
Multiple endocrine neoplasia type 2 (MEN2) is a dominantly 
inherited condition that affects tissues of neuroectodermal origin. 
Approximately 1 in 50 000 people are affected. Three clinically 
distinct forms are recognized: MEN2A, MEN2B and familial 
medullary thyroid carcinoma (MTC). MTC is a common feature 
of all three MEN2 subtypes. Pheochromocytoma is observed in 
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patients with MEN2A and MEN2B and hyperparathyroidism 
occurs in association with MEN2A. Historically patients suc-
cumbed to undiagnosed pheochromocytoma and progressive 
MTC. The introduction of predictive gene testing, enabling pro-
phylactic thyroidectomy and early diagnosis of pheochromocy-
toma, has reduced the mortality from hereditary MTC from 
15–20% [36] to less than 5% [33] and deaths from pheochromo-
cytoma have been virtually eliminated.

Genetic testing
MEN2 is caused by mutations of the RET proto-oncogene, a 21 
exon gene which encodes for a transmembrane tyrosine kinase 
receptor. The gene is located on chromosome 10q11.2. Activating 
mutations of RET result in a constitutively active receptor in 
patients with MEN2. Mutations affecting the extracellular domain 
induce homodimerization of the receptor and those in the intra-
cellular domain induce RET kinase enzymatic activity. Mutations 
of RET are found in more than 98% of patients with MEN2. 
Rearrangements of RET are found in papillary thyroid carcinoma 
and inactivating mutations in Hirschsprung disease.

Mutations in exons 10 and 11, which encode the extracellular 
domain of the receptor, occur most commonly in patients with 
MEN2A. Mutations of exons 13 and 14, which encode the intra-
cellular tyrosine kinase 1 domain, occur less frequently. Ninety 
fi ve percent of patients with MEN2B harbor mutations in codon 
918 located in exon 16, which encodes the intracellular tyrosine 
kinase 2 domain. Mutations in codon 883 of exon 15, which also 

encodes the intracellular tyrosine kinase 2 domain, are found in 
2–3% of patients with MEN2B. A cartoon of the RET proto-
oncogene illustrating mutation sites and related phenotype is 
given in Fig. 17.5.

A strong genotype–phenotype relationship exists for mutations 
of MEN2 which has enabled stratifi cation of risk according to 
genotype. The recommendations of the International Working 
Party on Multiple Endocrine Neoplasia on risk allocation are 
outlined in Table 17.7 [21].

Total thyroidectomy should be performed within the fi rst 6 
months of life in those classifi ed as having level 3 disease. Those 
with level 2 disease should proceed to total thyroidectomy before 
the age of 5 years. The management of those in level 1 is debated. 
Some authors favor prophylactic thyroidectomy by the age of 5 
years, others by the age of 10 years, while others propose a peri-
odic pentagastrin stimulation test and total thyroidectomy at the 
fi rst abnormal result.

MEN2A
Ninety to 95% of patients with MEN2 have MEN2A. Almost all 
affected patients develop MTC. Hyperparathyroidism develops as 
a result of multigland parathyroid hyperplasia in 20–30% of 
patients with MEN2A. Patients with mutations in codon 634 are 
most susceptible, while those with mutations affecting codons 
768 and 891 and those with the V804M mutation are rarely 
affected. Mutations in codons 609, 611, 618, 620, 790 and 791 
confer an intermediate risk. Hyperparathyoidism in patients with 

Exon 10, codon 609, 611, 618, 620, 630
MEN2A, FMTC
Exon 11, codon 634
MEN2A, FMTC

Exon 13, codon 768, 790, 791
MEN2A, FMTC
Exon 14, codon 804, 844
MEN2A, FMTC

Exon 15, codon 883
MEN2B
Exon 16, codon 918
MEN2B

3’

5’

Cadherin-like domain 

Cysteine-rich domain 

Transmembrane domain

Tyrosine kinase 1

Tyrosine kinase 2

Figure 17.5 Cartoon of the RET proto-oncogene 
illustrating the location of mutations associated with 
the MEN2 syndrome.
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MEN2A is a less aggressive disease than in MEN1, with an indo-
lent course that seldom requires treatment in childhood.

Pheochromocytoma is reported in patients with mutations of 
RET affecting all codons identifi ed in patients with MEN2 to date, 
other than 609, 768, 891 and the V804M mutation. Mutations in 
the codon 634 are associated with an early onset of disease and 
pheochromocytoma has been reported in children as young as 5 
years of age. More than 50% of patients are affected.

Associated pathologies include paraneoplastic syndromes such 
as lichen amyloidosis of the skin. Some patients present during 
early childhood with the clinical features of Hirschprung disease. 
In contrast to MEN2, Hirschprung disease is usually associated 
with inactivating mutations of RET which result in complete loss 
of receptor function. The mechanism by which Hirschprung 
disease develops in children with MEN2A is not known.

MEN2B
MEN2B is the most aggressive from of MEN2. It is characterized 
by an earlier age at onset of disease and a number of developmen-
tal abnormalities including a marfanoid body habitus, mucosal 
neuromas, ganglioneuromatosis of the intestinal tract and myeli-
nated corneal nerves. MTC develops very early in MEN2B, often 
during infancy, and behaves in an aggressive manner. Pheochro-
mocytoma occurs in 40–50% of patients.

There is an age-related pattern of non-endocrine manifesta-
tions, including lip and mucosal neuromas, corneal fi bres, con-
junctivitis sicca and conjunctival neuromas. Joint hypermobility 
and muscle weakness may be present in childhood and scoliosis 
and hip epiphysiolysis occur in later life.

Like MEN2A, MEN2B can present with gastrointestinal symp-
toms which result from colonic dysfunction caused by gangli-
oneuromatosis. Constipation may be severe in childhood and 
surgical intervention is required in up to one-quarter of patients 
to relieve symptoms of intestinal obstruction. In adult life diarrhea 
is reported more commonly.

Medullary thyroid carcinoma
Medullary thyroid carcinoma occurs in all patients with MEN2. 
It derives from the parafollicular c cells that are part of the amine 
precursor uptake and decarboxylase system (APUD) and a spec-
trum of c cell abnormality is observed. Early disease is indicated 
by the presence of c cell hyperplasia that develops into intrathy-
roidal MTC. Regional and distant metastases occur as the disease 
progresses.

Diagnosis
Clinical features
MTC presents as a painless thyroid mass with or without cervical 
lymphadenopathy.

Biochemical evaluation
Calcitonin is secreted only by c cells and elevated serum calcitonin 
is a highly specifi c tumor marker. Calcitonin concentrations in 
excess of 100  pg/mL (10  ng/L) can be considered diagnostic of 
MTC and a direct relationship exists between serum calcitonin 
and tumor size and prognosis. Patients in whom serum cal-
citonin is 20–100  pg/mL (20–100  ng/L) should undergo stimula-
tion testing with pentagastrin to clarify the diagnosis. It is 
important to note that calcitonin concentrations may be 
normal or low in the presence of poorly differentiated MTC. In 
these patients carcinoembryonic antigen (CEA) concentrations 
are often high and both markers should be measured 
preoperatively.

Diagnostic imaging
Ultrasound examination of the thyroid is the most commonly 
used investigation to identify the presence and extent of local 
disease. In older patients, FNA will give a histological diagnosis, 
although this is seldom necessary in patients with a RET gene 
mutation or a positive family history. More detailed anatomical 
information can be obtained by CT or MRI to inform surgical 
planning.

Metastatic disease affecting the neck and chest is most readily 
identifi ed by technetium-99-m-sestamibi scans and distant 
metastases are more easily visualized on MRI or CT. 131I-anti-
CEA monoclonal antibodies have been successfully used for the 
identifi cation of occult disease.

Tumor staging
The AJCC staging system for thyroid cancer is given in Table 
17.5.

Management
It is essential that pheochromocytoma is excluded preoperatively 
in those with MEN2A or MEN2B.

Surgery
Total thyroidectomy with lymphadenectomy of the cervicocen-
tral compartment offers the only prospect of cure in those with 
MTC and success is mainly dependent on the adequacy of the 

Table 17.7 Stratifi cation of risk for medullary thyroid carcinoma (MTC) and 
primary treatment of patients with mutations of RET proto-oncogene.

RET germline 
mutations

Risk of MCT Primary treatment

883, 918, 922 Level 3
The highest risk of 

MTC

Total thyroidectomy + bilateral 
central neck dissection 
within the fi rst 6 months 
(preferably fi rst month) of 
life or at diagnosis

611, 618, 620, 634 Level 2
A high risk of MTC

Total thyroidectomy by age 5 
years or when mutation 
identifi ed

609, 768, 790, 791, 
804, 891

Level 1
The least high risk of 

MTC

Total thyroidectomy by age 10 
years or when mutation 
identifi ed
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initial operation [36]. Ipsilateral modifi ed radical lymph node 
dissection should be undertaken if the primary tumor is more 
than 1  cm in diameter in those with MEN2A or more than 0.5  cm 
in diameter in those with MEN2B and for those with central node 
metastases. More advanced disease requires a more extensive 
operation which may involve resection of involved neck struc-
tures. Patients undergoing prophylactic thyroidectomy do not 
require central node dissection if preoperative basal and stimu-
lated calcitonin are normal and there are no areas of abnormality 
on ultrasound examination of the thyroid.

Patients in whom hyperparathroidism is diagnosed preopera-
tively should undergo parathyroidectomy at the time of thyroid 
exploration.

Postoperative medical care
Hypocalcemia occurs commonly following total thyroidectomy 
with lymph node dissection. Serum calcium should be measured 
4  h postoperatively and 12-hourly thereafter. Slow intravenous 
infusions of calcium or oral calcium with vitamin D supplemen-
tation may be required. All patients require physiological thyrox-
ine replacement.

The prognosis of patients with MTC is infl uenced by stage of 
disease at diagnosis and fall in calcitonin during the postoperative 
period. Serum calcitonin and CEA should be measured 3–7 days 
following surgery and 2–3 months later. Patients in whom calci-
tonin and CEA concentrations return to normal can be moni-
tored by periodic measurements of serum markers and imaging 
examinations. Persistent elevation of calcitonin following surgery 
is indicative of recurrent, persistent or generalized disease.

Management of persistent or recurrent disease
Patients with recurrent disease can experience a good quality of 
life but diarrhea can be debilitating and bone metastases can give 
rise to pain. Distant metastases, which occur in patients with 
large tumors at diagnosis and those with extrathyroidal growth 
and lymph node involvement, are the main cause of death. 
Distant metastases often affect multiple organs, including the 
lungs, bones and liver and, more rarely, brain, skin and breast. 
Survival rates of approximately 25% 5 years following the iden-
tifi cation of distant metastases and 10% at 10 years are reported 
[37].

If calcitonin concentrations remain elevated in the postopera-
tive period or rise during surveillance it is important to defi ne the 
location and extent of tumor tissue. Reoperation is indicated if 
residual disease is identifi ed in the neck or upper mediastinum 
and there is no evidence of distant metastatic disease. Cure is 
possible at reoperation if lymph nodes in all compartments of the 
neck and upper mediastinum are dissected.

The only place for surgery in patients with distant metastases 
is to palliate symptoms related to tumor mass and to relieve the 
symptoms of diarrhea which results from the humoral factors 
produced by MTC.

Standard chemotherapy regimes have not been successful in 
the treatment of MTC and the tumors are not very sensitive to 

X-ray or thermal radiation therapy. Imatinib, a tyrosine kinase 
inhibitor, was thought to be an attractive agent for the treatment 
of metastatic MTC. Early clinical trials showed promising results 
but observation over 12 months found no evidence of 
objective response. Furthermore, mucosal swelling of the larynx 
during therapy required emergency tracheotomy in some patients 
[38].

The role of radiotherapy using radioiodine-labeled bispecifi c 
antibodies directed to CEA and diethylenetriamine penta-acetic 
acid monoclonal antibodies is under investigation. Early clinical 
trials indicate that the overall survival of patients with extensive 
disease is signifi cantly improved with this therapy while toxic 
effects appear to be tolerable [39]. In the assessment of new 
therapies it is important to note that patients can survive long-
term and symptom-free even with substantial tumor burdens.

Surveillance and transitional care of 
patients with MEN
The standards of care for patients and families with MEN1 and 
MEN2 are very similar to those for families with inherited endo-
crine neoplasia. Services should be designed to meet the needs of 
families rather than individuals to facilitate seamless transition 
from pediatric to adult services. It is necessary to draw on the 
expertise of specialists from a number of disciplines including 
clinical geneticists, pediatric and adult endocrinologists, endo-
crine surgeons and specialist endocrine nurses who should work 
together in a well-structured team to deliver tumor surveillance 
according to the best available evidence. Close collaboration 
should exist with clinical biochemists, radiologists and neurosur-
geons, and patients with MEN1 also require the care of 
gastroenterologists.

In 2001, a consensus statement from the Seventh International 
Working Party on Multiple Endocrine Neoplasia was published 
[21]. This included recommendations for surveillance of carriers 
of MEN1 gene mutation (Table 17.8).

Of particular relevance to children are the following:
1 Prophylactic intervention is not possible to prevent the leading 
cause of death in this syndrome;
2 The effectiveness of early detection and intervention has not 
yet been demonstrated; and
3 There is potential for genetic discrimination in employment.
Expression of MEN1 in the pediatric population is very rare and 
the course of the disease is generally indolent. For these reasons, 
some advocate genetic testing in early adolescence allowing the 
patient an opportunity to give assent.

Predictive testing of children for the diagnosis of MEN2 is 
more easily justifi ed. The International Working Party on Multi-
ple Endocrine Neoplasia has recommended that screening for 
pheochromocytoma should start at the age of 15 years and com-
prise annual assessment of plasma metanephrines with MRI or 
CT imaging of the adrenal glands every 3–5 years. Patients in 
whom there is a family history of hyperparathyroidism should be 
screened annually by the measurement of serum calcium and 
parathyroid hormone from early adult life.
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Tumors of the ovary

Ovarian tumors occur in 2.6 per 100 000 girls per year. The 
majority of ovarian tumors in children are benign and ovarian 
malignancies account for less than 1% of all childhood cancers.

Tumors may arise from sex cord stromal, germ and epithelial 
cells. Gonadoblastomas are unusual mixed germ cell–sex cord 
tumors arising most commonly in intra-abdominal dysgenetic 
gonads. Ovaries may be involved in girls with leukemia or lym-
phoma or may be a site of metastatic spread in girls with other 
malignant disease. A classifi cation of adapted from the World 
Health Organization (WHO) Histological Classifi cation of 
Ovarian Tumors is given in Table 17.9.

Sex cord stromal tumors
Ovarian tumors presenting in early childhood most commonly 
arise from the stromal component of the ovary, such as granu-
losa, Sertoli or Leydig cells. Histological techniques have enabled 
more accurate description of tumor types which are now consid-
ered to comprise granulosa cell tumors, Sertoli–Leydig cell tumors 
(SLCT), sclerosing stromal tumor (SST), sex cord tumor with 
annular tubules, stromal tumor and thecoma.

Sex cord stromal cell tumors (SCST) are associated with Peutz–
Jeghers syndrome, a dominantly inherited condition which 
results from genomic mutations of the serine-threonine kinase 1 
(STK11) tumor suppressor gene. Affected individuals develop 
melanocytic maculas on the lips, labial mucosa and fi ngers and 
multiple hamartomatous intestinal polyps. Patients with Peutz–
Jeghers syndrome develop SCST at an earlier age than unaffected 
girls. Bilateral disease occurs more commonly but malignant 
disease is less frequent. The prognosis is better than for those in 
whom the tumor is sporadic.

Juvenile granulosa cell tumors
Juvenile granulosa cell tumors are the most common ovarian 
tumor occurring during infancy and early childhood; 80% occur-
ing in children aged less than 10 years. The histological charac-
teristics and clinical behavior of granulosa cell tumors differ from 
adult patients and the tumor is referred to as a juvenile granulosa 
cell tumor (JGCT). Almost all JGCT are confi ned to the ovary at 

diagnosis and have an excellent prognosis, even when malignant 
characteristics are present on histological examination. In 83 of 
125 patients with follow-up data, 80 patients presented with stage 
1 disease of whom two succumbed to their disease. Only three 
patients presented with stage 2 disease or more and it was fatal in 
all [40].

Surgery alone should be curative for patients presenting with 
disease stage 1B or less. The outcome for patients with stage 1C 
disease is dictated by the presence of preoperative tumor rupture 
or malignant ascites. The prognosis for patients in whom the 
tumor is ruptured during surgery is currently indistinguishable 
from those with stage 1B disease or less.

The management of patients with advanced disease is contro-
versial. In a current trial, cisplatin-based chemotherapy is used 
for girls presenting with tumor stage 1C due to spontaneous 
tumor rupture and those with stage 2 disease or more.

Sertoli cell tumors of the ovary
Sertoli cell tumors affect young women. Secretion of estrogen and 
androgens is common and presentation in childhood is with 
precocious puberty, amenorrhea or virilization. Tumor growth 

Table 17.8 Recommended surveillance for carriers of multiple endocrine neoplasia type 1 (MEN1) gene mutations.

Tumor Age to begin (years) Biochemical tests annually Imaging tests every 3 years

Parathyroid adenoma  8 Calcium, PTH None
Gastrinoma 20 Gastrin, gastric acid output, secretin-stimulated gastrin None
Insulinoma  5 Fasting glucose: insulin

Other enteropancreatic 20 Chromogranin-A, glucagon, proinsulin 111In-DPTA octreotide scan; CAT or MRI
Anterior pituitary  5 Prolactin, IGF-I MRI
Foregut carcinoid 20 None CT

CT, computed tomography; IGF, insulin-like growth factor; MRI, magnetic resonance imaging; PTH, parathyroid hormone.

Table 17.9 Classifi cation of ovarian tumors.

Germ cell tumors
Undifferentiated
Dysgerminoma

Embryonic
Teratoma
Embryonal carcinoma

Extra-embryonal
Endodermal sinus tumor
Choriocarcinoma

Sex cord stromal tumors
Juvenile granulosa cell
Sertoli–Leydig cell

Epithelial cell
Mucinous cystadenoma/cystadenoma
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may be rapid and patients also present with increasing abdominal 
girth and symptoms resulting from tumor compression of intra-
abdominal structures.

Sertoli cell tumors have been subclassifi ed into pure Sertoli 
cell tumor of the ovary, which arises from the multipotential 
stromal ovarian cell, sex cord stromal tumors, with annular 
tubules and histological features intermediate between SLT 
and JGCT, mixed Sertoli–Leydig cell tumors and Sertoli–
Leydig tumors with retiform pattern with histological features of 
the rete ovarii, analogous to the rete testis in the male. This last 
subgroup presents at an earlier age than other Sertoli cell tumors 
and carries a worse prognosis, with a 25% chance of 
malignancy.

Gonadoblastoma
Gonadoblastoma is a tumor in which germ cells and immature 
Sertoli/granulosa cells are intimately mixed. They are not malig-
nant per se but 30% demonstrate overgrowth of the germinal 
component, in which case the tumor is no longer considered 
benign and is reclassifi ed as a dysgerminoma. Ten percent of 
gonadoblastomas develop different types of germ cell neoplasia, 
such as yolk sac tumor, immature teratoma, embryonal carci-
noma or choriocarcinoma.

Eighty percent of patients are phenotypic females with intra-
abdominal dysgenetic gonads and the presence of Y chromosome 
material. The risk of developing a gonadoblastoma is reported to 
be in excess of 30% in girls with a 45X, 46XY karyotype although 
there is some evidence that this is an overestimate. Up to 40% of 
girls with Turner syndrome and no Y material on karyotype have 
molecular evidence of Y chromosome material on polymerase 
chain reaction. In these patients, the risk of developing a gona-
doblastoma is 7–10% and the risk of contralateral disease is 
approximately 40%.

Girls with androgen insensitivity syndrome are also at increased 
risk of gonadoblastoma, with 30–60% of girls being affected. In 
light of these observations it is recommended that girls with these 
syndromes undergo prophylactic gonadectomy, although the 
timing of this procedure is controversial. 
Gonadoblastomas are reported in infancy and early childhood 
but the majority present at a later stage and are indolent in nature, 
prompting some to argue for a delay in gonadectomy.

Molecular studies have localized the gonadoblastoma locus on 
the Y chromosome (GBY) near its centromere. This locus con-
tains a number of known genes including testis-specifi c protein 
Y. This gene is expressed at high concentrations in gonadoblast-
oma tissues and evidence from in vitro and animal studies suggest 
that it has an important role in the regulation of cell proliferation 
and tumorigenesis.

Other benign sex cord tumors
Fewer than 10% of fi bromas are found in patients below the age 
of 30 years. If they are large (more than 10  cm in diameter) they 
may be associated with Meigs syndrome, the triad of a fi brous 
ovarian tumor, ascites and pleural effusion. They also occur in 

association with the basal cell nevus syndrome, where fi bromas 
tend to be bilateral, calcifi ed and multinodular.

Approximately 3% of thecomas present in patients aged less 
than 20 years. Estrogen and androgen secretion are common and 
patients present with menstrual disturbance or virilization.

Germ cell tumors
Germ cell tumors arise from the primitive germ cells and may 
occur in any part of the reproductive tract. Ectopic germ cell 
tumors occur as a result of aberrant patterns of primordial germ 
cell migration. Germ cell proliferation as a pure germ cell tumor 
results in dysgerminoma of the ovary, seminoma of the testes or 
germinoma in ectopic sites. The totipotential primitive germ cell 
may also develop as a benign mature teratoma, an immature 
teratoma of uncertain malignant potential, or a malignant tumor 
(embryonal carcinoma or if extra-embryonic tissue is present, 
yolk sac tumor or choriocarcinoma). The term “mixed germ cell 
tumor” describes tumors composed of more than one histological 
type of germ cell. Each tumor type expresses different tumor 
markers and has different malignant potential.

Germ cell tumors account for 75–80% of all neoplastic 
ovarian lesions in childhood. The incidence of the tumor increases 
with age and 70% of cases are diagnosed in girls aged 10–14 
years.

Teratomas
Teratomas are derived from all three embryonic layers, ectoderm, 
endoderm and mesoderm, and are the most common ovarian 
tumor of childhood. They are classifi ed as mature if they are 
characterized by differentiated tissues, immature if some imma-
ture non-malignant tissue is present or malignant if there are 
features of yolk sac tumor, choriocarcinoma or embryonal carci-
noma. The appearances of a mature teratoma are illustrated in 
Plate 17.7. Seventy percent of teratomas are mature and are fre-
quently asymptomatic until they reach a large size. Immature 
lesions are graded histologically from 1 to 3 based on the number 
of immature regions visualized per low power fi eld. Fewer that 
10% of microscopic foci contain immature tissue in grade 1 
disease, which rises to 10–50% in grade 2 and more than 50% in 
grade 3.

In adult patients, the least mature lesions demonstrate the 
greatest risk of recurrence and malignant change. For this reason, 
high grade tumors in children have historically been treated with 
chemotherapy. However, the fi ndings of a recent intergroup 
study between the Children’s Oncology Group and the Pediatric 
Oncology Group indicate that surgical treatment alone, together 
with close observation for recurrence, is a safe and adequate treat-
ment in children and adolescents [41,42].

Thirty percent of ovarian teratomas are malignant, of which 
one-third are pure endodermal sinus tumors and one-third 
contain mixed elements. Detailed examination of any solid com-
ponent of a teratoma is mandatory to ensure that no immature 
neural elements or occult foci of malignancy are present. Meta-
static spread may be local to peritoneum or distant, most com-
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monly to lung, liver, brain and bone. Surgery alone is curative for 
tumors limited to the ovary.

If tumor markers are elevated at presentation they can be 
monitored in the postoperative period as an indicator of residual 
disease. Serum alfa fetoprotein (AFP) has a half-life of 5 days and 
serum human chorionic gonadotropin (β-hCG) a half-life of 
16  h. Failure of these tumor markers to fall indicates persisting 
active tumor and the patient should proceed to chemotherapy. 
Patients in whom tumor markers are not elevated should be fol-
lowed closely with MRI or ultrasound.

Dysgerminomas
Dysgerminomas arise from germ cell lines with suppressed dif-
ferentiation. They are malignant but are associated with a good 
prognosis because they tend to present at an early stage and are 
highly sensitivity to radiation and chemotherapy. Bilateral disease 
is found in 10–15% of patients. Serum lactic dehydrongenase 
(LDH) may be elevated in the presence of dysgerminoma and can 
be a useful tumor marker. Other tumor markers reported to be 
positive in dysgerminoma include neuron-specifi c enolase, β-
hCG and CA-125.

Embryonal carcinoma and choriocarcinoma are rarely seen in 
isolation and are most commonly observed together with ele-
ments of endodermal sinus tumor in mixed malignant tumors. 
Such mixed tumors comprise 30% of malignant ovarian germ cell 
tumors. Patients may have elevated concentrations of β-hCG or 
AFP or both.

Epithelial cell tumors
Epithelial cell tumors are the second most common ovarian 
neoplasia affecting adolescents but they are not seen before 
puberty.

Only one subtype of epithelial cell tumor is seen in childhood, 
the cystadenoma. This tumor type can be further classifi ed as 
serous, the most common form, or mucinous. The majority of 
cystadenomas presenting in childhood are benign and can be 
treated successfully by cystectomy or unilateral oophorectomy 
alone.

Adenocarcinomas are fortunately extremely rare in childhood. 
Serum CA-125 tumor antigen, AFP or CEA may be elevated and 
can be a useful indicator of residual tumor burden following 
surgery and response to chemotherapy.

Borderline ovarian epithelial cell tumors are indolent tumors 
which are frequently bilateral and locally invasive. They are 
defi ned as epithelial cell tumors with varying concentrations of 
nuclear atypia and they lack stromal invasion of the ovary. 
Tumors generally present early and the prognosis in these patients 
is excellent following surgery so fertility-sparing procedures 
should be attempted. However, the tumor is highly heterogene-
ous and some patients will have extensive disease at diagnosis 
requiring radical surgery and chemotherapy. Death in childhood 
has been reported.

Diagnosis
Clinical features
Young girls with functional tumors present at an early stage with 
the clinical features of precocious puberty or virilization. In older 
girls, hormone production from functional tumors may induce 
galactorrhea, virilization and menstrual irregularity. Patients with 
non-functioning tumors present with abdominal pain, an 
abdominal mass or urinary symptoms and, in the presence of 
malignancy, ascites or pleural effusion.

Diagnostic imaging
Ovarian lesions can be well visualized on ultrasound assessment. 
Sonolucent lesions with very thin walls and no solid component 
are very unlikely to be malignant. Lesions with thick irregular 
walls and septa, papillary projections and solid components are 
likely to be malignant and laparotomy and intra-operative staging 
is indicated. Further anatomical detail may be obtained from 
MRI or CT.

Staging of ovarian tumors
The staging of malignant disease in both childhood and adult life 
has been standardized by the International Federation of Gyne-
cology and Obstetrics (FIGO) and details of this staging system 
are given in Table 17.10. Tumor stage, the level of mitotic activity 
within the tumor on histological examination, the presence or 
absence of endocrine features and age are important prognostic 
indicators.

A separate staging system for ovarian germ cell tumors has 
been devised by the Pediatric Oncology Group (Table 17.11).

Treatment
Surgery
The surgical management of ovarian tumors in childhood 
presents a particular challenge. Benign lesions occur much more 
commonly than malignant lesions and conservative surgical tech-
niques should be employed to preserve ovarian tissue and mini-
mize adhesion formation. However, some malignant lesions are 
associated with a high mortality rate and careful preoperative 
assessment is essential to inform surgical planning. The place for 
laparoscopic cystectomy in the treatment of ovarian lesions is 
controversial and the question of whether the risk of overlooking 
malignancy outweighs the benefi t of this less invasive approach 
remains unanswered. The Germ Cell Committee and the Chil-
dren’s Oncology Group specifi cally discourage this approach 
because the risk of tumor rupture can result in upgrading of 
undiagnosed malignant lesions.

The prognosis of ovarian tumors is closely related to the extent 
of disease as defi ned by the FIGO system and tumor staging at 
the time of surgery has an important role in determining the need 
for postoperative chemotherapy. This should include collection 
of ascites for cytology, sampling of lymph nodes, omentectomy, 
peritoneal biopsies and assessment of the contralateral ovary. 
Such extensive examination may not be necessary in girls with 
germ cell tumors in the absence of gross disease.
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The risk of recurrence of borderline epithelial tumors is related 
to the primary surgical procedure. Recurrence is reported in 5.7% 
of patients undergoing radical surgery (hysterectomy and bilat-
eral salpingo-oophorectomy) while recurrence in those treated by 
adnexectomy and cystectomy is 15.5% and 36.3%, respectively. 
Recurrent disease can be reliably detected by ultrasound and 
pelvic examination and successfully treated surgically and con-
servative surgery probably does not affect the overall survival if 
patients are able to comply with a program of tumor surveillance 
[42].

The treatment of adenocarcinomas is with surgical debulking 
followed by chemotherapy.

Chemotherapy
Chemotherapy is indicated for any ovarian germ cell tumor that 
has spread outside the confi nes of the ovary. Overall, the treat-
ment of germ cell tumors with chemotherapy is extremely suc-
cessful, even in advanced cases. The combination of bleomycin, 
etoposide and cisplatin has been associated with an event-free 
survival in excess of 95% [43] for patients at all stages of 
disease.

Following surgery girls with adenocarcinomas are treated with 
platinum-based chemotherapy based on adult protocols. Unlike 
other pediatric ovarian malignancies, the prognosis for girls with 
malignant adenocarcinoma is poor. A recent publication of 463 
women treated for this malignancy reported 21% survival at 5 
years, 13.5% survival at 10 years and 12% survival at 15 years 
[44].

Tumors of the testes

Testicular tumors account for 1% of all pediatric solid tumors 
and occur with an incidence of 0.5–2.0 per 100 000 boys. Two 
peaks in presentation are observed, the fi rst during the fi rst 2 
years of life and the second after the age of 10 years.

Testicular tumors affecting the prepubertal boy differ mark-
edly from those seen in older boys and adult men, both in terms 
of tumor type and tumor behavior. Germ cell tumors account for 
60–70% of tumors in children, while 95% of testicular tumors 
are of germ cell origin in adults. Seminomas and embryonal car-
cinomas are not observed in prepubertal boys, while teratomas, 
which are uniformly benign in prepubertal boys, are often malig-
nant in adults. Sex cord stromal tumors account for 7–8% of 
childhood tumors. Prepubertal testicular tumors are classifi ed 
according to the cell line of origin and a modifi ed version of the 
WHO classifi cation of prepubertal testicular tumors is given in 
Table 17.12.

Germ cell tumors
Germ cell tumors arise from the primitive germ cells and may 
occur in any part of the reproductive tract. Pure germ cell prolif-
eration results in seminoma of the testis. The totipotential primi-
tive germ cell may also develop as a benign mature teratoma, an 

Table 17.10 FIGO staging system for primary carcinoma of the ovary.

Stage I Growth limited to the ovaries
IA Growth limited to one ovary, no tumor on the external surface; 

capsule intact
IB Growth limited to both ovaries, no tumor on the external 

surface; capsule intact
IC Tumor stage either IA or IB but with ascites or peritoneal 

washings containing malignant cells; tumor on the surface or 
capsule ruptured

Stage II Growth involving one or both ovaries with pelvic extension
IIA Extension to the uterus or tubes
IIB Extension to other pelvic structures
IIC Tumor either IIA or IIB but with ascites or peritoneal washings 

containing malignant cells; tumor on the surface or capsule 
ruptured

Stage III Tumor involving one or both ovaries with peritoneal implants 
outside the pelvis or positive retroperitoneal or inguinal lymph 
nodes; superfi cial liver metastasis equals stage III; tumor is 
limited to the true pelvis but with histologically proven 
malignant extension to small bowel or omentum

IIIA Tumor grossly limited to the true pelvis with negative nodes but 
histologically proven microscopic seeding of the peritoneal 
surfaces

IIIB Tumor of one or both ovaries with histologically confi rmed 
implants of abdominal peritoneal surfaces, none exceeding 
2  cm in diameter, nodes are negative

IIIC Abdominal implants are greater than 2  cm in diameter or 
positive retroperitoneal or inguinal lymph nodes

Stage IV Growth involving one or both ovaries with distant metastases; if 
pleural effusion present, there must be positive cytology to 
allot a case to stage IV; parenchymal liver metastases equals 
stage IV

Table 17.11 Staging of pediatric ovarian germ cell tumors according to the 
American Pediatric Oncology Group and Children’s Cancer Group.

Stage I Limited to ovary (ovaries) peritoneal washings negative for 
malignant cells; no clinical, radiographic or histological evidence 
of disease beyond the ovary; tumor markers normal after 
appropriate half-life decline (AFP, 5 days; β-hCG, 16  h)

Stage II Microscopic residual disease or disease in lymph nodes <2  cm; 
peritoneal washings negative for malignant cells; tumor markers 
positive or negative

Stage III Gross residual disease or biopsy only; lymph nodes >2  cm; 
contiguous spread to other organs (omentum, intestine, bladder); 
peritoneal washings positive for malignant cells

Stage IV Metastatic disease, which may include liver
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immature teratoma of uncertain malignant potential or a malig-
nant tumor (embryonal carcinoma or, if extra-embryonic tissue 
is present, yolk sac tumor or choriocarcinoma). The term “mixed 
germ cell tumor” describes tumors composed of more than one 
histological type of germ cell.

Three entities of testicular tumors can be defi ned on the basis 
of epidemiological, clinical and histological characteristics. These 
three entities have a different pathogenesis. The fi rst group 
includes the yolk sac teratomas. These tumors usually present 
before the age of 4 years and always before puberty and are likely 
to have their origin during fetal life. The second group, referred 
to as testicular germ cell tumors (TGCT), is found in pubertal 
and adult males and comprises seminomas and teratomas. Tum-
origenesis in this group is likely to be related to spermatogenesis 
during puberty and beyond. The fi nal group, spermatocytic semi-
nomas, are diagnosed in elderly men.

Yolk sac tumors
Yolk sac tumors have a prevalence of 0.1 per 100 000 in prepu-
bertal boys with more than 75% of cases presenting in the fi rst 2 
years of life. The youngest affected patients are diagnosed in the 
neonatal period. Early reports related the age at diagnosis to 
metastatic disease and outcome but data from the Prepubertal 

Testis Tumor Registry, established by the Section of Urology in 
the American Academy of Pediatrics, suggest this is not true.

The vast majority of tumors present early at stage I and surgery 
alone should be curative. More than 99% of all patients with yolk 
sac tumors are expected to survive.

Testicular tumors in childhood demonstrate hematogenous 
spread to lungs, liver and brain.

Teratomas of childhood
Testicular teratomas are the second most common testicular 
tumor in prepubertal boys. They are generally mature and derived 
from embryonic tissue from all three germ layers. Ultrasound 
examination reveals a cystic septated appearance with intervening 
solid components including calcifi cation.

Mixed germ cell tumor
Tumors comprising more than one type of germ cell neoplasm 
are found in the testes, ovary, mediastinum and brain. The most 
common combinations include teratoma with yolk sac, teratoma 
with embryonal carcinoma and choriocarcinoma and teratoma 
with embryonal carcinoma. The presence of choriocarcinoma 
signifi cantly decreases survival. Treatment is dictated by the most 
malignant component of the tumor.

Testicular germ cell tumors of adolescence
The worldwide incidence of TGCTs in this age group has doubled 
in the last 40 years, an increase that follows a birth cohort effect. 
As the genetic composition of a population cannot change in one 
or two generations, environmental infl uences must be important 
in the etiology of the disease.

There is speculation that prenatal exposure to high concentra-
tions of estrogen may be important in the etiology of infertility, 
cryptorchidism and sperm quality and TGCT. This hypothesis 
can be explored through twin studies that compare the prevalence 
of TGCT in male twins to that of singletons because maternal 
estrogen concentrations are higher during twin pregnancies than 
singleton pregnancies and higher in dizygotic twin pregnancies 
than monozygotic pregnancies. Genetic infl uences can be studied 
by comparing the rate of concordance (both twins affected) in 
monozygotic and dizygotic twins. Males from twin pregnancies 
are at increased risk of TGCT compared to singletons and those 
from dizygotic pregnancies are at increased risk compared to 
those from monozygotic pregnancies (odds ratio 1.5) [45].

More research is required to investigate the pathogenetic 
mechanisms that lead to the increased risk of TGCT in dizygotic 
twins. Twinning itself is, to some extent, genetically determined 
and it is possible that coinherited genetic factors could contribute 
to the increased risk of TGCT rather than the increase in maternal 
estrogen.

To date only one study has compared the rate of concordance 
in males from monozygotic pregnancies with that in dizygotic 
pregnancies [46]. In this study, which included six pairs of con-
cordant twins, monozygotic twins were most commonly 
affected.

Table 17.12 Classifi cation of prepubertal testicular tumors.

Germ cell tumors
Yolk sac
Teratoma
Seminoma
Mixed germ cell

Gonadal stromal tumors
Leydig cell
Sertoli cell
Granulosa cell
Mixed gonadal stromal cell

Gonadoblastoma

Tumors of supporting tissue
Fibroma
Fibrosarcoma
Leiomyoma
Hemangioma

Lymphomas and leukemias

Tumor-like lesions
Epidermid cyst
Testicular adrenal rest tumors (TART)

Secondary tumors

Tumors of the adnexa
Rhabdomyosarcoma, fi broma, fi brosarcoma, leiomyoma, leiomyosarcoma, 

hemangioma, lipoma
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Gonadal stromal tumors
Gonadal stromal tumors are benign tumors in childhood arising 
from Leydig and Sertoli cells.

Leydig cell tumor
Testicular Leydig cell tumors can occur at any age but are seen 
most commonly in prepubertal boys aged 5–10 years and in adult 
males aged 30–60 years. They are always benign in childhood but 
behave as malignant tumors in 10% of adult patients. Leydig cell 
tumors secrete androgens and sometimes estrogen. Boys may 
present with pseudo-precocious puberty, in which growth and 
skeletal maturity are advanced together with pubic and axillary 
hair growth and genital development in the absence of pubertal 
testicular growth. Breast tenderness and gynecomastia may result 
from estrogen secretion by the tumor, although this is rare in 
childhood, or from peripheral aromatization of testosterone to 
estrogen.

Ultrasound appearances are of a homogeneous hypoechoic 
lesion and Doppler examination often shows a hypervascular 
tumor with prominent peripheral and circumferential blood 
fl ow. Tumor markers (AFP, β-hCG and placental alkaline phos-
phatase) should be within the normal range.

Sertoli cell tumor
Sertoli cell tumors (SCT) account for only 1.3% of tumors 
recorded on the American Academy of Pediatrics Section on 
Urology Prepubertal Testicular Tumor Registry. There are no 
case reports to date of Sertoli cell tumors presenting in the neo-
natal period and only three case reports of boys being affected in 
the fi rst decade of life. In the pediatric population they are most 
commonly diagnosed in infancy when they present as painless 
testicular masses. Occasionally, infants present with gynecomas-
tia but virilization is unusual. To date, there are no reported cases 
of malignancy in boys aged less than 5 years and surgical treat-
ment should be considered curative. In older boys, malignant 
behavior is observed in 10% of tumors and is related to tumor 
size and mitotic activity. Tumor necrosis and vascular infi ltration 
are also suggestive of malignant disease.

Large cell calcifying Sertoli cell tumor (LCCSCT) is seen pre-
dominantly in children and adolescents and it is the most common 
form of SCT seen in childhood. Ultrasound examination reveals 
the presence of multiple hyperechoic lesions within the tumor 
representing areas of calcifi cation. Tumors are generally benign 
and are associated with Peutz–Jeghers syndrome and Carney 
complex. Malignancy is more likely in tumors more than 4  cm in 
diameter.

Sertoli cell hyperplasia and adenoma are often observed in 
patients with androgen insensitivity syndrome.

Juvenile granulosa cell tumors
Testicular juvenile granulosa cell tumors are diagnosed only in 
the fi rst year of life and most commonly before the age of 6 
months. They are non-functioning benign tumors which are 
cured by surgical resection. These testicular lesions are reported 

to occur more commonly in boys with anomalies of the Y chro-
mosome, mosaicism and ambiguous genitalia.

Lymphoma and leukemia
Lymphoma and leukemia account for 2–5% of all testicular 
tumors and the majority of bilateral tumors.

The reported incidence of testicular involvement in boys with 
acute lymphoblastic leukemia (ALL) ranges 8–25% but most 
studies report a fi gure of less than 10%. As survival from ALL 
improves, the incidence of testicular leukemia has increased. The 
testes may be the site of residual tumor after chemotherapy and 
the testes are the most common site of relapse. These observa-
tions have prompted speculation that the blood–testis barrier 
may protect the intratesticular cells from chemotherapy, although 
animal studies do not support this hypothesis.

The clinical presentation is with a painless testicular mass but 
only a minority of tumors are clinically apparent. Diagnosis is 
confi rmed by wedge biopsy and treatment is with chemotherapy 
and bilateral testicular irradiation.

Lymphomatous involvement of the testes has been reported in 
all ages, although 80% of cases occur in men over 50 years of age. 
It is usually limited to non-Hodgkin lymphoma, although occa-
sionally other histological types are reported.

Tumor-like lesions
Epidermoid cysts
Epidermoid cysts are benign lesions of epithelial cell origin that 
account for fewer than 2% of all childhood testicular tumors. On 
ultrasound examination they are found to be cystic with a hyper-
echoic centre indicating the presence of central keratinized debris 
and a hyperechoic rim, representing squamous and fi brous ele-
ments. The lesions are universally benign and surgery is curative.

Testicular adrenal rest tumors in patients with 
congenital adrenal hyperplasia
Testicular adrenal rest tumors (TART) occur in association with 
congenital adrenal hyperplasia (CAH) when glucocorticoid 
replacement therapy is insuffi cient to suppress serum ACTH. 
Most tumors are bilateral and develop synchronously. They are 
ACTH dependent and shrink in response to adequate glucocor-
ticoid therapy. Should they persist, it is important to consider the 
possibility that they have developed autonomy and are true neo-
plasms, in which case enucleation is indicated.

A recent study investigated the prevalence of TART on high 
resolution ultrasound examination in prepubertal boys with 
CAH and compared testicular function with controls of the same 
age. Inhibin B and anti-Müllerian hormone were used as markers 
of Sertoli cell function. Leydig cell function was assessed from the 
increment in serum testosterone from baseline to 72  h following 
stimulation with β-hCG 5000 units/m2. Twenty-one percent of 
boys with CAH had TART. Inihibin B, anti-Müllerian hormone 
and the increment in serum testosterone were lower in boys with 
CAH than in controls. As expected, those with inadequate control 
were most severely affected [47].
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Tumors of the adnexa
Tumors arising from the adnexa are most commonly rhabdomy-
osarcomas. Very rarely, paratesticular mesotheliomas arise in the 
epididymus, tunica vaginalis or spermatic cord, almost always in 
patients over the age of 18 years. In contrast to adult patients, the 
clinical course of these tumors appears to be benign in children, 
although data describing the natural history of the disease are 
limited. Paratesticular leiomyomas and leiomyosarcomas have 
been described in childhood.

Rhabdomyosarcomas
Rhabdomyosarcomas are soft tissue malignant tumors of skeletal 
muscle origin. They have a bimodal distribution and occur in 
boys aged 3–4 months and in teenagers. Tumors present as 
painless testicular masses or hydroceles and ultrasound examina-
tion reveals a mass located within the spermatic cord. As many 
as 70% of patients have involvement of the retroperitoneal 
lymph nodes at presentation. These tumors are highly aggressive 
and 20% of patients have disease in the lymphatics or direct 
extension to the lungs, the cortical bone or to the bone marrow 
at the time of diagnosis. Radical inguinal orchiectomy followed 
by retroperitoneal lymph node dissection is recommended 
for all children older than 10 years and in those younger than 10 
years with retroperitoneal disease. Those with positive lymph 
nodes are treated with multimodal therapy (chemotherapy and 
radiation).

Diagnosis
Clinical features
The most common mode of presentation is with a painless tes-
ticular mass that does not transilluminate. Patients may also com-
plain of testicular pain and presentation following trauma, which 
presumably prompts testicular examination and identifi cation of 
a testicular mass, is also common. In 10–25% of cases malignant 
tumors present with a hydrocele. Functional tumors that secrete 
androgens present with features of virilization in the prepubertal 
boy and those that secrete estrogen present with chest tenderness 
and gynecomastia. The time between onset of symptoms and 
treatment varies from 3 to 6 months in boys with germ cell 
tumors but is delayed for up to 24 months in those with tumors 
of non-germ cell origin.

Biochemical evaluation
Serum AFP is elevated in 60–90% of boys with yolk sac tumors. 
It is a valuable marker of the patient’s response to treatment and 
the presence of residual and recurrent disease. Patients in whom 
serum AFP is greater than 10 000  ng/mL at diagnosis have a sig-
nifi cantly poorer prognosis than those in whom serum AFP is 
lower. The half-life of AFP is about 5 days and concentrations 
should return to normal (<20  ng/mL) within a month after com-
plete surgical resection. Failure of AFP to fall is highly suggestive 
of residual or metastatic disease. It is important to note that high 
concentrations of serum AFP are physiological during the fi rst 
6–12 months of life and may not be of diagnostic value in this 

age group. However, preoperative and postoperative concentra-
tions are still of value to monitor response to treatment and 
identify relapsed disease. The mean serum AFP concentrations 
according to age are given in Table 17.13 [48].

Serum testosterone or estradiol may be elevated in boys with 
Leydig cell tumors and serum hCG may be elevated in gonadob-
lastomas. Like AFP, these markers of tumor activity can be helpful 
in the assessment of response to treatment.

Serum AFP and hCG should be measured in all adolescent boys 
at diagnosis of a testicular germ cell tumor. Concentrations 
of these tumor markers are used along with imaging 
techniques to allocate a prognostic group for the patient (Table 
17.16).

Diagnostic imaging
Preoperative assessment should include ultrasound of the testes 
to defi ne the location and size of the tumor and to assess its 
characteristics. Tumors located entirely within the testis may be 
amenable to testes-preserving surgery. The presence of liver 
metastasis and involvement of the retroperitoneal lymph nodes 
should be assessed by MRI and lung metastases by chest X-ray or 
chest CT. Metastatic spread to brain, bone or other parenchymal 
organs may be suspected but diagnostic tests can be safely deferred 
until a histological diagnosis is made at surgery. Imaging of the 
chest, abdomen and pelvis is essential for staging with adolescent 
boys testicular germ cell tumors.

Staging
A staging system designed for the evaluation of testicular tumors 
in prepubertal boys has been devised by Committee on Tumors, 
Section of Urology, Academy of Pediatrics. This staging system is 
detailed in Table 17.14. The staging system for pediatric testicular 
germ cell tumors is given in Table 17.15 and for adolescent 
tumors the TNMS system according to the AJCC is given in Table 
17.16.

Table 17.13 Reference values of serum alfa fetoprotein (AFP) [48].

Patient age AFP (mg/L or ng/mL)

Premature 80 000–220 000
Newborn 2000–130 000
0–2 weeks 8000–130 000
2 weeks–1 month 300–70 000
1 month 90–10 000
2 months 40–1000
3 months 20–300
4 months 0–300
5 months 0–100
6 months 0–40
7 months 0–40
8 months 0–20
9 months–adult 0–10
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Table 17.14 Staging of childhood testicular tumors according to the 
Committee on Tumors, Section of Urology in the American Academy of 
Pediatrics.

Group 1 Tumor confi ned to the testes, AFP normal within 1 month 
following orchidectomy, imaging of the retroperitoneum and 
chest normal

Group 2 Similar to group 1 but retroperitoneal lymph node dissection 
reveals unsuspected nodal metastases

Group 3 Retroperitoneal lymph node metastases on imaging studies, 
serum AFP concentrations persistently elevated

Group 4 Demonstrable metastases beyond the retroperitoneum

AFP, alfa fetoprotein.

Table 17.15 Staging of pediatric testicular germ cell tumors according to the 
American Pediatric Oncology Group and Children’s Cancer Group.

Stage I Limited to testis, completely resected by high inguinal orchiectomy; 
no clinical, radiographic or histological evidence of disease beyond 
the testis; tumor markers normal after appropriate half-life decline 
(AFP, 5 days; β-hCG, 16  h)

Stage II Transcrotal orchiectomy; microscopic disease in scrotum or high in 
spermatic chord (<5  cm from proximal end); retroperitoneal lymph 
node involvement (<2  cm) and/or increased tumor markers after 
appropriate decline

Stage III Tumor positive retroperitoneal lymph nodes >2  cm in diameter: no 
visceral or extra-abdominal involvement

Stage IV Metastatic disease, which may include liver

AFP, alfa fetoprotein; hCH, human chorionic gonadotropin.

Table 17.16 The American Joint Committee on Cancer TNMS staging system 
for testicular tumors in pubertal and adult males.

Primary tumor (T)
pTX Primary tumor cannot be assessed*
pT0 No evidence of primary tumor (e.g. histologic scar in testis)
pTis Intratubular germ cell neoplasia (carcinoma in situ)
pT1 Tumor limited to the testis and epididymis without lymphatic/

vascular invasion; tumor may invade into the tunica albuginea 
but not the tunica vaginalis

pT2 Tumor limited to the testis and epididymis with vascular/lymphatic 
invasion or tumor extending through the tunica albuginea with 
involvement of the tunica vaginalis

pT3 Tumor invades the spermatic cord with or without vascular/
lymphatic invasion

pT4 Tumor invades the scrotum with or without vascular/lymphatic 
invasion

Regional lymph nodes (N)
NX Regional lymph nodes cannot be assessed
N0 No regional lymph node metastasis
N1 Metastasis with a single lymph node mass 2  cm or less in greatest 

dimension; or multiple lymph nodes, none more than 2  cm in 
greatest dimension

N2 Metastasis with a single lymph node mass more than 2  cm but not 
more than 5  cm in greatest dimension; or multiple lymph nodes, 
none more than 5  cm in greatest dimension

N3 Metastasis with a lymph node mass more than 5  cm in greatest 
dimension

Distant metastasis (M)
MX Presence of distant metastasis cannot be assessed
M0 No distant metastasis
M1 Distant metastasis
M1a Non-regional nodal or pulmonary metastasis
M1b Distant metastasis other than to non-regional lymph nodes and 

lungs

Serum tumor markers (S)
SX Marker studies not available or not performed
S0 Marker study concentrations within normal limits
S1 LDH <1.5 × N* and hCG (mIu/mL) <5000 and AFP (ng/ml) <1000
S2 LDH 1.5–10 × N* or hCG (mIu/mL) 5000–50 000 or AFP (ng/mL) 

1000–10 000
S3 LDH >10 × N* or hCG (mIu/mL) >50 000 or AFP (ng/mL) >10 000

*If no radical orchidectomy has been performed. AFP, serum alfa fetoprotein; 
hCG, human chorionic gonadotropin; LDH, lactic dehydrogenase; N, upper limit 
of normal for LDH assay.

Treatment
Surgery
The operation of choice for boys with malignant disease, includ-
ing yolk sac tumors, is radical inguinal orchidectomy with high 
ligation of the spermatic chord. Retroperitoneal lymph node dis-
section is now considered unnecessary because tumor spread in 
childhood is most commonly hematogenous to lung, liver and 
brain. Furthermore, retroperitoneal lymph node dissection is 
associated with a risk of adhesions, intra-operative injury and 
ejaculatory dysfunction and there is no evidence that retroperi-
toneal lymph node dissection improves survival.

Patients with yolk sac tumors and evidence of metastatic 
disease and those with persistently elevated AFP should be treated 
with combination chemotherapy with cisplatin, etoposide and 
bleomycin. This therapy has signifi cantly improved the prognosis 
of those with advanced disease and event-free survival in excess 
of 90% at 6 years has been reported [41]. If AFP concentrations 
remain elevated following chemotherapy, dissection of the retro-
peritoneal lymph nodes may be required.

Prepubertal teratomas, Leydig and Sertoli cell tumors are 
benign and patients should expect to be cured by surgery alone. 
Traditionally, this comprised orchidectomy with high ligation of 
the spermatic chord but this approach is being modifi ed as data 
reported from a number of registries emphasize the benign 
behavior of most testicular tumors in prepubertal boys. Further-
more, in this age group testicular tumors generally present at an 
early stage and those with more extensive disease respond well to 
chemotherapy.
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section biopsies are obtained after temporary occlusion of the 
spermatic cord at the inguinal canal. If the frozen section con-
fi rms the presence of a benign tumor, the testis is closed and left 
in situ. In the presence of malignant disease, orchidectomy is 
performed. In peripubertal boys with a frozen section diagnosis 
of teratoma, intra-operative assessment should also include a 
biopsy of surrounding normal testicular tissue. If testicular tissue 
appearances are pubertal, orchidectomy is performed because 
testicular teratomas may behave in a malignant manner in this 
age group.

Patients should remain under long-term surveillance to facili-
tate early identifi cation and treatment of recurrent or persistent 
disease. During the fi rst year following diagnosis, serum AFP is 
measured monthly. A chest X-ray should be performed every 2 
months for 2 years and MRI of the retroperitoneum should be 
performed every 3 months for the fi rst year and biannually 
thereafter.

Ten percent of pubertal boys with Sertoli cell tumors 
have malignant disease at diagnosis and treatment is with 
radiotherapy, chemotherapy and retroperitoneal lymph node 
dissection.

All germ cell tumors in pubertal boys are treated by inguinal 
orchidectomy. Consideration should be given to semen analysis 
and sperm banking in adolescent boys. Boys should also be 
offered insertion of a testicular prosthesis at the time of primary 
surgery.

The contralateral testes should be biopsied once sperm has 
been banked and those with evidence of carcinoma in situ should 
be offered irradiation of the testes.

It is now a widely held belief that there is no place for observa-
tion of pubertal and adult males with seminomas and adjuvant 
radiotherapy is recommended for all patients with stage I disease. 
Those without risk factors for pelvic node disease are treated with 
prophylactic irradiation of the para-aortic glands alone. The fi eld 
is extended to include the ipsilateral pelvic nodes in patients with 
risk factors for pelvic nodal disease. If there is evidence of inva-
sion of lymphatic or blood vessels, the patient should be treated 
with chemotherapy. Patients with metastatic disease are treated 
with para-aortic and ipsilateral pelvic lymph node radiotherapy 
and cisplatin-based chemotherapy.

Pubertal boys with stage I teratoma and no high risk features 
can be managed by surveillance following orchidectomy. The 
chest and abdomen should be routinely imaged as part of the 
surveillance program. Metastatic disease is treated with bleomy-
cin, etoposide and cisplatin.
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18 Diabetes Mellitus
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Diabetes mellitus is characterized by persistent hyperglycemia 
resulting from defects in insulin secretion, insulin action or both. 
Chronic hyperglycemia is associated with long-term damage, dys-
function and failure of various organs, especially the eyes, kidneys, 
nerves, blood vessels and heart [1]. Most children and adolescents 
have type 1 diabetes mellitus caused by defi ciency of insulin secre-
tion or type 2 diabetes caused by a combination of resistance to 
insulin action and an inadequate compensatory insulin secretory 
response. Abnormalities in carbohydrate, fat and protein meta-
bolism characteristic of diabetes are attributable to defi ciency of 
insulin action on target tissues.

There is no biological marker that separates people with dia-
betes mellitus from non-diabetic individuals. The lack of a marker 
has led to reliance on hyperglycemia as measured by fasting 
plasma glucose (FPG) or 2-h post-prandial venous plasma glucose 
(PG) concentration to make the diagnosis. The diagnostic con-
centrations of FPG and 2-h post-prandial PG are based on their 
association with the risk of having or developing retinopathy 
(Table 18.1). The same disease process may not have progressed 
suffi ciently to cause sustained hyperglycemia necessary to fulfi ll 
the criteria for the diagnosis of diabetes mellitus but can cause 
lesser degrees of impaired glucose regulation, such as impaired 
fasting glucose (IFG) and/or impaired glucose tolerance (IGT). 
IGT and IFG are considered to be states of pre-diabetes associated 
with increased risk for cardiovascular morbidity [1].

Defi nition and diagnosis of diabetes in children

Diabetes mellitus is diagnosed by:
1 Classic symptoms of diabetes plus casual (defi ned as any time 
of day without regard to time since last meal) PG concentration 
≥11.1  mmol/L (200  mg/dL);
2 Fasting (for at least 8  h) PG ≥7.0  mmol/L (126  mg/dL);

3 2-h post load PG ≥11.1  mmol/L (200  mg/dL) during an oral 
glucose tolerance test (OGTT).

In the absence of unequivocal hyperglycemia with acute meta-
bolic decompensation, these criteria should be confi rmed by 
repeat testing on a different day. The OGTT is not recommended 
for routine clinical use [1] but, when indicated, the test should 
be performed after at least 3 days of adequate (≥150  g/1.73  m2) 
carbohydrate consumption and using a glucose load containing 
the equivalent of 75  g anhydrous glucose dissolved in water for 
individuals weighing >43  kg and 1.75  g/kg for individuals weigh-
ing ≤43  kg.

Symptoms of hyperglycemia include polyuria, polydipsia, 
weight loss, sometimes polyphagia and blurred vision. Chronic 
hyperglycemia in girls and infants and toddlers of both genders, 
commonly leads to perineal candidiasis. The diagnosis of type 1 
diabetes is usually obvious because most children present with 
classic symptoms which have been present for a few days to a few 
weeks accompanied by marked hyperglycemia or with diabetic 
ketoacidosis (DKA).

These defi nitions are based on venous plasma glucose concen-
trations. Although portable glucose meters are useful for screen-
ing purposes in clinics and physicians’ offi ces, the diagnosis of 
diabetes mellitus should be confi rmed by measurement of venous 
plasma glucose on an analytic instrument in a clinical chemistry 
laboratory. Precautions should be taken to process the blood 
sample properly and deliver it to the laboratory without delay to 
prevent glucose utilization by leukocytes that could lead to spuri-
ously low PG concentrations.

Classifi cation
Table 18.2 shows an etiologic classifi cation of diabetes mellitus 
and Table 18.3 the major clinical characteristics. Genetic studies 
have led to changes in the classifi cation of diabetes and better 
understanding of its many causes. They have reinforced the poly-
genic multifactorial nature of type 1 and 2 diabetes while 
identifying numerous monogenic causes accounting for a large 
proportion of neonatal or youth-onset diabetes that is neither 
type 1 nor type 2.
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Table 18.1 Biochemical criteria for diabetes mellitus and lesser degrees of impaired glucose regulation [1].

Test Normal Impaired fasting glucose Impaired glucose tolerance Diabetes mellitus

FPG mmol/L (mg/dL) <5.6 (<100) 5.6–6.9 (100–125) ≥7.0 (126)
2-h PG mmol/L (mg/dL) <7.8 (<140) 7.8–11.0 (140–199) ≥11.1 (200)
Casual PG mmol/L (mg/dL) <11.1 (200) ≥11.1 (200)

FPG, fasting plasma glucose; PG, plasma glucose.

Type 1 diabetes mellitus
Type 1A diabetes results from chronic progressive T-cell medi-
ated autoimmune destruction of the β cells of the pancreas 
leading to severe insulin defi ciency and manifested by low or 
undetectable plasma concentrations of C-peptide. Markers of the 
process of immune-mediated destruction of β cells include auto-
antibodies to insulin (IAA), autoantibodies to glutamic acid 
decarboxylase (GAD65) and autoantibodies to the tyrosine phos-
phatases IA-2 and IA-2β. At least one of these is present in 85–
98% of newly diagnosed children. The disease has strong human 
leukocyte antigen (HLA) associations, with linkage to the major 
histocompatibility complex (MHC) class II genes DQA, DQB and 
DRB. Specifi c HLA-DR/DQ alleles can either predispose to type 
1A diabetes or be protective. High-risk alleles include DQA1*0301/

Table 18.2 Etiologic classifi cation of diabetes mellitus [1].

I. Type 1 diabetes
A. Immune-mediated
B. Idiopathic

II. Type 2 diabetes

III. Other specifi c types
A. Genetic defects of β-cell function
 MODY
 Mitochondrial DNA
 Monogenic neonatal diabetes

B. Genetic defects in insulin action
 Type A insulin resistance
 Leprechaunism
 Rabson–Mendenhall syndrome
 Lipoatrophic diabetes

C. Diseases of the exocrine pancreas
 Cystic fi brosis
 Hemochromatosis
 Pancreatectomy

D. Endocrinopathies
 Cushing syndrome
 Pheochromocytoma
 Hyperthyroidism

E. Drug- or chemical-induced
 Glucocorticoids
 Diazoxide
 β-Adrenergic agonists
 Pentamidine
 Nicotinic acid
 α-Interferon
 Tacrolimus

F. Infections
 Congenital rubella
 Cytomegalovirus

G. Uncommon forms of immune-mediated diabetes
 “Stiff-man” syndrome
 Anti-insulin receptor antibodies

H. Other genetic syndromes sometimes associated with diabetes
 Down syndrome
 Turner syndrome
 Klinefelter syndrome
 Wolfram syndrome
 Friedreich ataxia
 Prader–Willi syndrome
 Bardet–Biedl syndrome
 Myotonic dystrophy

IV. Gestational diabetes mellitus

MODY, maturity onset diabetes of the young.

DQB1*0302 or DQA1*0501/DQB1*0201, whereas HLA-DQB1*
0602 confers protection [2].

The rate of β-cell destruction is variable, being rapid in some 
individuals, especially infants and young children, and slower in 
adolescents and adults, some of whom may retain the ability to 
secrete insulin for several years (Fig. 18.1) [3]. The disease occurs 
throughout childhood and adolescence in genetically predisposed 
individuals but is also related to poorly understood environmen-
tal factors. Type 1A diabetes predominantly affects Europoid 
Caucasians, is somewhat less frequent in African-Americans and 
is much less common in Asians and Native North Americans.

The classic phenotype used to be that of a thin child with a 
history of polyuria, polydipsia and weight loss but, with increas-
ing prevalence of obesity in childhood, 20–25% of newly diag-
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5% of all cases of diabetes in industrialized countries, is a hetero-
geneous group of disorders caused by a variety of monogenic 
mutations (Table 18.4). Hyperglycemia in MODY is the result of 
varying degrees of insulin defi ciency with minimal or no defect 
in insulin action. Onset is typically in the pubertal or young adult 
years with mild to moderate hyperglycemia. Other features 
include a family history of diabetes in successive generations, no 
evidence of insulin resistance, absent pancreatic autoantibodies, 
no propensity to ketosis and no predisposition to obesity beyond 
that of the general population. Confi rmation of the diagnosis and 
of the specifi c type of MODY requires molecular genetic testing.

Treatment of MODY
The type of MODY predicts the therapeutic response and some 
variants exhibit excellent clinical response to sulfonylureas (Table 
18.4) [4]. Patients with MODY require monitoring to ensure 
glycemic control to avoid complications. Exercise and medical 
nutrition therapy to maintain normal weight and insulin sensitiv-
ity should be emphasized and pharmacologic treatment, when 
necessary, is tailored to the patient’s specifi c MODY type and 
level of hyperglycemia.

Mitochondrial diabetes
Diabetes may be the presenting manifestation of syndromes 
caused by mutations in mitochondrial DNA [5]. Maternally 
inherited diabetes and deafness syndrome (MIDD; MIM 
520000) may present in children. The most common mutation 
occurs at position 3243 in the tRNA leucine gene, leading to an 
A-to-G transition. This and other mutations in related tRNA 
mitochondrial genes can also be associated with multiple other 
features including myopathy, encephalopathy, lactic acidosis and 
myoclonic epilepsy. Kearns–Sayre syndrome (MIM 530000) is 
also caused by mitocondrial gene mutations and is characterized 
by ophthalmoplegia, retinal pigmentary degeneration and cardio-
myopathy and may include several hormone defi ciencies includ-
ing diabetes in approximately 13% of cases. Diabetes can be 
treated with diet and sulfonylureas but may require insulin. 
Patients with impaired mitochondrial function are prone to 
develop lactic acidosis and therefore metformin should not be 
used.

Other molecular disorders
Thiamine-responsive megaloblastic anemia syndrome (MIM 
249270) is caused by mutations in a thiamine transport gene 
(SLC19A2) and is often accompanied by diabetes mellitus and/or 
sensorineural deafness. Treatment with thiamine corrects the 
anemia and sometimes improves the diabetes but insulin is often 
required.

Rare defects in prohormone convertase activity inherited in an 
autosomal dominant pattern leads to impaired processing of pro-
insulin and mild glucose intolerance. A few families have been 
identifi ed who secrete mutant insulins with impaired ability to 
bind to the insulin receptor. Glucose metabolism may be normal 
or only mildly impaired in these individuals.

Figure 18.1 Younger children more rapidly lose endogenous insulin 
production, as evidenced by plasma C-peptide concentrations from the time of 
diagnosis of type 1 diabetes. Data are stratifi ed by age of onset: 5–14.9 years 
old (squares), 2–4.9 years old (triangles) and <2 years old (circles). Toddlers 
have the lowest plasma C-peptide concentrations at diagnosis. The temporary 
partial remission experienced by older children is readily apparent and is notably 
absent in toddlers. Copyright 2002 American Diabetes Association, from [3], 
adapted with permission.

nosed type 1 patients are obese. Patients with type 1A diabetes 
are prone to other autoimmune disorders.

Type 1 diabetes with no known etiology, so-called type 1B 
diabetes, is strongly inherited but there is no HLA association nor 
evidence of β-cell autoimmunity.

Atypical diabetes mellitus
Atypical forms of diabetes mellitus have been described in various 
populations and have been referred to as Flatbush diabetes, atypi-
cal diabetes mellitus, idiopathic type 1 diabetes, ketosis-prone 
diabetes and type 1.5 diabetes. The hallmark is a propensity to 
hyperglycemic ketosis or ketoacidosis without key features of type 
1 diabetes such as evidence of autoimmunity or sustained insulin 
dependence. These forms of diabetes have been described pri-
marily in individuals of African or Asian ancestry and there is 
often a strong family history. Homozygous mutations in Pax4 
may contribute to a small number of cases but the genetic defects 
remain to be determined in the majority of cases. Treatment 
of atypical diabetes should be based on individual clinical 
characteristics.

Characteristics distinguishing the common forms of diabetes 
are shown in Table 18.3.

Genetic defects of insulin secretion
Maturity onset diabetes of the young
Maturity onset diabetes of the young (MODY) was originally 
described as a form of non-insulin-dependent or “maturity-
onset” type diabetes with onset before age 25 and inherited in an 
autosomal dominant pattern. MODY, which may account for 1–
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Table 18.3 Characteristics of prevalent forms of primary diabetes mellitus in children and adolescents.

Type 1A Type 2 MODY ADM*

Prevalence Common Increasing ≤5% in Caucasians ≥10% in African-American
Age at onset Throughout childhood Pubertal Pubertal Pubertal
Onset Acute severe Insidious to severe Gradual Acute severe
Ketosis at onset Common ∼1/3 Rare Common
Affected relative 5–10% 60–90% 90% >75%
Female : male 1 : 1 1.1–1.7 : 1 1 : 1 Variable
Inheritance Polygenic Polygenic Autosomal dominant Autosomal dominant
HLA-DR3/4 ↑ Association No association No association No association
Ethnicity All, Caucasian at highest risk All† Caucasian African-American/Asian
Insulin secretion Decreased/absent Variable Decreased Variably decreased
Insulin sensitivity Normal when controlled Decreased Normal Normal
Insulin dependence Permanent Variable Variable Episodic
Obesity No‡ >90% Uncommon Varies with population
Acanthosis nigricans No Common No‡ No‡
Pancreatic autoantibodies Yes§ No No No

ADM, atypical diabetes mellitus; HLA, human leukocyte antigen; MODY, maturity onset diabetes of the young.
*ADM, also referred to as Flatbush diabetes, type 1.5 diabetes, ketosis-prone diabetes and idiopathic type 1 diabetes mellitus.
†In North America, type 2 diabetes predominates in African-American, Mexican-American, Native American, Canadian First Nation children and adolescents and is also 
more common in Asians and South Asians than in Caucasians.
‡Mirrors rate in general population.
§Autoantibodies to insulin (IAA), islet cell cytoplasm (ICA), glutamic acid decarboxylase (GAD) or tyrosine phosphatase (insulinoma associated) antibody (IA-2 and IA-2 β) 
at diagnosis in 85–98%.

Table 18.4 Classifi cation of maturity onset diabetes of the young (MODY).

Type(MIM)* Gene Frequency Associated features Common treatments

MODY1 (125850) HNF-4α Uncommon Glucosuria; reduced serum lipids; macrosomia and hyperinsulinemic 
hypoglycemia in infancy 

Sulfonylurea

MODY2 (125851) Glucokinase Common Stable mild hyperglycemia Diet and exercise

MODY3 (600496) HNF-1α Common Sulfonylurea

MODY4 (606392) IPF-1 Rare Oral hypoglycemic agent, insulin

MODY5 (137920) HNF-1 β Rare Renal dysplasia, renal cysts Insulin

MODY6 (606394) NeuroD1 Rare Insulin

MODY7 (610508) KLF11 Rare Oral hypoglycemic agent and/or insulin

MODY8 (609812) CEL Rare Pancreatic exocrine dysfunction Oral hypoglycemic agent and/or insulin

MODY9 (612225) PAX4 Rare Diet, oral hypoglycemic agent

INS-related† Insulin Rare Insulin

*MIM, Mendelian Inheritance in Man. †As yet unnamed.

Impaired insulin sensitivity
Genetic defects of insulin signaling
Several rare insulin resistance syndromes are caused by genetic 
defects in the insulin receptor or its cellular signaling apparatus. 
Leprechaunism (MIM 246200) is the most severe presenting at 
birth with low birthweight, characteristic facial features, near total 
lack of adipose tissue, acanthosis nigricans and extreme insulin 
resistance. It is usually fatal in infancy. Rabson–Mendenhall syn-

drome (MIM 262190) is characterized by extreme insulin resis-
tance with acanthosis nigricans, abnormalities of the skeleton, 
teeth and nails, growth retardation, genitomegaly and pineal 
gland hyperplasia. Type A insulin resistance syndrome (MIM 
610549) typically presents in thin young women with extreme 
hyperinsulinism, acanthosis nigricans, glycosuria, hyperan-
drogenism with virilization and polycystic ovarian syndrome 
(PCOS).
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Inherited lipoatrophic diabetes
Lipoatrophic diabetes is associated with widespread loss of 
adipose tissue and severe insulin resistance. Hyperlipemia, hepa-
tomegaly, acanthosis nigricans and elevated basal metabolic rate 
are common fi ndings. Several forms of lipoatrophic diabetes are 
caused by gene defects. Seip–Berardinelli syndrome (MIM 
269700) is inherited as an autosomal recessive and usually pres-
ents in the fi rst year of life with lack of subcutaneous adipose 
tissue. Insulin resistance, acanthosis nigricans and diabetes mel-
litus develop before adolescence. Familial partial lipodystrophy, 
Dunnigan syndrome (MIM 151660), is caused by an autosomal 
dominant mutation in the lamin A/C gene or peroxisome prolif-
erator-activated receptor gamma gene. It presents in adolescence 
with loss of subcutaneous adipose tissue from the trunk and 
extremities but with excess adipose tissue on the face and neck.

Acquired insulin resistance
Severe generalized acquired lipoatrophy may present during 
childhood. Diabetes ensues within a few years of the loss of 
adipose tissue. Some forms of acquired lipoatrophic diabetes are 
caused by immune-mediated destruction of adipocytes and are 
frequently associated with other autoimmune diseases. Some 
patients with HIV disease treated with protease inhibitors 

develop partial lipodystrophy. Type B insulin resistance syn-
drome is a rare cause of diabetes caused by circulating antibodies 
directed against the insulin receptor.

Diabetes as a component of specifi c genetic syndromes
In Wolfram syndrome (MIM 222300), also known as DIDMOAD 
(diabetes insipidus, diabetes mellitus, optic atrophy and deaf-
ness), insulin-defi cient diabetes mellitus is often the presenting 
characteristic, with a median age at onset of 6 years. Most cases 
have an identifi able mutation of the Wolframin gene inherited in 
an autosomal recessive fashion.

Many other syndromes are associated with an increased risk of 
diabetes (Table 18.2). Alstrom, Prader–Willi and Bardet–Biedl 
syndromes combine severe obesity with insulin-resistant diabetes 
mellitus.

Neonatal diabetes mellitus
A monogenic defect (Table 18.5) can now be determined in most 
cases of diabetes with onset within the fi rst 6 months of life and, 
occasionally, when diabetes has its onset between 6 and 12 months 
of life. Many of the monogenic etiologies are associated with 
congenital defects, conditions or syndromes (Table 18.5). 
Approximately half of cases are transient, resolving within months 

Table 18.5 Classifi cation of neonatal diabetes mellitus.

Region Gene Genetics Associated features Outcome/treatment Familial 
diabetes

OMIM

Transient
6q24 Probably ZAC pUPD or pDUP Macroglossia, anterior wall defects Diabetes often recurs in adolescence Often 601410

Transient or permanent
11p15.1 KCNJ11 AD Dysmorphology; neurological features 

possible
Typically responds to sulfonylureas; transient 

cases often relapse
Often 610582

11p15.1 ABCC8 AD,AR Neurological features possible Typically responds to sulfonylureas; transient 
cases often relapse

Often 610374

17cen-q21.3 HNF1B AD Renal cysts; pancreatic atrophy Lifelong treatment Often 137920

Permanent
Xp11.23-q13.3 FOXP3 XR IPEX Poor prognosis No 304790
2p12 EIF2AK3 AR Wolcott–Rallison sydrome Early death No 226980
11p15.5 INS AD Possibly acanthosis nigricans Lifelong diabetes treatment Often –
13q12.1 IPF1 AR Pancreatic agenesis Lifelong treatment; exocrine pancreas 

replacement therapy
Often 260370

10p12.3 PTF1A AR Cerebellar and pancreatic hypogenesis Early mortality No 609069
9p24.3-p23 GLIS3 AR Severe congenital hypothyroidism, 

facial anomalies, congenital 
glaucoma, hepatic fi brosis and 
polycystic kidneys

Early mortality No 610199

7p15-p13 GK AR Growth retardation Lifelong diabetes treatment Often 138079

AD, autosomal dominant; AR, autosomal recessive; IPEX, immune dysregulation, polyendocrinopathy, enteropathy, X-linked; pDUP, paternal duplication; pUPD, paternal 
uniparental disomy; XR, X-linked recessive.
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but mild non-insulin-dependent diabetes recurs in adolescence 
or early adulthood in a substantial proportion of patients. 
Imprinting defects in chromosome region 6q24 are the most 
common etiology of transient neonatal diabetes. Activating 
mutations in the Kir6.2 inwardly rectifying ATP-sensitive potas-
sium channel (KCNJ11) or the sulfonylurea receptor (ABCC8) 
genes account for a majority of the remaining cases [6] and are 
associated with later onset and less microsomia than 6q24 defects 
and can often be treated with high doses of sulfonylureas. Sulfo-
nylurea treatment may improve some of the peripheral nerve 
abnormalities that can accompany neonatal diabetes mellitus 
caused by KCNJ11 mutations [6].

Mutations in KCNJ11 and ABCC8 are common causes of per-
manent neonatal diabetes, as are specifi c defects in the insulin 
(INS) gene. Homozygous mutations in the genes for MODY2 and 
MODY4 or heterozygous mutation in the gene for MODY5 are 
uncommon causes of permanent neonatal diabetes mellitus.

The IPEX (immunodysregulation, polyendocrinopathy, enter-
opathy, X-linked) syndrome is characterized by intractable 
diarrhea, diabetes and autoimmunity and is often fatal. The 
Wolcott–Rallison syndrome is characterized by multiple epiphy-
seal dysplasia and early-onset diabetes.

The initial treatment of neonatal diabetes consists of adminis-
tration of insulin to control hyperglycemia. Once replacement 
therapy has been initiated, catch-up growth is usually rapid. A 
trial of therapy with a high dose (0.5–1.0  mg/kg/day) of gliben-
clamide (glyburide) should be attempted in cases with mutations 
of KCNJ11 or ABCC8.

Secondary causes of diabetes
Cystic fi brosis related diabetes
Because of the increasing life expectancy of patients with cystic 
fi brosis, cystic fi brosis related diabetes (CFRD) has become more 
common. Insulinopenia is caused by pancreatic destruction and 
amyloid deposition in the islets. Insulin resistance may be a 
prominent feature during exacerbations of pulmonary disease 
and causes deterioration in glycemia. First-phase insulin release 
is particularly affected but ketoacidosis is rare. CFRD can present 
in the fi rst decade but is usually seen in the second and third 
decades of life. The development of CFRD is associated with 
progressive clinical deterioration and increased mortality. Screen-
ing for glucose intolerance should begin at age 14 years and 
hyperglycemia should be treated aggressively [7].

Insulin is the only treatment for CFRD. It prevents protein 
catabolism, promotes weight gain and improves pulmonary func-
tion. Ideally, a basal-bolus regimen using insulin glargine and 
rapid-acting insulin is used and diet should not be restricted. 
Patients should be taught carbohydrate counting and how to use 
rapid-acting insulin with meals. Destruction of the pancreatic α-
cells results in glucagon defi ciency and chronic use of glucocor-
ticoids can cause adrenocortical insuffi ciency. Patients with 
CFRD are thereby at increased risk for severe hypoglycemia 
owing to malabsorption and impaired counter-regulatory 
responses.

Hemosiderosis
Frequent blood transfusions and chelation therapy has improved 
the prognosis of thalassemia major. However, adolescents and 
young adult patients are at increased risk of developing diabetes 
mellitus as a result of the effects of iron overload on β-cell func-
tion and insulin sensitivity. Insulin is required for treatment.

Drug-induced diabetes
Various pharmacological agents can cause hyperglycemia [8]. 
Glucocorticoids induce severe hepatic and peripheral insulin 
resistance and are potent hyperglycemic agents. Glucocorticoid-
induced diabetes is relatively common in children who receive 
massive doses of glucocorticoids after organ transplantation, 
as a component of chemotherapy for malignancy and in 
other circumstances in which glucocorticoids are used as anti-
infl ammatory or immunosuppressive agents. Growth hormone 
is an occasional cause of glucose intolerance or diabetes. Atypical 
antipsychotic agents increase the risk of diabetes mellitus prob-
ably by inducing insulin resistance, sometimes but not always, 
associated with weight gain. Antiretroviral protease inhibitors 
increase the risk of diabetes mellitus associated with features of 
the metabolic syndrome and lipoatrophic changes. Beta-adren-
ergic agents used for treatment of acute asthma are common 
causes of transient hyperglycemia. Diazoxide decreases insulin 
secretion by direct action on the KATP/Kir6.2 potassium channel 
involved in the regulation of insulin secretion. Pediatric trans-
plant recipients are especially prone to insulin-requiring diabetes 
when treated with the calcineurin inhibitor tacrolimus (FK506). 
Ciclosporin has also been reported to have toxic effects on the β 
cell. L-Asparaginase often causes transient insulin-requiring 
diabetes.

Type 1 diabetes mellitus

Epidemiology of type 1 diabetes mellitus
The incidence of type 1 diabetes varies 400-fold between geo-
graphic regions, with age-adjusted rates of 40.9/100 000 per year 
in Finland and 0.1/100 000 per year in areas of China and Venezu-
ela (Fig. 18.2) [9] but the incidence of childhood diabetes is 
climbing worldwide at a rate of 2.8% per year, with increases 
documented in six continents [9]. A signifi cant proportion of this 
variation is attributable to differences in the prevalence of protec-
tive HLA-DQ alleles among populations. The incidence of type 1 
diabetes in children ≤14 years of age is similar in UK and USA, 
15–26 and 15–18 per 100 000 per year, respectively [9]. Incidence 
also varies among ethnic subgroups within a given geographical 
area. Some migrant populations retain their original risk of type 
1 diabetes, whereas others show a trend toward acquiring the 
diabetes risk of their new location. Secular increases in the inci-
dence of pediatric type 1 diabetes during the mid-late 20th 
century have been documented in North America and Western 
Europe at rates higher than can be explained by genetic shifts (Fig. 
18.3) [10].



CHAPTER 18

464

There has also been an alarming trend towards younger age of 
onset. Diabetes is no longer uncommon in toddlers and pre-
school-aged children (Fig. 18.4) [9,10]. These temporal and age-
related shifts in diabetes incidence all underscore the increasing 
need for expert pediatric diabetes care.

Etiology, genetics and family risk of type 1A diabetes
Type 1A diabetes mellitus occurs in genetically susceptible indi-
viduals as a consequence of chronic T-cell-mediated destruction 
of insulin-secreting β cells of the islets of Langerhans [11]. Auto-
antibodies are detected in 85–98% of newly diagnosed children. 
Insulitis, characterized by lymphocytic infi ltration of the islets of 
Langerhans, is observed in children who died soon after the onset 
of type 1 diabetes. There is strong linkage to the MHC locus.

Variation in the MHC locus accounts for about half of 
the genetic risk for type 1A diabetes. Increased susceptibility 
to type 1A diabetes is conferred by certain MHC alleles such 
as DRB1*0401/2/5-DQA1*0301-DQB1*0302 (HLA-DR4-DQ8) 
and DRB1*0301-DQA1*0501-DQB1*0201 (HLA-DR3-DQ2) 
[12]. Numerous non-MHC genetic loci contribute weakly to type 
1A diabetes risk. Decreased susceptibility to type 1A diabetes is 
conferred by several MHC alleles including DRB1*1501-
DQA1*0102-DQB1*0602 (HLA-DR2-DQ6) [12].

Most (85%) new cases of type 1A diabetes occur in persons 
without an affected fi rst-degree relative [12]. The risk to siblings 
of an affected child is approximately 6%. The risk to the child of 
a parent with type 1A diabetes is 1.3–4% or 6–9%, respectively, 
depending on whether the mother or the father has diabetes. 
Concordance rates for monozygotic twins are 21–70% and 0–
13% for dizygotic twins. These data indicate that both genetic and 
environmental factors contribute to the pathogenesis of type 1A 
diabetes. The environmental factor(s) that contribute to the 

Figure 18.2 Variations in the incidence of type 1 diabetes in children ≤14 year 
of age among regions of selected countries from six continents. Rates were 
measured throughout the 1990s. Multiple symbols indicate rates measured in 
different regions or ethnic populations within that country. Data from the 
DiaMond study [9].

y

Figure 18.3 Secular increases in the incidence of childhood type 1 diabetes, as 
measured among Norwegian children less than 10 years old. Similar trends have 
been documented in the USA and in many countries in Europe. Copyright 2002 
American Diabetes Association, from Gale [160], adapted with permission.

Figure 18.4 Shifts towards younger age of onset of type 1 diabetes in three 
UK birth cohorts born in 1946 (circles), 1958 (triangles) and 1970 (squares). 
Copyright 2002 American Diabetes Association, from Gale (160), adapted with 
permission.
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pathogenesis of type 1A diabetes are not known with certainty 
and there are no proven environmental interventions that reduce 
the risk of type 1 diabetes. Possible environmental factors include 
viral infections, diet, hygiene and toxins [13]. It is likely that 
environmental induction of type 1 diabetes relates to the chronol-
ogy of exposure and on interactions with genetic susceptibility.

Prediction and prevention of type 1 diabetes
The onset of overt diabetes represents the endpoint of a progres-
sive selective immunologically mediated attack on β cells [14]. 
Clinical diabetes occurs when 90% have been damaged or 
destroyed in genetically susceptible individuals. It is a cellular-
mediated process, presumably a specifi c reaction to one or more 
β-cell proteins (autoantigens), although probably initiated by 
some environmental factor(s). There is consequent progressive 
impairment of β-cell function and decline in β-cell mass.

A secondary humoral immune response is characterized by the 
appearance of autoantibodies that serve as markers of the immune 
damage to β cells [15]. This insidious process may evolve over a 
period of years [16]. The decline in β-cell function and mass is 
evidenced by loss of the fi rst-phase insulin response to an intra-
venous glucose challenge [17] and later by impaired glucose tol-
erance or, less often, by impaired fasting glucose concentration 
[18].

Prediction of diabetes in relatives of a person with type 1 dia-
betes and in the general population can be determined by a risk 
assessment that includes HLA genotyping and measurement of 
immunologic markers (autoantibodies directed against islet con-
stituents – insulin, glutamic acid decarboxylase, IA-2) combined 
with tests of β-cell function [16]. Autoantibodies restricted to a 
single antigen have little prognostic value but an immune response 
that has spread to multiple antigens and is stable over time is 
highly predictive. Individuals who have multiple islet autoanti-
bodies are destined to develop immune-mediated diabetes.

The latency period between the detection of antibodies and the 
clinical onset of disease may extend over several years and offers 
an opportunity to intervene [14]. Interventions, including paren-
teral insulin [16], oral insulin [19] and nicotinamide [20], have 
failed to arrest or retard the diabetes disease process. We can 
predict the development of type 1 diabetes but do not yet have a 
safe and effective preventive therapy so whether screening should 
be performed outside the context of clinical studies is 
controversial.

At the onset of symptoms, about 10% of β cells are viable and 
there is good evidence that residual β-cell function has clinical 
benefi t. The Diabetes Control and Complications Trial (DCCT) 
identifi ed a “virtuous circle” whereby residual insulin secretion 
resulted in better glucose control with less hypoglycemia and 
slower progression to vascular complications and better control, 
in turn, prolonged β-cell function [21]. Much investigation has 
been directed at arresting the type 1 diabetes disease process, both 
during the evolution of the disease and at the time of presentation 
[14]. The goal is to halt destruction of remaining β cells, perhaps 
allowing them to recover function, thereby lessening the severity 

of clinical manifestations and disease progression. Success is mea-
sured by preservation of C-peptide.

Trials of immune intervention with ciclosporin and azathio-
prine at the time of diagnosis have demonstrated prolonged β-cell 
function and provided the proof of principle but the effect was 
modest and not sustained when treatment was stopped and the 
side effects, especially of ciclosporin, could not justify long-term 
use. Short-term interventions in recent-onset type 1 diabetes 
designed to alter the immune response in a manner that might 
result in sustained benefi cial effects without continuous exposure 
to the intervention have included an immunomodulatory peptide 
from heat-shock protein-60 (p277 peptide) [22], a GAD vaccine 
[23] and infusion of anti-CD3 monoclonal antibodies [24,25], all 
of which have suggested preservation of β-cell function. It is not 
known whether the effect will be sustained beyond the initial 
period for which the results have been reported.

A primary prevention study, the Trial to Reduce IDDM in the 
Genetically at Risk (TRIGR), is in progress directed at high-risk 
children with genetic risk factors but prior to expression of mea-
surable β-cell autoimmunity. Its goal is to determine if removal 
of cow’s milk proteins (substituting casein hydrolysate) during 
early life will decrease the frequency of type 1 diabetes [26].

Type 1A diabetes mellitus and other autoimmune 
diseases (see also Chapter 14)
Individuals with type 1A diabetes are at increased risk for several 
other autoimmune diseases. There are also several autoimmune 
syndromes whose phenotype includes type 1 diabetes.

Autoimmune thyroid disorders are common [27], approxi-
mately 22% of patients having thyroid autoantibodies, but the 
prevalence of thyroid dysfunction varies widely and hypothyroid-
ism can be expected to develop in 6–14% of pediatric patients. 
Even subclinical hypothyroidism may increase the risk of hypo-
glycemia. Asymptomatic individuals should be screened annually 
for thyroid dysfunction.

In Western Europe, North America and Australia, the preva-
lence of celiac disease (gluten-induced enteropathy) is 4.1% (0–
10.4%). Screening shows that 3.7–9.9% (mean 7.4%) of children 
with type 1 diabetes have anti-endomysial or tissue transgluta-
minase antibodies and the majority of these have a positive biopsy. 
Most cases detected by serologic screening with biopsy confi rma-
tion have silent disease with villous atrophy only or a subclinical 
form of the disease with subtle manifestations that may be recog-
nized only in retrospect. It has been suggested that all children 
with type 1 diabetes should be screened for celiac disease but the 
potential benefi ts and risks of screening children with diabetes for 
celiac disease have not been systematically assessed [28]. If screen-
ing is not performed routinely, clinicians should consider the 
possibility of celiac disease in patients with unexplained poor 
growth, poor glycemic control, diarrhea, abdominal pain or 
recurrent hypoglycemia. Measurement of anti-endomysial or 
tissue transglutaminase antibodies should be combined with 
measurement of the serum IgA concentration to rule out IgA 
defi ciency, which can cause a false-negative serologic result.
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Anti-21-hydroxylase antibodies occur in 1.6–2.3% of individu-
als with type 1 diabetes but only 1 in 200–300 progress to 
develop clinical adrenocortical insuffi ciency [29]. The risk 
increases to 1 in 30 in patients with two autoimmune 
processes (e.g. diabetes and thyroiditis). The development of 
adrenocortical insuffi ciency in type 1 diabetes is characterized by 
recurrent unexplained hypoglycemia and decreasing insulin 
requirements.

Polyautoimmune disorders associated with type 1 diabetes
Autoiummune polyendocrine syndrome type 1 
(APS-1, MIM 240300)
APS-1, also known as autoimmune polyendocrinopathy-candi-
diasis-ectodermal dystrophy (APECED) syndrome, is a rare auto-
somal recessive disorder caused by mutation of the autoimmune 
regulator gene (AIRE-1). At least two of three major criteria are 
required for the diagnosis: primary hypoparathyroidism, Addison 
disease and chronic mucocutaneous candidiasis. Additional 
autoimmune features may appear over the course of a patient’s 
life, including autoimmune thyroiditis, type 1A diabetes, 
vitiligo, autoimmune hepatitis, alopecia, ovarian failure and 
hypophysitis.

Immune dysregulation, polyendocrinopathy, enteropathy, 
X-linked syndrome (IPEX, MIM 304790)
IPEX syndrome, caused by mutations in FOXP3, is a rare X-
linked recessive disorder characterized by early-onset type 1A 
diabetes and severe atopy, chronic immune-mediated diarrhea, 
failure to thrive, thyroiditis, eosinophilia and hemolytic anemia.

Autoiummune polyendocrine syndrome type 2 (APS-2)
Like type 1A diabetes, genetic susceptibility to APS-2 appears to 
be conferred by high-risk HLA alleles. Unlike APS-1, it is not a 
monogenic disorder. Diagnosis of APS-2 requires at least two of 
three major criteria: Addison disease, autoimmune thyroid 
disease and type 1A diabetes. Associated fi ndings may include 
celiac disease, autoimmune hepatitis, gonadal failure, vitiligo, 
alopecia, pernicious anemia and myasthenia gravis.

Type 2 diabetes mellitus

Type 2 diabetes results from a combination of insulin resistance 
and inadequate compensatory insulin secretion (relative insulin 
defi ciency). The relative contributions of these two pathophysi-
ological components range from predominantly insulin resis-
tance to predominantly β-cell failure. The β-cell failure is not 
autoimmune mediated and there are no reliable biomarkers for 
type 2 diabetes. Owing to insulin resistance, circulating insulin 
concentrations may be elevated but may be abnormally low if β-
cell dysfunction is severe. Most youths with type 2 diabetes are 
overweight or obese, which exacerbates insulin resistance. The 
pathophysiology is complex and incompletely understood but 
clearly involves both genetic and lifestyle factors.

Type 2 diabetes, which currently affects 7% of the US popula-
tion and 4% of Britons, is a leading cause of morbidity and mor-
tality. Youth-onset of type 2 diabetes was rarely reported before 
the mid-1990s. Since then, rising prevalence and/or incidence 
rates of youth-onset type 2 diabetes have been documented in 
many populations, ethnic groups and geographical locations. 
Some characteristics of youth-onset type 2 diabetes differ sub-
stantially from those of adult-onset type 2 diabetes but, as in 
adults, the disease is closely linked to obesity and family history. 
There have been very few longitudinal studies of youth-onset type 
2 diabetes. Thus, the natural history, optimal therapy and long-
term prognosis remain to be determined.

Epidemiology
Table 18.6 shows rates of youth-onset type 2 diabetes in various 
populations throughout the world over the past several decades. 
Although these studies cannot strictly be compared owing to dif-
ferences in methodology and diabetes classifi cation, several con-
sistent features are apparent. Type 2 diabetes is uncommon before 
puberty and studies conducted in multi-ethnic populations 
clearly show that ethnicity has a strong impact. The highest rates 
are in the Pima American Indian population. Other high-risk 
groups include Canadian First Nation, Hispanic, African, Asian, 
Pacifi c Islander and indigenous Australian (Aboriginal) youths, 
whereas Europoid-Caucasians tend to have relatively lower rates. 
Studies spanning several decades have documented increasing 
rates of type 2 diabetes among young persons, which have been 
attributed to rising rates of pediatric obesity and environmental 
factors such as sedentary lifestyle and excessive consumption of 
calorie- and sugar-dense foods. As these characteristics of Western 
affl uence spread to the economically developing regions of the 
world with their predominance of high-risk ethnicities, global 
rates of youth-onset type 2 diabetes are expected to continue to 
rise.

Genetic and environmental risk factors
Type 2 diabetes is highly heritable, as evidenced by concordance 
rates of 50–92% in monozygotic compared to 37–42% in dizy-
gotic twins. The inheritance pattern is polygenic. Recent genome-
wide association studies involving large numbers of individuals 
with type 2 diabetes show that no single gene strongly contributes 
to type 2 diabetes risk. Rather, common variants at a small 
number of genetic loci weakly contribute to the development of 
type 2 diabetes with a relative risk of 1.10–1.37 [30]. Because the 
vast majority of subjects in these studies have adult-onset type 2 
diabetes, the importance of these genetic variants to the risk of 
youth-onset type 2 diabetes is unknown. Furthermore, these 
association studies were conducted on homogeneous Northern 
European populations. Thus, it is not yet clear which genes con-
tribute to the vast majority of youth-onset type 2 diabetes 
worldwide.

Multiple risk factors have been identifi ed for the development 
of youth-onset type 2 diabetes (Table 18.7) but few longitudinal 
studies have been conducted to determine which of these factors 
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Country Method Classifi cation Ethnicity Year Ages Rate

Incidence*
Japan UA Strict – 1974–1979 6–15 1.7

– 1982–2002 2.8

Libya MR Strict – 1981–1990 15–19 5.9
USA MR Strict – 1982 0–19 0.7

1994 7.2

USA MR Broad H, AA 1985–1989 0–17 2.6
1990–1994 3.8

Taiwan UA Strict – 1992–1999 6–18 6.5
Austria MR Strict – 1999–2001 0–15 0.25
USA MR,SR Broad – 2002–2003 0–4 0

5–9 0.8

10–14 8.1

15–19 11.8

Australia MR Broad I 2002 <17 16
Non-I 1

UK MR Strict White 2004–2005 0–16 0.5
Black 3.9

Asian 1.3

Prevalence (%)

USA OGTT NR Pima 1967–1976 15–19 2.6
1987–1996 4.6

Canada MR Broad I 1978–1992 0–15 0.25
Tanzania FG,OGTT Screen – 1982–1983 0–19 0.15
Togo OGTT Screen – 1987 <20 0†

USA FG Screen – 1988–1994 12–19 0.13
Canada MR Strict I 1990 5–14 0.05
USA MR Broad I 1990 15–19 0.32

1998 0.54

Bangladesh OGTT Screen – 1995 15–19 0.06
Saudi Arabia OGTT Screen – ∼1999 <14 0.12
USA FG Screen – 1999–2002 12–19 0.15
USA MR,SR Broad NHW 2001 10–19 0.02

AA 0.11

H 0.05

API 0.05

I 0.17

Israel MR Broad – ∼2002 17 0.03
USA FG,OGTT Strict – ∼2003 ∼10–19 0.12
Turkey FG Screen – ∼2003 12–18 0†

India FG Strict – ∼2005 12–19 0.04

Data tabulated from 24 studies of various populations based on cross-sectional sampling, prospective registries, 
health systems with defi ned broad catchment, school systems or mandatory conscription. Classifi cations used in 
each study were defi ned as:
Strict – requiring negative islet-related antibodies, documented hyperinsulinism and/or glycemic control without 
insulin;
Screen – study assumes that asymptomatic cases identifi ed by screening are type 2 diabetes;
Broad – other approaches including diagnostic codes or less stringent criteria.
FG, fasting glucose; OGTT, oral glucose tolerance test; MR, medical record review; SR, self-report; UA, urinalysis 
screening for glycosuria; AA, African-American; API, Asian/Pacifi c Islander; H, Hispanic; I, Indigenous such as 
American Indian; NHW, non-Hispanic White; NR, not reported.
*Per 100 000 per year.
†Studies reporting rates of zero screened at least 800 youth.

Table 18.6 Rates of type 2 diabetes mellitus in 
youth.
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predict who will actually develop diabetes. Among Pima Indians 
aged 5–19 years, the best predictors of youth-onset type 2 diabetes 
were fasting and 2-h plasma glucose concentrations during an 
OGTT, a low HDL-cholesterol concentration and body mass 
index [31] but overall prediction was imperfect with the opti-
mized multivariate model based on 10 diabetes-associated factors 
accounting for a relative risk of only 3.4.

Prevention
Progression from IGT to type 2 diabetes over 3–6 years in over-
weight adults can be reduced by 31–58% by intensive lifestyle 
modifi cation. Successful interventions have incorporated weight 
reduction goals, low-fat diets and regular moderate exercise, sup-
ported by frequent individualized dietary and exercise counsel-
ing. The effi cacy of these approaches in preventing type 2 diabetes 
in the young have yet to be determined but studies have demon-
strated the potential usefulness of a variety of programs based on 
principles of behavioral therapy, to improve lifestyle choices and/
or type 2 risk factors among the young at risk in schools, com-
munity, camp and family.

Metformin and thiazolidinediones (insulin sensitizing agents), 
acarbose (carbohydrate absorption blocker) and orlistat (lipid 
absorption blocker) reduce the progression to type 2 diabetes in 
high-risk adults by 9–89% over 3–4 years of intervention. Thia-
zolidinediones, which reduce risk by 50–89%, are accompanied 
by signifi cant side effects, including weight gain, osteoporosis, 
fl uid retention and risk of heart failure.

Metformin reduces risk of progression to type 2 diabetes 
without major side effects by 31%. There are no data on type 2 
diabetes as a clinical endpoint in the young but metformin has 
been shown to improve hyperinsulinemia in obese children with 
IGT. The American Diabetes Association currently recommends 
that, in addition to lifestyle counseling, primary prevention with 
metformin may be considered in those who are at high risk as 
defi ned by the combination of obesity, IGT and IFG. Enthusiasm 
for application of this recommendation to children is currently 
hampered by lack of evidence of effi cacy on clinical endpoints, 
lack of data to allow identifi cation of a high probability of pro-
gressing to type 2 diabetes and lack of data regarding the bene-
fi t : risk ratio of long-term use of these medications.

Presentation

Type 1 diabetes mellitus
Most children with newly diagnosed type 1 diabetes present with 
polyuria, polydipsia and weight loss for a few days to several 
weeks. Other presentations include recent onset of enuresis in 
a previously toilet-trained child, failure to gain weight appro-
priately in a growing child, vaginal candidiasis, especially in a 
prepubertal child, recurrent skin infections, irritability and dete-
riorating school performance [32].

The frequency of DKA at diabetes onset varies widely by geo-
graphic location, ranging from 15 to 67% in Europe and North 
America and more in developing countries [33,34]. There is an 
inverse relation between the frequency of DKA and the incidence 
of type 1 diabetes in different populations. DKA at initial presen-
tation is more frequent in infants, toddlers and preschool-age 
children, in children who do not have a fi rst-degree relative with 
type 1 diabetes and in children whose families are of lower socio-
economic status [33].

Prospective follow-up of high-risk subjects shows that the 
diagnosis can be made in the majority of asymptomatic individu-
als when metabolic abnormalities are still relatively mild [16,35]. 
The progression of type 1 diabetes tends to follow a clinical course 
that includes an abrupt onset of classic symptoms that rapidly 
disappear after starting insulin replacement. This is often fol-
lowed by a temporary remission (“honeymoon phase”) with 
partial recovery of endogenous insulin secretion, demonstrable 
by plasma C-peptide concentrations (Fig. 18.1), and character-
ized by stable near-normal blood glucose concentrations and 
decreasing insulin requirements [32]. Severe DKA and young age 
at presentation reduce the likelihood of a remission phase. Recur-
rence or persistence of the autoimmune attack on β cells, however, 
leads invariably to further β-cell destruction and progressive 
decline in insulin production until it eventually ceases 
completely.

Type 2 diabetes mellitus
A major diffi culty in analyzing and interpreting the many studies 
that have examined the characteristics at onset of type 2 diabetes 

Table 18.7 Risk factors for the development of youth-onset type 2 diabetes 
mellitus.

Well established or widely accepted
Obesity
Impaired glucose tolerance
Impaired fasting glucose
Elevated fasting insulin
Family history of type 2 diabetes
In utero exposure to maternal diabetes
Low or high birthweight for gestational age
Dyslipidemia
Hypertension
PCOS
Acanthosis nigricans
Ethnicity

Modifi able factors contributing to childhood obesity
Sugar-sweetened beverages
Sedentary lifestyle
Protective effect of having been breastfed

Suspected
Binge eating disorder

PCOS, polycystic ovarian syndrome.
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in various populations of children is the wide range of defi nitions 
used to classify type 2 diabetes. The studies that employ strict 
criteria for the diagnosis show several common characteristics 
(Table 18.8), including obesity, frequent family history, acantho-
sis nigricans, female preponderance and average age in mid-
puberty. The presentation can range from insidious to severe and 
DKA is not uncommon, which contrasts with adult-onset type 2 
diabetes, in which DKA is rare. The characteristics shown in 
Table 18.8 are recapitulated in numerous additional studies of 
youth-onset type 2 diabetes that employ less stringent defi nitions 
(Table 18.9). Many young people with type 2 diabetes present 
with classic symptoms including weight loss. Diagnosis in asymp-
tomatic individuals is common, either as a consequence of the 
incidental fi nding of glycosuria or hyperglycemia or as a result of 
screening individuals at risk. It is probable that many individuals 
with youth-onset type 2 diabetes experience a prolonged period 
of mild hyperglycemia with minimal or no symptoms.

Distinguishing type 1 from type 2 diabetes
The increasing incidence in children of type 2 diabetes and the 
current high prevalence of overweight and obesity have presented 
clinicians with a diagnostic challenge when evaluating a patient 
with new-onset diabetes mellitus. Distinguishing diabetes type 1 
from type 2 may be diffi cult because there may be considerable 
overlap in presentation (Table 18.3) and there are clearly patients 
who have clinical and biochemical features of both types. The 
overall frequency of obesity at diagnosis of type 1 diabetes has 
tripled in the past decade, irrespective of race, gender and age at 
onset, and a recent report indicates that 25% of patients with type 
1 diabetes are obese [36].

In contrast to type 2 diabetes in adults, in which ketonuria is 
unusual, a substantial fraction of adolescents with type 2 diabetes 
will have ketonuria or even DKA at presentation (Tables 18.8 & 
18.9). Insulin requirements typically decrease after several weeks 
of treatment of type 2 diabetes, which may resemble the remis-
sion or “honeymoon” period of type 1 diabetes. Measuring pan-
creatic autoantibodies and markers of insulin secretion (fasting 
C-peptide concentrations) at the time of diagnosis helps distin-

guish type 1 from type 2 in obese patients. A fasting plasma C-
peptide level >0.85  ng/mL (300  pmol/l) suggests type 2 diabetes 
[37]. Plasma C-peptide concentrations, however, may be tempo-
rarily low in type 2 diabetes initially owing to glucotoxicity and 
lipotoxicity; rechecking the level after several weeks or even 
months of therapy will sometime demonstrate hyperinsulinism, 
helping to establish a diagnosis of type 2 diabetes.

Table 18.8 Clinical characteristics of youth at diagnosis of strictly defi ned type 2 diabetes mellitus.

Region N Method FHx (%) M : F ↑ BMI (%) Age AN (%) DKA (%) Ketosis (%)

New South Wales, Australia 128 Registry 75 1 : 1.1 90 15 NR NR NR
Cincinnati, USA 54 Chart review 85 1 : 1.7 92 14 60 ∼ ∼
Tokyo, Japan 232 Urinalysis 57 1 : 1.2 84 14 NR ∼ ∼
UK 67 Registry 84 1 : 1.3 95 14 57 7 28
Toronto, Canada 44 Chart review 95 1 : 1.7 80 14 69 8 30
Taiwan 137 Urinalysis 21 1 : 1.7 48 13 NR ∼ ∼

Data tabulated from studies employing strict defi nitions of type 2 diabetes: including either negative islet-cell antibodies, sustained glycemic control without insulin and/or 
confi rmed insulin hypersecretion.
AN, acanthosis nigricans; ↑ BMI, obese or overweight; DKA, diabetic ketoacidosis; FHx, family history of type 2 diabetes; M : F, male : female ratio; NR, not reported; ∼ 
not pertinent because of method of ascertainment or case defi nition.

Table 18.9 Characteristics at diagnosis of youth with type 2 diabetes mellitus.

Characteristic Average* (range)

Measurement
BMI (kg/m2) 31.8 (25.5–37.7)
Glucose (mg/dL); mmol/L 446 (344–549); 24.8 (19.1–30.5)
HbA1c 10% (10–11)

Prevalence at presentation†
Symptoms of diabetes 56% (19–96)
Ketonuria 36% (24–63)
DKA 14% (5–46)
Weight loss 55% (47–62)
Screening or incidental 48% (32–57)
Candidal vulvovaginitis 24% (24–24)

Prevalence of ethnicity‡
African 36% (9–76)
Asian/Pacifi c 15% (3–46)
Indigenous 23% (3–53)
Hispanic 25% (10–63)
White 26% (3–57)

Data from 17 studies (each included at least 40 subjects) representing 2916 
youth from four continents.
BMI, body mass index; DKA, diabetic ketoacidosis.
*Mean of the averages reported by each study, with the range of reported 
averages shown in parentheses.
†Among studies not based on primary screening.
‡Among studies reporting mixed ethnic composition.
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Fasting insulin-like growth factor binding protein-1 (IGFBP-
1) level, whose secretion is acutely inhibited by insulin, is a 
marker of insulinization and another useful biochemical param-
eter. A very low IGFBP-1 concentration is highly suggestive of 
type 2 diabetes [37].

There have been several reports of autoantibody positivity in 
children with clinical features of type 2 diabetes and latent auto-
immune diabetes in youth (LADY) has been proposed to describe 
this subgroup. It is not always possible to categorize patients at 
the time of diagnosis but, irrespective of the type of diabetes, the 
choice of initial therapy must be made on the basis of the meta-
bolic state, as determined by clinical assessment. Subsequent 
therapy should be guided by the individual patient’s response to 
treatment and modifi ed if necessary.

Differential diagnosis

Other causes of glycosuria
Diabetes mellitus is occasionally diagnosed in an asymptomatic 
individual because glycosuria is discovered incidentally. The 
diagnosis must always be confi rmed by at least two independent 
measurements of plasma glucose concentration. Glycosuria 
can occur without hyperglycemia as a result of renal tubular 
dysfunction, e.g. Fanconi–Bickel syndrome, Fanconi syndrome, 
or because of an isolated reduction of the renal tubular threshold 
for glucose reabsoprtion (benign glycosuria). This disorder is 
diagnosed by performing an OGTT with simultaneous measure-
ments of plasma and urine glucose concentrations. Glycosuria 
will be evident with plasma glucose concentrations in the normal 
range. Hepatic glycogen synthase defi ciency (glycogen storage 
disease type 0) is an uncommon cause of intermittent post-pran-
dial hyperglycemia and glycosuria in children.

Transient hyperglycemia
The incidence of transient hyperglycemia is estimated to be 
approximately 1 per 8000 pediatric offi ce visits and 1 per 200 
emergency department or hospital visits [38]. A minority of chil-
dren with transient hyperglycemia develop diabetes mellitus. 
When transient hyperglycemia is detected in a child who does not 
have a severe illness, the risk of developing diabetes is much 
higher than if a severe illness were present. The presence of pan-
creatic autoantibodies and/or a low fi rst-phase insulin response 
during an intravenous glucose tolerance test strongly predicts 
progression to diabetes.

Management

Initial management of newly diagnosed type 1 
diabetes mellitus
Whenever possible, the child with DKA should be cared for by 
nursing staff trained in DKA management and access to a clinical 
chemistry laboratory that can provide frequent and timely mea-

surement of serum chemistry. Children with severe DKA (long 
duration of symptoms, compromised circulation, depressed level 
of consciousness) and those at increased risk for cerebral edema 
(<5 years of age, new-onset diabetes) should be treated in a pedi-
atric intensive care unit or in a children’s ward that specializes in 
diabetes care and can provide comparable resources and supervi-
sion of care [39].

The goals of initial management depend on the clinical presen-
tation and are to restore fl uid and electrolyte balance, to stabilize 
the metabolic state with insulin and to provide basic diabetes 
education and self-care training for the child (if age and develop-
mentally appropriate) and other caregivers (parents, grandpar-
ents, older siblings, daycare providers and babysitters).

The diagnosis of diabetes in a child is a crisis for the family, 
which requires considerable emotional support and time for 
adjustment and healing. Shocked, grieving and overwhelmed 
parents typically require at least 2–3 days to acquire basic “sur-
vival” skills while they are coping with the emotional upheaval 
that typically follows the diagnosis. Even if they are not acutely 
ill, children with newly diagnosed type 1 diabetes are usually 
admitted to hospital for stabilization, diabetes education and self-
management training but outpatient or home-based manage-
ment is preferred at some centers that have appropriate resources. 
The results comparing initial hospitalization with home-based 
and/or outpatient management of children who are not acutely 
ill with newly diagnosed type 1 diabetes are inconclusive but the 
data suggest that outpatient and/or home initial management of 
type 1 diabetes in children does not lead to any disadvantages in 
terms of metabolic control, acute complications, hospitalizations, 
psychosocial or behavioral variables. The decision whether a child 
with newly diagnosed diabetes should be admitted to hospital 
depends on several factors, including the severity of the metabolic 
derangements, a psychosocial assessment of the family and the 
resources available at the treatment center. Outpatient manage-
ment in a comprehensive day center staffed by a multidisciplinary 
diabetes team is an appropriate alternative to hospitalization for 
many newly diagnosed children.

Psychosocial issues
The diagnosis of diabetes in a child or adolescent hurls the parent 
from a secure and known reality into a frightening and foreign 
world [40]. At diagnosis, they grieve the loss of their healthy child 
and cope with normal distress reactions such as shock, disbelief 
and denial, fear, anxiety, anger and blame or guilt. However, 
while grieving, parents are expected to acquire an understanding 
of the disease and behavioral skills to manage the illness at home 
and to assist the child to achieve acceptable blood glucose 
control. Parents should receive the support required to begin 
coping with the emotional distress and not be overwhelmed by 
unrealistic expectations from a well-meaning diabetes treatment 
team.

Diabetes presents family members with the task of being sensi-
tive to the balance between the child’s need for a sense of auton-
omy and mastery of self-care activities and the need for ongoing 
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family support and involvement. The struggle to balance inde-
pendence and dependence in relationships between the child and 
family members presents a long-term challenge and raises differ-
ent issues for families at different stages of child and adolescent 
development. Focusing on normal developmental tasks at each 
stage of the child’s growth and development provides the most 
effective structure with which to address this concern [40].

A medical social worker should perform an initial psychosocial 
assessment of all newly diagnosed patients to identify high-risk 
families who need additional services. Thereafter, patients are 
referred to the mental health specialist when emotional, social, 
environmental or fi nancial concerns are suspected or identifi ed 
that interfere with the ability to maintain acceptable diabetes 
control [40]. Some of the more common problems in families 
include parental guilt resulting in poor adherence to the treat-
ment regimen, diffi culty coping with the child’s rebellion against 
treatment, anxiety, depression, fear of hypoglycemia, missed 
appointments, fi nancial hardship, loss of health insurance 
affecting the ability to attend scheduled clinic appointments and/
or purchase of supplies. Recurrent ketoacidosis is the most 
extreme indicator of psychosocial stress and management of such 
patients is incomplete without a comprehensive psychosocial 
assessment.

The treatment of pediatric diabetes is complicated by many 
factors inherent to childhood. Because childhood is characterized 
by cognitive and emotional immaturity, the involvement of 
responsible adults is essential to the treatment of diabetes which 
takes place within a family dynamic: treatment-related confl icts 
are not uncommon, arising in part from natural discord in goals 
between caretakers and/or the child.

Each phase of childhood has characteristics that complicate 
treatment, such as the unpredictable eating of toddlers and the 
unscheduled intense physical play of school-age children that can 
hinge on unpredictable factors such as the weather. Adolescence 
is characterized by multiple physiologic and psychosocial factors 
that make glycemic control more diffi cult. Optimal diabetes 
treatment has to be tailored to each child and family, based on 
factors including age, gender, family resources, cognitive facul-
ties, the schedule and activities and the goals and desires of the 
child and family.

Current rates of psychological ill-health in diabetic youth are 
disturbingly high and longitudinal data indicate that mental 
health issues are likely to persist into early adulthood and possibly 
beyond. Such mental health issues appear to be prognostic of 
maladaptive lifestyle practices and of long-term problems with 
diabetes control and earlier-than-expected onset of complica-
tions. Based on these considerations, mental health should be 
given equivalence to and perhaps even precedence over the 
screening of other complications undertaken in diabetes clinics. 
Routine screening for behavioral disturbance should begin at the 
time of diagnosis, with further assessment of parental mental 
health and family functioning for those children identifi ed as “at 
risk.” Interventions can then be targeted based on the specifi c 
needs of individual children and families [41].

Outpatient diabetes care
The diabetes team
Optimal care of children with type 1 diabetes is complex and 
time-consuming. Few primary care practitioners or pediatricians 
have the resources and expertise, nor can they devote the time 
required to provide all of the components of an optimal treat-
ment program for children with diabetes. Children with diabetes 
should be managed by a multidisciplinary diabetes team that 
provides diabetes education and care in collaboration with the 
child’s primary care physician [42]. The team should consist of a 
pediatric endocrinologist or pediatrician with training in diabe-
tes, a pediatric diabetes nurse educator, a dietitian and a mental 
health professional, either a clinical psychologist or social worker. 
A member of the diabetes team should always be available by 
telephone to respond to metabolic crises that require immediate 
intervention and to provide guidance and support to parents and 
patients.

Initial diabetes education
The diabetes education curriculum should be adapted to the 
individual child and family. Parents and children with newly 
diagnosed diabetes are anxious and overwhelmed and cannot 
assimilate a large amount of abstract information. Therefore, the 
education program should be staged: initial goals should be 
limited to “survival” skills so that the child can be safely cared for 
at home and return to his/her daily routine. Initial education 
should include understanding what causes diabetes, how it is 
treated, how to administer insulin, basic meal planning, self-
monitoring of blood glucose and ketones, recognition and treat-
ment of hypoglycemia and how and when to contact a member 
of the diabetes team.

Continuing diabetes education and long-term 
supervision of diabetes care
When the child is medically stable and parents and other care 
providers have mastered “survival” skills, the child is discharged 
from the hospital or ambulatory treatment center. In the fi rst few 
weeks after diagnosis, frequent telephone contact provides emo-
tional support, helps parents to interpret the results of blood 
glucose monitoring and adjust insulin doses if necessary.

Within a few weeks of diagnosis, many children enter a partial 
remission, evidenced by normal or near-normal blood glucose 
concentrations on a low dose (<0.25 units/kg/day) of insulin. By 
this time, most patients and parents are less anxious and have 
mastered basic diabetes management skills through experience 
and repetition and are now more prepared to begin to learn the 
details of intensive management.

At this stage, the diabetes team should begin to provide patients 
and parents with the knowledge and skills they need to maintain 
optimal glycemic control while coping with the challenges 
imposed by exercise, fi ckle appetite and varying food intake, 
intercurrent illnesses and the other variations that normally occur 
in a child’s daily life. In addition to teaching facts and practical 
skills, the education program should promote desirable health 
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beliefs and attitudes in the young person who has a chronic incur-
able disease. For some children, this may best be accomplished 
in a non-traditional educational setting such as summer camp. 
The educational curriculum must be concordant with the child’s 
level of cognitive development and has to be adapted to the learn-
ing style and intellectual ability of the individual child and family. 
Parents, grandparents, older siblings, school nurse and other 
important people in the child’s life are encouraged to participate 
in the diabetes education program so they can share in the dia-
betes care and help the child to live a normal life.

In the fi rst month after diagnosis, the patient is seen frequently 
by the diabetes team to review and consolidate the diabetes edu-
cation and practical skills acquired in the fi rst few days and to 
extend the scope of self-care training. Thereafter, follow-up visits 
with members of the diabetes team should occur at least every 3 
months. Regular clinic visits are to ensure that the child’s diabetes 
is being appropriately managed at home and the goals of therapy 
are being met. A focused history should obtain information about 
self-care behaviors, the child’s daily routines, the frequency, 
severity and circumstances surrounding hypoglycemic events and 
blood glucose monitoring data should be reviewed.

At each visit, height and weight are measured and plotted on 
a growth chart. The weight curve is especially helpful in assessing 
adequacy of therapy. Signifi cant weight loss usually indicates that 
the prescribed dose is insuffi cient or the patient is not receiving 
all the prescribed doses of insulin.

A more complete physical examination should be performed 
at least twice each year focusing on blood pressure, stage of 
puberty, evidence of thyroid disease, mobility of the joints in the 
hands, scarring of the fi ngertips from frequent lancing and injec-
tion sites for lipohypertrophy or lipoatrophy.

Regular clinic visits also provide an opportunity to review, 
reinforce and expand upon the diabetes self-care training begun 
at the time of diagnosis. The goal at each visit is to reinforce the 
goals of treatment while increasing the patient’s and family’s 
understanding of diabetes management, the interplay of insulin, 
food and exercise and their impact on blood glucose concentra-
tions. As cognitive development progresses, the child should 
become more involved in management and assume increasing 
age-appropriate responsibility for daily self-care. Parents are 
encouraged to call for advice if the pattern of blood glucose con-
centrations changes between routine visits suggesting the need 
to adjust the insulin dose or change the regimen. Eventually, 
when parents and patients have suffi cient knowledge and 
experience, they are encouraged to adjust the insulin dose(s) 
independently.

Goals of therapy
The DCCT [43,44], and a similar smaller study in Sweden [45], 
ended the debate about whether the microvascular complications 
of diabetes are caused by hyperglycemia and can be prevented or 
ameliorated. Additional evidence for the importance of glycemic 
control was provided by the UK Prospective Diabetes Study 
(UKPDS) in adults with type 2 diabetes [46,47]. These clinical 

trials and the long-term follow-up observations of the DCCT 
cohort demonstrate unequivocally the importance of lowering 
glycated hemoglobin (HbA1c) values to reduce the risk of devel-
opment and progression of retinopathy, nephropathy, neuropa-
thy and macrovascular disease. Treatment regimens that reduce 
average HbA1c to approximately 7% (about 1% above the upper 
limit of normal) are associated with fewer long-term micro- and 
macrovascular complications [48] and improved glycemic control 
is associated with a sustained decreased rate of development of 
diabetic complications [49,50].

The aim of diabetes management is to achieve recommended 
glycemic targets known to reduce the risk of long-term complica-
tions but there is no consensus on the targets appropriate for 
children of different ages. The recommendations of a sample of 
national diabetes organizations are shown in Table 18.10.

Management of young children with diabetes, especially those 
younger than 5 years old, must balance opposing risks of 
hypoglycemia and future vascular complications. The relative 
contribution of the prepubertal years to the development of 
microvascular complications has been uncertain but longer pre-
pubertal duration of diabetes increases the risk of retinopathy and 
possibly microalbuminuria in adolescence and young adulthood 
but at a slower rate than the postpubertal years [51].

Biochemical goals of treatment for children and adolescents 
have recently been published by the International Society for 
Pediatric and Adolescent Diabetes (ISPAD): ideal HbA1c is 
<6.05%, optimal <7.5%, suboptimal 7.5–9.0% and action is 
required when the value exceeds 9.0% [52]. The ISPAD guide-
lines are accompanied by the statement: “Each child should have 
their targets determined individually with the goal of achieving a 
value as close to normal as possible while avoiding severe hypo-
glycemia as well as frequent mild to moderate hypoglycemia.”

The risk for microalbuminuria increases steeply with HbA1c 
>8% [53]. Based on these considerations, an HbA1c of ≤8.0% is 
a reasonable general goal for children with diabetes but biochemi-
cal goals should be individualized taking into account both 
medical and psychosocial considerations. Less stringent treat-
ment goals are appropriate for preschool-age children, those with 
developmental handicaps, psychosocial challenges, lack of appro-
priate family support, children who have experienced severe 
hypoglycemia or those with hypoglycemia unawareness.

Insulin therapy
Most children with type 1 diabetes are severely insulin-defi cient 
and depend on insulin replacement for survival. Ideally, the 
insulin regimen should mimic physiologic insulin secretory pat-
terns but physiologic replacement of insulin remains elusive. 
Insulin pump therapy or multiple daily insulin injections are the 
methods that most closely mimic insulin secretion.

The fi rst step in choosing an insulin regimen is to establish 
glycemic goals. For most patients, this means that more than half 
of PG values should fall within the following ranges: preprandial 
90–130  mg/dL (5–7.2  mmol/L), bedtime 100–140  mg/dL (5.6–
7.8  mmol/L), 1–2  h post-prandial <180  mg/dL (10  mmol/L) 



Diabetes Mellitus

473

(Table 18.10). It is very important to individualize blood glucose 
goals.

In children with severe insulin defi ciency, practical consider-
ations, including socio-economic circumstances, age, supervision 
of care, ability and willingness to self-administer insulin several 
times each day and diffi culty maintaining long-term adherence, 
make physiologic replacement of insulin challenging. There is no 
insulin regimen that can be used for all children with type 1 dia-
betes. The diabetes team has to design an insulin regimen that 
meets the needs of the individual patient and is acceptable to the 
patient and/or family member(s) responsible for administering 
insulin to the child or supervising its administration.

The route of insulin administration is determined by the sever-
ity of the child’s condition at presentation. Insulin is preferably 
given intravenously for treatment of DKA. Children who are 
metabolically stable without vomiting or signifi cant ketosis may 
be started with subcutaneous (SC) insulin administration. SC 
insulin treatment in the newly diagnosed child should be started 
with at least three injections per day or a basal-bolus regimen 
(Table 18.11). Some clinicians start insulin pump therapy at the 
time of diagnosis regardless of the severity of presentation or age 
of the child.

In addition to severity of metabolic decompensation, the 
child’s age, weight and pubertal status guide the initial insulin 
dose selection. When diabetes has been diagnosed early, before 
signifi cant metabolic decompensation, 0.25–0.5 unit/kg/day 
usually is an adequate starting dose. When metabolic decompen-
sation is more severe (e.g. ketosis without acidosis or dehydra-
tion) the initial dose is typically at least 0.5 unit/kg/day. After 
recovery from DKA, prepubertal children usually require at least 
0.75 unit/kg/day, whereas adolescents require at least 1 unit/kg/
day.

In the fi rst few days of insulin therapy, while the focus of care 
is on diabetes education and emotional support, it is reasonable 
to aim for pre-meal blood glucose concentrations in the range 
4.5–11  mmol/L (80–200  mg/dL) and to supplement, if necessary, 
with 0.05–0.1 unit/kg of rapid- or short-acting insulin SC at 3–4  h 
intervals.

Three major categories of insulin preparations classifi ed 
according to their time course of action are available (Table 
18.12). Various regimens consisting of a mixture of short- or 
rapid-acting insulin with an intermediate- or long-acting insulin 
used in children and adolescents (Table 18.11), typically given two 
to four (or more) times daily. Clear superiority of any one regimen 
in children and adolescents in terms of metabolic outcomes has 
not been demonstrated [54,55].

All insulin regimens have the same general goal to provide 
basal insulin throughout the day and night with additional insulin 
to cover meals and snacks. When a two-dose regimen is used, the 
total daily dose is usually divided so that two-thirds is given 
before breakfast and one-third is given in the evening. With a 
three-dose regimen, short- or rapid-acting insulin is adminis-
tered before supper and the second dose of intermediate-acting 
insulin is given at bedtime rather than before the evening meal. 

Table 18.10 Recommended glycemic targets.

Blood glucose goal range 
(mmol/L)

A1c

American Diabetes Association

Preprandial Bedtime

Toddlers and preschool age 
children (<6 years)

5.6–10 6.1–11.1 <8.5 (but 
>7.5%)

School-age children (6–12 
years)

5–10 5.6–10 <8%

Adolescents and young adults 5–7.2 5–8.3 <7.5%*

Australasian Paediatric Endocrine Group

Preprandial Post-prandial

Children and adolescentsa 4–8 <10 <7.5%

Canadian Diabetes Association

Preprandial

Age < 5 years 6–12 ≤9%b

Age 5–12 years 4–10 ≤8%c

Age 13–18 years 4–7 ≤7%d

4–6 ≤6%e

Diabetes UK (National Institute for Clinical Excellence)

Preprandial Post-prandial

Children and young people 4–8 <10 ≤7.5%f

International Society for Pediatric and Adolescent Diabetesg

Preprandial Post-prandial

Ideal 3.6–5.6 4.5–7 <6.05
Optimal 5–8 5–10 <7.5
Suboptimal (action suggested) >8 10–14 7.5–9
High risk (action required) >9 >14 >9

*A lower goal (<7%) is reasonable if it can be achieved without excessive 
hypoglycemia.
a“In very young children,  .  .  .  glycemic targets need to be at the upper part of 
these ranges or a little higher.”
bExtreme caution is required to avoid severe hypoglycemia.
cTargets should be graduated to the child’s age.
dAppropriate for most patients.
eConsider for patients in whom these targets can be achieved safely.
f“.  .  .  without frequent disabling hypoglycemia.”
gThese targets are intended as guidelines and each child should have their 
targets individually determined with the goal of achieving a value as close to 
normal as possible while avoiding severe hypoglycemia as well as frequent mild 
to moderate hypoglycemia [52].
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The initial ratio of rapid- to intermediate-acting insulin at both 
times is approximately 1 : 2. Toddlers and young children typi-
cally require a smaller fraction of short- or rapid-acting insulin 
(10–20% of the total dose) and proportionately more intermedi-
ate-acting insulin. Rapid-acting insulin (lispro, aspart, glulisine) 
insulin is given 5–15  min before eating.

The optimal ratio of rapid- or short-acting to intermediate-
acting insulin is determined empirically for each patient, guided 
by the results of frequent blood glucose measurements. At least 
fi ve daily measurements are required to determine the effects of 
each component of the insulin regimen. The blood glucose con-
centration is measured before each meal, before the bedtime 
snack and once between midnight and 4 a.m. Parents are taught 
to look for patterns of hyperglycemia or hypoglycemia that indi-
cate the need for an adjustment in the dose.

Table 18.11 Insulin regimens used to treat children and adolescents.

Number of 
daily doses

Breakfast Lunch Dinner Bedtime

2 S/R + N* S/R + N

3 S/R + N S/R S/R + N

S/R + N S/R S/R + N

S/R + N S/R S/R+ Glarg/Det†

S/R + N S/R Glarg/Det

4 S/R S/R S/R S/R + N
S/R + N S/R S/R S/R + N
S/R S/R S/R S/R + Glarg/Det
S/R + Glarg/Det S/R S/R S/R
S/R + Det S/R S/R S/R + Det
S/R S/R S/R + Glarg/Det S/R

CSII‡ S/R S/R S/R S/R

CSII, continuous subcutaneous insulin infusion; Det, insulin detemir; Glarg, 
insulin glargine; N, neutral protamine Hagedorn (isophane); R, regular (soluble) 
insulin; S, short-acting insulin (insulin lispro, insulin aspart, insulin glulisine).
*Premixed combinations such as, either 70% NPH and 30% regular or 70% 
protamine-crystallized aspart (PA) and 30% soluble insulin aspart or 75% 
neutral protamine lispro (NPL) and 25% insulin lispro are usually used in twice 
daily fi xed dose insulin regimens.
†Insulin glargine is almost always given once daily, either with breakfast or in 
the evening with dinner or at bedtime. According to the manufacturers, both 
glargine and detemir should be given as a separate injection and cannot be 
mixed with another insulin in the same syringe. However, recent studies suggest 
that rapid-acting insulin analogs can be mixed with glargine in the same syringe 
with no detrimental effect on insulin action provided they are injected 
immediately [154,155].
Insulin detemir may be used once (typically with dinner or at bedtime) or twice 
daily (with breakfast and a second dose either with dinner or at bedtime).
‡CSII (pump) boluses are given with meals and snacks together with basal 
insulin throughout the day and night.
Intensifi ed insulin therapy is defi ned as the use of at least three daily doses of 
insulin or CSII.

Table 18.12 Insulin preparations classifi ed according to their pharmacodynamic 
profi les.

Onset of action 
(h)

Peak action 
(h)

Effective 
duration of 
action (h)

Rapid-acting
Insulin lispro* 0.25–0.5 0.5–2.5 ≤5
Insulin aspart* <0.25 1–3 3–5
Insulin glulisine <0.25 1–1.5 3–5

Short-acting
Regular (soluble) 0.5–1 2–3 5–8

Intermediate-acting
NPH (isophane) 1–2 4–10 10–16

Long-acting
Insulin glargine* 2–4 Relatively 

peakless
20–24

Insulin detemir* 0.8–2 Relatively 
peakless

12–24†

Premixed combinations
50% NPH, 50% regular 0.5–1 Dual 10–16
50% NPL, 50% lispro <0.25 Dual 10–16
70% NPH, 30% regular 0.5–1 Dual 10–16
70% PA, 30% aspart* <0.25 Dual 15–18
75% NPL, 25% lispro* <0.25 Dual 10–16

Pharmacodynamic effects of lispro insulin and insulin aspart appear to be 
equivalent [156].
NPL, neutral protamine lispro suspension; PA, protamine-crystallized insulin 
aspart suspension. Both PA + soluble aspart and NPL + lispro are stable pre-
mixed combinations of intermediate- and rapid-acting insulins.
The human insulins and insulin analogs are available in vials, prefi lled disposable 
pen injectors and cartridges for non-disposable pen injectors.
These data are for human insulins and are approximations from studies in adult 
test subjects. Time action profi les are estimates only. The kinetics of NPH insulin 
may be more rapid in children [157]. The times of onset, peak and effective 
duration of action vary within and between patients and are affected by 
numerous factors, including size of dose, site and depth of injection, dilution, 
exercise, temperature, regional blood fl ow, local tissue reactions.
*Insulin analog developed by modifying the amino acid sequence and/or 
chemical adducts of the human insulin molecule.
†Dose-dependent; 12  h for 0.2  U/kg; 20–24  h for ≥0.4  U/kg.

Adjustments to individual components of the insulin regimen 
are usually made in 5–10% increments or decrements in response 
to patterns of consistently elevated (above the target range for 
several consecutive days) or unexplained low blood glucose con-
centrations. This is referred to as pattern adjustment. The insulin 
dosage is adjusted until satisfactory blood glucose control is 
achieved with >50% of blood glucose values in or close to the 
individual child’s target range.
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At the time of diagnosis, most children have some residual β 
cells and often enter a period of partial remission (“honeymoon”) 
within several days to a few weeks, during which normal or near-
normal glycemic control is relatively easily achieved with a low 
dose of insulin. At this stage, the dose of insulin should be reduced 
to prevent hypoglycemia but should not be discontinued. As 
destruction of the remaining β cells occurs, the insulin dose 
increases (“intensifi cation phase”), eventually reaching a full 
replacement dose. The average daily insulin dose in prepubertal 
children with long-standing diabetes is approximately 0.8 unit/
kg/day and in adolescents about 1–1.5 unit/kg/day.

Insulin therapy in young children
Caring for young children with diabetes is challenging for many 
reasons, one of which is the need accurately and reproducibly to 
measure and inject tiny doses of insulin that is supplied in a 
concentration of 100 units/mL (U100 insulin). To administer a 
dose of 1 unit requires the ability accurately to measure 10  μL 
(1/100  mL) of insulin. When the dose is less than 2  U of U100 
insulin, neither parents of children with diabetes nor skilled pedi-
atric nurses are able to measure the dose accurately. Furthermore, 
a dose change of 0.25  U translates into a volume difference of 
2.5  μL in a 300  μL (30 unit) syringe. When parents attempt to 
measure insulin doses in increments of 0.25  U insulin (e.g. 3.0, 
3.25, 3.5  U) using a standard commercial 30 unit (300  μL) 
syringe, they consistently measure more than the prescribed 
amount.

To enhance accuracy and reproducibility of small doses, insulin 
should be diluted to U10 (10 units/mL) with diluent available 
from the manufacturer. Using U10 insulin, each line (“unit”) on 
a syringe is actually 0.1  U insulin.

To avoid intramuscular injections in infants and children with 
little subcutaneous fat, syringes with 31 gauge (5  mm) needles 
should be used.

Intensifi ed insulin therapy in children
There is little evidence to guide clinical decisions concerning the 
risk–benefi t ratio of strict control in the pre-adolescent patient. 
Clinical trials comparable to the DCCT have not been conducted 
in prepubertal children but many experts believe that it is reason-
able to extrapolate that prepubertal children will also benefi t from 
strict control of their diabetes.

Limitations of twice daily split-and-mixed insulin regimens
Beyond the remission period, it is not generally possible to achieve 
near-normal glycemia with two injections per day without incur-
ring a greater risk of hypoglycemia, especially during the night. 
A major problem with the two dose “split-and-mixed” regimens 
(rapid- or short-acting insulin combined with intermediate-
acting insulin administered before breakfast and before the 
evening meal; Table 18.11) is that the peak effect of the pre-
dinner intermediate-acting insulin tends to occur at the time of 
lowest insulin requirement (midnight to 4 a.m.), increasing the 
risk of nocturnal hypoglycemia. Thereafter, insulin action declines 

from 4 to 8 a.m., when the basal insulin requirement normally 
increases. Consequently, the tendency for blood glucose concen-
trations to rise before breakfast (dawn phenomenon) may be 
aggravated by waning insulin effect before breakfast and/or by 
counter-regulatory hormones secreted in response to a fall in 
blood glucose concentrations during sleep, post-hypoglycemic 
hyperglycemia (Somogyi phenomenon).

A three-dose insulin regimen with mixed short- or rapid- and 
intermediate-acting insulins before breakfast, short- or rapid-
acting insulin before dinner and intermediate-acting insulin 
at bedtime may signifi cantly reduce these problems (Table 
18.11; Fig. 18.6) [56]. Intensive insulin regimens that employ 
intermediate-acting insulin (Fig. 18.5) demand consistency in the 
daily meal schedule, in the amounts of food consumed at each 
meal and in the timing of insulin injections.

Basal-bolus regimens and continuous subcutaneous 
insulin infusion
Insulin therapy with at least three injections each day or with 
continuous subcutaneous insulin infusion (CSII) using an insulin 
pump can more closely simulate normal insulin profi les, can 
overcome many of the limitations inherent in a two-dose regimen 
and permit greater fl exibility with respect to timing and content 
of meals. Doses of rapid-acting insulin are adjusted meal-to-meal 
based on preprandial glucose values, anticipated carbohydrate 
intake and activity. A peakless long-acting insulin, insulin glargine 
or detemir, can be used to provide basal insulin (typically 40–60% 
of the total daily dose) and is used together with short- or rapid-
acting insulin injected before each meal (basal-bolus regimen; 
Fig. 18.6b).

Insulin glargine is an insulin analog, produced by recombinant 
DNA technology, with an approximately 24-h duration of action. 
It has little peak activity and is typically administered once daily, 

Figure 18.5 Distribution of hemoglobin A1c in 2873 children and adolescents 
with type 1 diabetes from 18 countries. Data from Mortensen [161].
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either before breakfast or in the evening with dinner or at bedtime. 
It should be injected at about the same time each day; whereas 
short- or rapid-acting insulin is injected separately before each 
meal, whenever it is eaten. Insulin glargine has been used safely 
in children and adolescents [57] and, because it does not have the 
peak of activity characteristic of NPH [58], can reduce nocturnal 
hypoglycemic episodes without jeopardizing glycemic control 
[59,60].

Insulin detemir has become available as an alternative long-
acting, peakless basal insulin [61]. Detemir has effects similar to 
those of glargine during the fi rst 12-h after administration but 
thereafter its effect wanes and, accordingly, it usually has to be 
administered twice daily in patients with severe insulin defi ciency 
[62].

In 1996, less than 5% of patients starting pump therapy were 
under 20 years of age. Over the past several years, there has been 
a worldwide marked increase in the number of children and 
adolescents using CSII (pump) therapy [63] and a current esti-
mate is that more than 80 000 children and adolescents world-
wide are using a pump. An insulin pump has the advantage over 
insulin injections in the ability to program changes in basal 
dosage to meet an anticipated increase or decrease in need (Fig. 
18.6c). This feature can help combat the dawn phenomenon or 
hypoglycemia during or after exercise. In addition to programing 
various basal rates, the use of dual wave and square wave bolus 
delivery signifi cantly lowers 4-h post-prandial blood glucose con-
centrations. Also, the infusion set typically only has to be replaced 
every 2–3 days. A meta-analysis of randomized controlled clinical 
trials concluded that CSII resulted in a small (approximately 
0.5%) improvement in HbA1c [64].

Although an insulin pump is a complex and medical device 
that requires extensive training in its use, many children can 
manage the added responsibility of using a pump and, with 
appropriate education and training and with support from 
parents and a school nurse, benefi t from its advantages [65]. Only 
short- or rapid-acting insulin is used with CSII so any interrup-
tion in the delivery of insulin leads rapidly to metabolic decom-
pensation. To reduce this risk, meticulous care must be devoted 
to the infusion system and blood glucose concentrations must be 
measured frequently. Increased lifestyle fl exibility, reduced blood 
glucose variability, improved glycemic control and reduced fre-
quency of severe hypoglycemia are all documented advantages of 
CSII [63]. Success requires motivation to achieve normal blood 
glucose concentrations, frequent blood glucose monitoring, 
record keeping, carbohydrate counting and frequent contact with 
the diabetes team. Patients must understand that to be successful, 
CSII therapy requires more time, effort and active involvement 
in diabetes care by patients and parents and considerable educa-
tion and support from the diabetes team. The individual who is 
unable to master a multiple dose injection regimen is not likely 
to be successful with CSII.

Despite concerns that it might have adverse psychosocial con-
sequences owing to the added burden of treatment, especially in 
adolescents, the opposite effect has been observed. Short-term 
studies have shown that more aggressive and successful manage-
ment of their diabetes by teenagers can be accompanied by 
enhanced psychosocial well-being. In teenagers, CSII offers a 
treatment option that can lead to improved control and lower the 
risk of severe hypoglycemia.

Puberty
Owing to physiologic peripheral insulin resistance of puberty 
[66], adolescents require large doses of rapid- or short-acting 
insulin to control post-prandial blood glucose excursions. 
However, a large increase in the dose of regular insulin markedly 
delays its peak effect (to 3–4  h) and prolongs its total duration of 
action to 6–8  h. Puberty does not cause hepatic insulin resistance 
and hyperinsulinemia therefore suppresses hepatic glucose pro-

Figure 18.6 (a) Schematic representation of idealized insulin action provided 
by a regimen consisting of a mixture of rapid-acting insulin (lispro or aspart) and 
intermediate-acting insulin (NPH) before breakfast, rapid-acting insulin (lispro or 
aspart) before supper and intermediate-acting insulin (NPH or Lente) at bedtime. 
(b) Schematic representation of idealized insulin action provided by an insulin 
regimen consisting of four daily injections: rapid-acting insulin (lispro or aspart) 
before each meal (B, L, S) and a separate injection of insulin glargine, either at 
bedtime (as shown here) or at dinner or breakfast. (c) Schematic representation 
of idealized insulin effect provided by continuous subcutaneous insulin infusion 
via an insulin pump with insulin aspart or lispro. In this fi gure, alternative basal 
rates are illustrated; insulin delivery is shown to decrease from midnight to 3 a.
m. and to increase before breakfast. B, breakfast; L, lunch; S, supper; HS, 
bedtime. Arrows indicate times of insulin injection or boluses before meals.
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duction for several hours and increases the risk of post-prandial 
hypoglycemia, especially at night between 10 p.m. and 2 a.m. This 
is an important reason to use rapid-acting insulin analogs (insulin 
lispro, aspart or glulisine) in preference to regular (soluble) 
insulin in treating adolescents, especially before the evening meal 
to reduce the risk of nocturnal hypoglycemia.

Technological innovations have provided patients with insulin 
preparations whose pharmacokinetic properties make it possible 
crudely to simulate physiologic insulin kinetics. It is now possible 
for children to safely achieve unprecedented levels of glycemic 
control without excessive severe hypoglycemia. The diabetes care 
provider should frankly discuss treatment options with parents 
and child and explain the advantages and disadvantages of each 
in attempting to meet the overall goals of treatment. The most 
suitable regimen for a given child and family should be deter-
mined by mutual consent.

Biochemical outcomes in type 1 diabetes mellitus
Studies performed in the post-DCCT era show that metabolic 
control of type 1 diabetes in children and adolescents continues 
to be unsatisfactory. For example, the mean HbA1c of 2873 chil-
dren from 22 pediatric diabetes centers in 18 countries was 8.6 ± 
1.7 (SD)% (equivalent to a mean of 8.3% using the DCCT 
method) [67] and did not change signifi cantly when re-examined 
3 years later, despite signifi cant increases in insulin dose and 
number of daily insulin injections (Fig. 18.5) [68]. In a nation-
wide cross-sectional study of 2579 French children with type 1 
diabetes, mean HbA1c was 8.97 ± 1.98 (SD)%, of whom 33% had 
an HbA1c of ≤8% [69]. Likewise, a nationwide study of 1755 
Scottish children with type 1 diabetes found an average HbA1c 
of 9.1% [70]. Despite many changes in diabetes management in 
the past decade, glycemic control has not improved at many 
pediatric diabetes centers and major differences in metabolic 
outcome persist [55].

The differences are not explained by demography, ethnic issues 
or insulin regimens. Poorly understood differences in the imple-
mentation of insulin treatment are thought to account for the 
variation in metabolic outcomes. In a large cohort (26 687 
patients) of children and adolescents (mean age 13.6 years, mean 
duration of diabetes 5.4 years) treated for type 1 diabetes in 152 
hospitals and clinics in Germany and Austria from 1995 to 2005, 
73% were treated with ≥4 daily injections (intensifi ed conven-
tional therapy), 14% with CSII and 13% with 1–3 injections per 
day (i.e. 87% of patients were treated with ICT or CSII). While 
this percentage increased over the observation period, mean 
HbA1c was almost constant [71]. Thus, the therapeutic goal of 
achieving optimal glycemic control has still not been achieved in 
the majority of patients, which may indicate a need to improve 
glucose monitoring and patient education in order to exploit the 
full potential of intensifi ed therapeutic options [71].

By contrast, a population-based cohort (1335 children) from 
Western Australia showed that the overall average HbA1c signifi -
cantly decreased (by 0.2% per year from 10.9 ± 1.7 in 1992 to 8.1 
± 1.5% in 2002), suggesting that recent approaches to therapy 

may allow a degree of improved control without the expected 
increased risk of severe hypoglycemia [72]. The reason(s) for the 
differences in biochemical outcome between centers are still not 
well understood.

Management of type 2 diabetes mellitus
Data are sparse regarding the treatment of type 2 diabetes in 
young people and approaches have generally been adopted from 
the care of adults with type 2 diabetes informed by the treatment 
of children with type 1 diabetes. Lifestyle changes, oral hypogly-
cemic agents and insulin are the mainstays of treatment.

Lifestyle changes directed at reducing obesity, optimizing 
dietary choices and increasing physical activity should be recom-
mended for all young persons with type 2 diabetes. Such changes 
are suffi cient by themselves for the treatment of motivated young-
sters with mild hyperglycemia. Oral hypoglycemic agents are an 
effective adjuvant to lifestyle changes and metformin, an insulin-
sensitizing agent, is the agent of choice.

At the onset of diabetes, insulin is required if there is ketosis 
and/or marked symptomatic hyperglycemia. Metformin can be 
added once ketosis has resolved. It is not uncommon for the 
hyperglycemia to improve signifi cantly in the fi rst few weeks after 
diagnosis, allowing reductions in the dose and even cessation of 
insulin treatment.

After an initial period of improvement, many children with 
type 2 diabetes experience progressive worsening of glycemia, 
despite use of an oral hypoglycemic agent. There are no data 
regarding whether the best escalation of therapy is to add a second 
oral hypoglycemic agent or initiate insulin treatment but many 
patients eventually require insulin to maintain glycemic targets.

Lifestyle interventions
Even modest reductions in weight can produce signifi cant 
improvements in glycemia. Lifestyle education and counseling 
should aim to produce incremental progressive improvements in 
lifestyle choices. Families should be involved in this process and 
encouraged to provide positive reinforcement for any improve-
ments the child makes. Realistic weight reduction goals should 
be tailored to each child and be accompanied by nutritional and 
physical activity counseling to provide the knowledge and moti-
vation necessary to accomplish this diffi cult task. An appropriate 
exercise plan should be prescribed with the goal of at least 30–
60  min/day physical exercise and less than 1–2  h/day of video, TV 
or computer “screen time.”

The daily calorie consumption should be reduced to induce 
gradual weight loss and reduce dietary glycemic exposure. Patients 
should be advised to stop drinking sugar-sweetened beverages. 
This one step can produce signifi cant improvements in hypergly-
cemia in the child who has been consuming large quantities. The 
daily fat intake should be reduced to 25–35% of total daily calo-
ries. The child and family should be counseled on portion control, 
limiting the amounts of high-calorie foods and the importance 
of eating meals on a regular schedule. In contrast to type 1 dia-
betes, snacks should not be prescribed for the child with type 2 
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diabetes unless needed to avoid hypoglycemia. Low glycemic 
index diets may have therapeutic benefi t for the motivated family 
but are untested in the child with type 2 diabetes.

Many children with type 2 diabetes have great diffi culty 
implementing lifestyle changes. Other family members may 
have unhealthy dietary habits and sedentary behaviors, 
creating a de facto barrier to the child’s adoption of a healthy 
lifestyle.

Oral hypoglycemic agents
Oral hypoglycemic agents typically produce moderate improve-
ments of hyperglycemia. Metformin is an insulin-sensitizing 
agent that improves glycemia without promoting weight gain and 
is considered the oral hypoglycemic agent of choice for type 2 
diabetes. A 16-week double-blind randomized clinical trial dem-
onstrated the effi cacy and safety of metformin compared with a 
placebo, with an improvement in HbA1c of slightly more than 
1% [73]. A large longitudinal study in adults demonstrated favor-
able effects of metformin compared with other therapeutic 
approaches on clinical endpoints, including reductions in 
diabetes-related complications, all-cause mortality and stroke. 
These effects were achieved with less weight gain and fewer 
episodes of hypoglycemia [74].

Metformin is generally safe but should not be used by patients 
with renal insuffi ciency because of the risk of severe lactic acidosis 
and renal function should be assessed before initiating therapy 
and the serum creatinine concentration measured at least annu-
ally thereafter. Other contraindications include metabolic acido-
sis. Metformin should not be prescribed for young people with 
recurrent DKA. A small number of patients develop vitamin B12 
defi ciency and red blood cell counts and measurement of vitamin 
B12 concentrations should be performed annually. Patients should 
be counseled about the most common side effects, which include 
diarrhea, nausea, dyspepsia, fl atulence and abdominal pain, 
which are not usually suffi cient to warrant stopping the medica-
tion and usually lessen with time. They are milder if the dosage 
is slowly titrated upward. The starting dosage is 500  mg/day, 
usually taken with the evening meal. Dosage increments of 
500  mg can be made weekly (or 850  mg every 2 weeks) as toler-
ated, up to a maximum of 2000  mg/day for patients <16 years 
given in divided doses or 2550  mg/day for patients aged ≥16 years 
divided into 2–3 doses given with meals.

The sulfonylureas are insulin secretagogues. Glimepiride was 
as effective as metformin in improving hyperglycemia in a 26-
week randomized comparison study but young patients treated 
with glimepiride experienced a relative increase in BMI Z score 
compared to a decrease in those treated with metformin. Draw-
backs of sulfonylurea therapy include weight gain, increased 
risk of hypoglycemia (compared to metformin) and rare side 
effects of nausea, vomiting, rashes, leukopenia and hemolytic 
anemia. Second- and third-generation sulfonylureas have favor-
able side effect profi les compared to fi rst-generation agents. Sul-
fonylureas offer an alternative for patients who cannot tolerate 
metformin.

Other classes of oral hypoglycemic agents have been used to 
treat type 2 diabetes in children but there are no data on their 
effi cacy or safety. In adults, none of the medications has been 
found to be superior to metformin in effi cacy, although the hypo-
glycemic effects of the thiazolidinediones may be more durable 
compared to metformin. Until data become available, we do not 
advocate the use of these agents in the pediatric patient with type 
2 diabetes.

Insulin therapy for type 2 diabetes mellitus
Insulin is often required to achieve optimal glycemic control. A 
recommended starting dose is 0.5–1.0  U/kg/day, which should be 
adjusted until blood glucose concentrations reach target levels 
(Table 18.10). For some, a daily long-acting insulin or intermedi-
ate-acting insulin at bedtime or twice daily may be suffi cient to 
bring blood glucose concentrations into the target range but the 
addition of short- or rapid-acting insulin at meal times to achieve 
target glycemia is often required using the principles outlined for 
insulin therapy of type 1 diabetes. Because poor adherence is 
common, simple insulin regimens are preferable for most chil-
dren with type 2 diabetes and premixed insulin preparations may 
be attractive.

Biochemical outcomes in type 2 diabetes mellitus
Metabolic control is often unsatisfactory. In a study of 331 youth 
with type 2 diabetes from 11 countries in the Western Pacifi c, the 
median HbA1c was 7% and 60% achieved a level <7.5% [75]. 
One-quarter were treated with lifestyle alone, half with an oral 
hypoglycemic agent and one-quarter received insulin. More fre-
quent blood glucose monitoring predicted improved outcome. 
The prevalence of hypertension and microalbuminuria were 24% 
and 8%, respectively, but only 4% received antihypertensive 
medication.

Among 72 patients in Milwaukee, USA followed longitudinally 
from diagnosis, the mean HbA1c improved from 10.1% at diag-
nosis to 9.1% after 1 year of treatment. It should be noted, 
however, that 20% of the patients were lost to follow-up. Poorer 
outcomes were predicted by higher initial HbA1c and by non-
adherence to medical therapy [76]. Several smaller studies from 
three other cities in North America have likewise found poor 
metabolic outcomes with mean HbA1c values in the range 8.1–
9.8% after at least 1 year’s treatment.

Medical nutrition therapy
Nutritional management is one of the cornerstones of the man-
agement of all types of diabetes mellitus and nutrition education 
is an essential component of education for patients and their 
families [77,78]. Medical nutrition therapy (MNT) should be 
individualized, with consideration given to the patient’s usual 
eating habits and other lifestyle factors. Monitoring clinical and 
metabolic parameters including blood glucose, HbA1c, lipids, 
blood pressure and body weight, as well as quality of life, is crucial 
to ensure successful outcomes. Modern diabetes management, 
combining frequent self-monitoring of blood glucose with inten-
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sive insulin therapy and mastery of carbohydrate counting, 
enables children and adolescents to enjoy dietary fl exibility while 
maintaining glycemic control.

Patients with both types of diabetes have the same goals to 
achieve and maintain target blood glucose and glycated hemoglo-
bin concentrations (Table 18.13). The initial focus of MNT, 
however, differs between the two major types of diabetes. Chil-
dren with type 2 diabetes are typically obese at presentation and 
there is great emphasis on weight loss, limiting calorie intake and 
distributing meals evenly throughout the day. In type 2 diabetes, 
even modest weight reduction alone increases sensitivity to 
insulin and improves fasting and post-prandial plasma glucose 
concentrations. Similarly, moderate calorie reduction decreases 
plasma glucose concentrations.

In adults, structured intensive lifestyle programs involving par-
ticipant education, individualized counseling, reduced energy 
and fat intake (30% of total energy), regular physical activity and 
frequent participant contact are necessary to produce long-term 
weight loss of 5–7% of starting weight [79]. Accordingly, lifestyle 
changes that lead to weight loss are the cornerstone of therapy in 
adult patients with type 2 diabetes. In the child with type 1 dia-
betes, the primary goal is to match insulin delivery and carbohy-
drate consumption to achieve blood glucose concentrations in 
the age-specifi c target range.

There is no evidence that the nutritional needs of children with 
diabetes differ from those of other children. The total intake of 
energy must be suffi cient to balance the daily expenditure and 
has to be adjusted periodically to achieve an ideal body weight 
and maintain a normal rate of growth and development.

Carbohydrate
A total of 60–70% of total energy should be from carbohydrate 
and monounsaturated fat [80]. Dietary dogma, based on the 
assumption that simple sugars are more rapidly digested and 

absorbed than starches and would aggravate hyperglycemia to a 
greater degree, has been to avoid simple sugars and replace them 
with complex carbohydrates.

The glycemic index (GI), proposed in 1981 as an alternative 
system for classifying carbohydrate-containing foods, measures 
the glycemic response after ingestion of carbohydrate. GI is 
defi ned as the incremental area under the plasma glucose response 
curve after consumption of a standard amount of carbohydrate 
from a test food relative to that of a control food, either white 
bread or glucose. The glycemic and hormonal responses to a large 
number of carbohydrates have been systematically examined and 
their GIs defi ned. There is a wide spectrum of biologic responses 
to different complex and simple carbohydrates with so much 
overlap that they cannot be simply classifi ed into distinct groups. 
Even a single food produces a substantially different glycemic 
response when prepared in different ways. The physical structure 
and form of a carbohydrate-containing food, in addition to its 
chemical composition, infl uences post-prandial glycemia by 
altering its rate of digestion and absorption. Fruits and milk cause 
a lower glycemic response than most starches and sucrose causes 
a glycemic response similar to that of bread, rice and potatoes. In 
general, most refi ned starchy foods have a high GI, whereas non-
starchy vegetables, fruits and legumes tend to have a low GI.

The usefulness of low GI diets in individuals with type 1 dia-
betes continues to be controversial and the data in children are 
few. A meta-analysis of randomized controlled clinical trials, 
some of which have included children, shows that low GI diets 
have a modest long-term benefi cial effect on blood glucose and 
lipid concentrations [81].

The glycemic load of meals and snacks is more important than 
the source or type of carbohydrate. The glycemic load, defi ned as 
the weighted average of the GI of individual foods multiplied by 
the percentage of dietary energy as carbohydrate, has been pro-
posed as a method to characterize the impact of foods and dietary 

Table 18.13 Goals of medical nutrition therapy of children and adolescents with diabetes mellitus. After [158,159].

Goals that apply to all persons with diabetes 1. Attain and maintain optimal metabolic outcomes including:
 a. Blood glucose concentrations in the normal range or as close to normal as is safely attainable
 b. A lipid and lipoprotein profi le that reduces the risk for vascular disease
 c. Blood pressure concentrations in the normal range or as close to normal as is safely possible
2. To prevent or at least slow, the rate of development of the chronic complications of diabetes by modifying 
nutrient intake and lifestyle
3. To address individual nutrition needs, taking into account personal and cultural preferences, economic 
circumstances and willingness to change
4. To maintain the pleasure of eating by only limiting food choices when indicated by scientifi c evidence

Goals specifi c to type 1 diabetes To provide adequate energy to ensure normal growth and development, integrate insulin regimens into usual eating 
and physical activity habits

Goals specifi c to type 2 diabetes To facilitate changes in eating and physical activity habits that reduce insulin resistance and improve metabolic 
control

Goals specifi c to patients on insulin or 
insulin secretagogues

To provide self-management education for treatment and prevention of hypoglycemia, acute illnesses and exercise-
related blood glucose problems
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patterns with different macronutrient composition on glycemic 
responses. For example, a carrot has a high GI but a low 
glycemic load, whereas a potato has both a high GI and a high 
glycemic load. Individuals who use intensive insulin therapy 
select their pre-meal insulin doses based on the carbohydrate 
content of their meals, whereas individuals who receive fi xed 
daily insulin doses should attempt to maintain day-to-day con-
sistency with respect to the carbohydrate content of their meals 
and snacks. Although the use of low GI foods may reduce post-
prandial glycemic excursions and may have long-term benefi t on 
HbA1c concentrations, emphasis should be on the total amount 
of carbohydrate consumed and its source should be a secondary 
consideration [77].

Sucrose
Sucrose as part of the meal plan does not adversely affect blood 
glucose control in individuals with either type of diabetes. Sucrose 
and sucrose-containing foods may be substituted (gram for gram) 
for other carbohydrates. The nutrient content of sucrose-
containing foods, as well as the presence of other nutrients fre-
quently ingested with sucrose, such as fat, must be taken into 
consideration.

Fructose
Fructose is present as the free monosaccharide in many fruits, 
vegetables and honey. About one-third of dietary fructose comes 
from fruits, vegetables and other natural sources in the diet and 
about two-thirds comes from food and beverages to which fruc-
tose has been added. Fructose is absorbed more slowly from the 
intestinal tract than glucose, sucrose or maltose and is converted 

to glucose and glycogen in the liver. Post-prandial plasma glucose 
concentrations are reduced when an isocaloric amount of fruc-
tose replaces sucrose or starch in the diets of people with diabetes. 
Fructose has been used in children in amounts up to 0.5  g/kg/day 
but the potential benefi t is tempered by concern that fructose 
may have adverse effects on serum lipids, especially low density 
lipoprotein (LDL) cholesterol. Consumption of large amounts of 
fructose [15–20% of daily energy intake (90th centile of usual 
intake)] increases fasting total and LDL cholesterol in subjects 
with diabetes and fasting total and LDL cholesterol and triglyc-
erides in non-diabetic subjects. Because of the potential adverse 
effect of large amounts of fructose on serum lipids, fructose may 
have no overall advantage over other nutritive sweeteners. There 
is no reason to avoid naturally occurring sources of fructose.

Carbohydrate counting and exchange lists
Carbohydrate counting is a meal planning method in which the 
amount of carbohydrate or number of carbohydrate servings 
eaten at each meal and snack are counted. Carbohydrate is the 
main nutrient in starches, fruits, milk and sugar-containing foods 
and has the greatest effect on blood glucose concentrations. 
Therefore, it is the most important macronutrient to control in 
order to maintain optimal glycemic control. Using exchange lists, 
one starch choice is considered to be equivalent to either one fruit 
or milk choice; each contains approximately 15  g carbohydrate 
and is equal to one “carbohydrate choice” (Table 18.14).

The “nutrition facts” on food labels list the portion size and 
total amount of carbohydrate measured in grams per serving. 
Carbohydrate counting allows fl exibility in food choices and 
minimizes “cheating” as all foods can be included in the meal 

Groups/lists Carbohydrate (g) Protein (g) Fat (g) Calories

Carbohydrate choices
Starch 15 3 0–1  80
Fruit 15 0 0  60
Milk  90–150

 Fat-free, low fat 12 8 0–3  90
 Reduced fat 12 8 5 120
 Whole 12 8 8 150
Other carbohydrates 15 Varies Varies Varies

Non-starchy vegetable
(when using carbohydrate choices, a single 

serving is “free”; 3 servings = 1 
carbohydrate choice)

 5 2 0  25

Meat and meat substitutes
Very lean  0 7 0–1  35
Lean  0 7 3  55
Medium fat  0 7 5  75
High fat  0 7 8 100

Fat group  0 0 5  45

Table 18.14 Calorie and macronutrient content of 
exchange lists.
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plan. Table 18.15 shows an example of a patient’s daily meal plan 
incorporating both the exchange servings and grams of 
carbohydrate.

Fiber, which refers to the indigestible portion of a plant, infl u-
ences the digestion, absorption and metabolism of many nutri-
ents. Inclusion of plant fi ber in the diet may benefi t patients with 
diabetes by diminishing post-prandial glycemia and certain 
soluble plant fi bers signifi cantly reduce serum cholesterol and 
fasting serum triglyceride concentrations in patients with diabe-
tes who have hypertriglyceridemia. Dietary fi ber guidelines for 
children with diabetes are the same as for non-diabetic children 
and can be readily achieved by increasing the consumption of 
minimally processed foods, such as grains, legumes, fruits and 
vegetables. In diabetic adolescents using intensive insulin treatment 
methods, optimal blood glucose control is more common in those 
who have a higher intake of fi ber, fruits and vegetables [82].

Protein
Protein requirements are not increased when diabetes is well 
controlled with insulin and children with diabetes should follow 
the recommended daily allowance guidelines. Physiologic require-
ments are determined by the amount of protein necessary to 
sustain normal growth, which is based on ideal weight-for-height 
and varies with age, being highest in infancy and early childhood. 
Protein intake should be 0.9–2.2  g/kg body weight/day and con-
stitutes 15–20% of the total daily intake of energy, the same as 
for non-diabetic children and adolescents. The consumption of 
saturated fat can be reduced by eating less red meat, whole milk 
and high-fat dairy foods and by eating more poultry, fi sh and 
vegetable proteins and drinking more low-fat milk.

Fat
A carbohydrate meal that also has a high content of saturated fat 
signifi cantly increases and prolongs the glycemic effect of the 
meal and requires anticipatory adjustment of the dose of insulin 
to combat the effect. Excessive saturated fat, cholesterol and total 
energy lead to increased blood concentrations of cholesterol and 
triglycerides. Because hyperlipidemia is a major determinant of 
atherosclerosis and patients with type 1 diabetes eventually 

develop atherosclerosis and its sequelae, the meal plan should 
attempt to mitigate this risk factor.

Children and adolescents with well-controlled type 1 diabetes 
are not at high risk for dyslipidemia but should be screened and 
monitored according to recommended guidelines (see below). If 
the child or adolescent is growing and developing normally and 
has normal plasma lipid concentrations, <10% of energy should 
come from saturated fat, the daily intake of cholesterol should be 
<300  mg/day and consumption of transunsaturated fatty acids 
should be minimized. Total dietary fat should be reduced in the 
obese child to reduce total energy consumption. The National 
Cholesterol Education Program (NCEP) Step II diet guidelines 
should be implemented in the patient with elevated LDL choles-
terol [>2.6  mmol/L (100  mg/dL)]. Total fat should constitute 
≤30% of total calories, <7% of calories from saturated fat and 
dietary cholesterol is limited to 200  mg/day [83,84].

MNT education and formulation of the meal plan
Newly diagnosed children usually present with weight loss. 
Therefore, the initial meal plan includes an estimation of energy 
requirements to restore and then maintain an appropriate body 
weight and allow normal growth and development. Energy 
requirements vary with age, height, weight, stage of puberty and 
level of physical activity. Because the energy needs of growing 
children change continuously, the meal plan should be re-
evaluated every 6 months in young children and annually in 
adolescents.

MNT begins with an assessment by a dietitian, heeding the 
ethnic, religious and economic factors pertaining to the individ-
ual patient and family. The meal plan must take account of the 
child’s school schedule, early or late lunches, physical education 
classes, after-school physical activity and differences in a child’s 
activities on weekdays compared with weekends and holidays. 
Young children typically have three meals and two or three snacks 
daily, depending on the interval between meals, age of the child 
and level of physical activity.

Although their daily energy intake is relatively constant over 
time, young children adjust their energy intake at successive 
meals. The highly variable food consumption from meal to meal 
typical of normal children is especially challenging when the child 
has type 1 diabetes. Rapid-acting insulin based on estimation of 
the actual amount of carbohydrate consumed may be adminis-
tered immediately after the meal and diminishes parental 
anxiety.

The purpose of snacks is to prevent hypoglycemia and hunger 
between meals. If the basal insulin component is adjusted appro-
priately, patients who use a basal-bolus insulin regimen or insulin 
pump therapy may not require snacks. Data from pre- and post-
prandial blood glucose monitoring and individualized insu-
lin : carbohydrate ratios are used to select insulin doses to match 
anticipated carbohydrate intake.

The dietitian’s role is to evaluate the patient’s and family’s 
knowledge and understanding of nutrition and to formulate an 
individualized meal plan. Even intensive insulin replacement 

Table 18.15 An example of a patient’s daily food allowance distributed among 
the food groups.

Group Exchanges Carbohydrate 
(g)

Protein (g) Fat (g)

Starch 8 120  16
Fruit 4  60
Milk 3 low fat (1%)  36  24   9
Vegetables 1   5   2
Meat 6 medium fat  42  30
Fat 4  20
Grams 221  84  59
Calories (%) 884 (50.5) 336 (19.2) 531 (30.3)
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regimens are not successful without careful attention to meal 
planning. Nutrition education, like all aspects of diabetes educa-
tion, has to be an ongoing process with periodic review and revi-
sion of the meal plan and assessment of the child’s and parents’ 
levels of comprehension, ability to analyze and solve problems 
and adherence to the nutrition goals. The patient with newly 
diagnosed diabetes and his/her parents should consult 
with a dietitian several times during the fi rst few days after diag-
nosis. Within a few weeks of the child resuming his/her usual 
schedule and activities, the patient and family should review the 
meal plan with a dietitian, who should also be available to patients 
for telephone consultation. If the patient’s glycemic control is 
poor, if growth is failing, if weight gain is excessive or if other 
problems arise related to MNT, the dietitian should be 
reconsulted.

The meal plan
The individualized meal plan must be simple, practical, easy to 
modify and offer interesting, tasty and inexpensive foods. Dietary 
strategies principally are determined by the patient’s insulin 
replacement regimen (Table 18.16). We advocate meal planning 
adapted to the ethnic, religious and economic circumstances of 
each family and based on a combination of carbohydrate count-
ing and the exchange system. Each list in the exchange system for 
meal planning indicates the appropriate size or volume of each 
food exchange. Each portion of food within a group is exchange-
able because it contains approximately the same nutritional value 
in terms of calories, carbohydrate, protein and fat. By prescribing 
the meal plan in terms of a number of exchanges for each meal, 
consistency of total calories and the proportions of nutrients can 
be maintained, while allowing the patient to choose among 
numerous foods. Accurate measurement of portion sizes has to 
be learned, and weighing and measuring foods help to achieve 
familiarity with the sizes of food portions specifi ed in the exchange 
list. Weighing and measuring food should be viewed as an edu-

cational exercise to train the eye and need not be continued 
indefi nitely but, if blood glucose control appears inexplicably to 
deteriorate, it is useful to resume weighing and measuring food 
portions to ensure that amounts are accurate. The exchange 
system should not be used in isolation; rather, it should be one 
component of a nutritional program directed by a trained 
dietitian.

An example of how this system can be applied to a hypothetical 
patient is as follows. An 11-year-old girl’s height is 144  cm (50th 
percentile on the Centers for Disease Control and Prevention 
growth chart) and weight is 37.4  kg (50th percentile). Her daily 
energy requirement to support growth in the 50th percentile is 
1756 calories. An appropriate distribution of macronutrients is 
50% of total calories from carbohydrate, 20% as protein and 30% 
as fat (Table 18.15).

Exercise
Children with diabetes should be encouraged to participate in 
sports and include regular exercise in their lives. Participation in 
physical exercise normalizes the child’s life, enhances self-esteem, 
improves physical fi tness, helps to control weight and may 
improve glycemic control. Regular exercise increases insulin sen-
sitivity, cardiovascular fi tness and lean body mass, improves 
blood lipid profi les and lowers blood pressure.

Although physical exercise is complicated for the child with 
type 1 diabetes, especially by the need to prevent hypoglycemia, 
with proper guidance and planning, exercise can be a safe and 
enjoyable experience [85]. Blood glucose responses to prolonged 
moderate-intensity exercise are reliable and repeatable when pre-
exercise meal, exercise and insulin regimens are kept constant 
[86]. Exercise acutely lowers the blood glucose concentration by 
increasing utilization of glucose to a variable degree depending 
on the intensity and duration of physical activity and the concur-
rent level of insulin in the blood. Note, however, that in type 1 
diabetes increased concentrations of epinephrine and glucagon 

Table 18.16 General approaches to meal management.

Type 1 diabetes Split-mixed insulin 
regimen

3 meals and 2 or 3 snacks daily
Meals and snacks spaced 2–3  h apart
Consistent carbohydrate intake
Snack before bed to decrease risk of overnight hypoglycemia
Meal times consistent from day-to-day
Continued education and assessment of readiness to change lifestyle to achieve Heart Healthy diet

Basal-bolus or 
insulin pump 
therapy

Carbohydrate content can vary
Must accurately count carbohydrate and match insulin dose to pre-determined insulin : carbohydrate ratio
Should eat at least 3 meals daily
Should not eat less than a predetermined amount of carbohydrate per day
Continued education and assessment of readiness to change lifestyle to achieve Heart Healthy diet

Type 2 diabetes Meal plan to assist with evenly spaced carbohydrate intake and increased emphasis on reducing calories to promote weight loss

Age-related issues: children’s activities often differ on weekdays compared to weekends and holidays and appropriate allowance must be made for these differences. The 
meal plan must take into account the child’s school schedule, early or late lunches, gym classes and after-school physical activity.
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in response to acute strenuous anaerobic exercise may cause tran-
sient hyperglycemia for 30–60  min.

Hypoglycemia can usually be prevented by a combination of 
anticipatory reduction in the pre-exercise insulin dose or a tem-
porary interruption or reduction of basal insulin infusion (with 
CSII) and supplemental snacks before, during and after physical 
activity, depending on its duration and intensity. Nearly all forms 
of activity lasting more than 30  min require some adjustment to 
food and/or insulin. Continuous moderate intensity exercise 
tends to cause a lesser decline in blood glucose concentrations 
than intermittent high-intensity exercise of short duration [87]. 
The optimal strategy depends on timing of the exercise relative 
to the child’s meal plan and on the insulin regimen.

Consideration is given to several factors when selecting the 
content and size of the snack. Among these are the current blood 
glucose level, the action of insulin most active during and after 
the period of anticipated exercise, the interval since the last meal 
and the duration and intensity of physical activity. The appropri-
ate amount is learned by trial and error but a useful initial guide 
is to provide up to 1  g carbohydrate per kilogram of body mass 
per hour of strenuous exercise.

Prolonged and strenuous exercise in the afternoon or evening 
should be followed by a 10–30% reduction in the pre-supper or 
bedtime dose of intermediate- or long-acting insulin or an equiv-
alent reduction in overnight basal insulin delivery in patients 
using CSII. In addition, to reduce the risk of nocturnal or early 
morning hypoglycemia caused by the lag effect of exercise, the 
bedtime snack should be larger than usual and contain carbohy-
drate, protein and fat. Parents should be encouraged to monitor 
the blood glucose concentration in the middle of the night until 
they are experienced, modifying the evening dose of insulin after 
exercise.

Blood glucose monitoring is essential for the active child with 
diabetes because it allows identifi cation of trends in glycemic 
responses. Records should include blood glucose concentrations, 
timing, duration and intensity of exercise as well the strategies 
used to maintain glucose concentrations in the target range. 
Blood glucose concentrations should be measured before, during 
and after exercise and, to prevent nocturnal hypoglycemia, before 
bed (Table 18.17).

Exercising the limb into which insulin has been injected accel-
erates the rate of insulin absorption. If possible, the insulin injec-
tion preceding exercise should be given in a site least likely to be 
affected by exercise. Because physical training increases tissue 
sensitivity to insulin, children who participate in organized sports 
are advised to reduce the dose of the insulin preparation pre-
dominantly active during the period of sustained physical activity 
(Table 18.17). The size of such reductions is determined by mea-
suring blood glucose concentrations before and after exercise and 
is generally in the order of 10–30% of the usual dose.

In the child with poorly controlled diabetes, vigorous exercise 
can aggravate hyperglycemia and ketoacid production; accord-
ingly, a child with ketonuria should not exercise until satisfactory 
biochemical control has been restored (Table 18.17).

Monitoring diabetes control
Self-monitoring of blood glucose
Self-monitoring of blood glucose (SMBG) is the cornerstone of 
modern diabetes care. Most glucose meters now display plasma 
values, which are about 10–15% higher than those for whole 
blood. Patients and parents must be taught how to use the data 
to assess the effi cacy of therapy and to adjust the components of 
their treatment regimen to achieve individual blood glucose 
goals. Most glucose meters have an electronic memory but it is 
valuable for patients and parents to keep written records of their 
results and to analyze the data for patterns and trends and to 
make adjustments when necessary.

For most patients with type 1 diabetes, SMBG should be per-
formed at least four times daily: before each meal and at bedtime. 
To minimize the risk of nocturnal hypoglycemia, blood glucose 
(BG) should be measured between midnight and 4 a.m. once each 
week or every other week and whenever the evening dose of 
insulin is adjusted. If HbA1c targets are not being met, patients 
should be encouraged to measure BG concentrations more fre-
quently, including 90–120  min after meals. Frequency of BG 
monitoring is a predictor of glycemic control in children with 
type 1 diabetes [88,89]. The optimal frequency of SMBG for 
patients with type 2 diabetes is not known but should be suffi cient 
to guide adjustments in medication and facilitate attainment of 
the individual patient’s glycemic goals. Children who are able to 
perform SMBG independently must be properly supervised 
because it is not unusual for children to fabricate data with disas-
trous consequences. Common reasons for deterioration of meta-
bolic control are shown in Table 18.18.

Table 18.17 Practical guidelines for exercise. After Riddell and Iscoe [85].

1 Consider the timing, mode, duration and intensity of exercise
2 Eat a carbohydrate-containing meal 1–3  h before exercise
3 Measure blood glucose level
 (a) If BG <90  mg/dL (5  mmol/L) and concentrations are decreasing, extra 

calories needed
 (b) If BG 90–270  mg/dL (5–15  mmol/L), extra calories may not be needed, 

depending on duration of exercise and individual’s response to exercise
 (c) If BG >270  mg/dL (>15  mmol/L) and urine or blood ketones are increased, 

delay exercise until concentrations are restored to normal with supplemental 
insulin

4 If the exercise is aerobic, determine whether insulin or additional carbohydrate 
will be needed based on the peak insulin activity
 (a) If insulin dose is to be changed for long duration moderate–high intensity 

activity, reduce premeal insulin dose by 50% 1  h before exercise. On 
subsequent days, adjust dose based on measured individual response

 (b) Inject insulin in a site that will not be affected by exercising muscles
 (c) If additional carbohydrate is required, start with 1  g/kg/h of moderate–

high intensity exercise performed during peak insulin activity; less 
carbohydrate is required as time elapsed since last injection increases

 (d) Alter the amount of carbohydrate on subsequent days based on measured 
individual response

BG, blood glucose.
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Continuous glucose monitoring
The technology of continuous glucose monitoring (CGM) has 
evolved rapidly. Current CGM devices measure glucose in the 
interstitial fl uid by means of a short thin subcutaneous probe that 
can be used for 3–7 days. The accuracy of CGM devices is improv-
ing but not yet considered suffi cient to substitute for SMBG by 
portable glucose meters. Furthermore, each newly placed CGM 
probe must be calibrated during a period of stable glycemia over 
several hours by performing simultaneous capillary blood glucose 
measurements. Importantly, there is a several minute lag between 
actual plasma glucose and interstitial glucose concentrations. 
Thus, current CGM devices cannot substitute for SMBG; they are 
used as an adjunct to provide BG information between SMBG 
measurements.

The latest generation of continuous glucose devices report the 
estimated plasma glucose values in real time (RT-CGM) every 
1–5  min via a user interface. Several such RT-CGM devices are 
commercially available and approved for use in the USA and 
Europe. Information from RT-CGM allows the user to detect the 
early phases of a hyperglycemic or hypoglycemic episode, thereby 
enabling corrective action to be taken after confi rmatory SMBG. 
Short-term (3 month) uncontrolled trials of current-generation 
RT-CGM have demonstrated improved HbA1c concentrations 
and a high level of patient satisfaction [90]. Whether RT-CGM 
will lead to durable improvements of glycemia and/or reduction 
in risk of acute diabetic complications is unknown.

Urine ketone testing
Urine should be tested for ketones during acute illness or stress, 
when blood glucose concentrations are persistently elevated (e.g. 
two consecutive blood glucose values >300  mg/dL, 16.7  mmol/L) 
or when the patient feels unwell, especially with abdominal pain, 
nausea or vomiting. False-negative readings may occur when the 
strips have been exposed to air (e.g. improperly stored) or when 
urine is highly acidic (e.g. after consumption of large doses of 
ascorbic acid). Urine ketone tests using nitroprusside-containing 
reagents can give false-positive results in patients who take val-
proic acid or any sulfhydryl-containing drug, including 
captopril.

Blood ketone testing
Meters available for home use that measure blood β-hydroxybu-
tyric acid (βOHB) concentrations are expensive and not widely 
used. Quantifi cation of blood βOHB, the predominant ketone 
body, is preferred over urine ketone testing for diagnosing and 
monitoring metabolic decompensation as may occur with inter-
current illness, pump failure and in ketoacidosis [91]. Blood 
ketone determination is helpful in avoiding emergency room 
visits [92] and offers the advantage of accurately assessing 
improvement after starting treatment [91].

Glycated hemoglobin (HbA1c)
HbA1c is a minor fraction of adult hemoglobin, which is formed 
slowly and non-enzymatically from hemoglobin and glucose. 
Because erythrocytes are freely permeable to glucose, HbA1c is 
formed throughout the lifespan of the erythrocyte; its rate of 
formation is directly proportional to the ambient glucose con-
centration. The concentration of HbA1c, therefore, provides a 
“glycemic history” of the previous 120 days, the average lifespan 
of erythrocytes. Although HbA1c refl ects glycemia over the pre-
ceding 12 weeks, it is weighted toward the most recent 4 weeks. 
Blood glucose and blood or urine ketone testing provide useful 
information for day-to-day management of diabetes, whereas 
HbA1c provides important information about recent average gly-
cemic control. It is an integral component of the management of 
patients with diabetes and is used to monitor long-term glycemic 
control and as a measure of the risk for the development of dia-
betes complications.

More than 30 different methods are used to measure 
HbA1c which has led to different non-diabetic reference 
ranges because different glycated hemoglobin fractions are 
measured [93]. The International Federation of Clinical 
Chemistry has developed a new reference method that 
precisely measures the concentration of glycated hemoglobin 
(betaN1-deoxyfructosyl-hemoglobin) [94] and a recently com-
pleted international study has determined the relationship 
between mean blood glucose over many weeks and the glycated 
hemoglobin concentration. It is anticipated that the new assay 
will be reported as “estimated average blood glucose” or “A1C-
derived average glucose” and the units will be mmol/L or mg/dL 
[95].

Table 18.18 Causes of deterioration of metabolic control in children and 
adolescents with diabetes mellitus.

Increased insulin requirement
Progressive loss of residual β-cell function
Failure to increase dose with growth
Failure to increase dose during puberty
Increased calorie intake
Illness or signifi cant psychological stress
Diminished physical activity (often seasonal)
Medications that cause insulin resistance (e.g. glucocorticoids)

Insulin omission (inadvertent or deliberate)

“Failure” of administered insulin
Inappropriate timing of insulin in relation to food consumption
Failure to completely suspend intermediate-acting insulin suspension
Lipohypertrophy at site of insulin injection
Loss of insulin potency (frozen, heated or expired)
Improper injection technique (intramuscular or intra-epidermal injection)

Miscellaneous causes
Fabricated blood glucose data
Glucose meter malfunction
Celiac disease
Hyperthyroidism
High titer insulin antibodies
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HbA1c should be measured approximately every 3 months to 
determine whether a patient’s metabolic control has reached or 
has been maintained within a target range. The HbA1c is primar-
ily used to monitor the effectiveness of glycemic therapy and as 
an indicator for when therapy needs to be modifi ed.

Average glucose concentrations are underestimated by HbA1c 
in conditions that shorten the average circulating red blood cell 
lifespan, such as hemolysis, sickle cell disease, transfusion and 
iron defi ciency anemia. When accurate HbA1c measurement is 
not possible, as in the above conditions, alternative measures of 
chronic glycemia such as fructosamine or glycated serum albumin 
should be used. These measure the glycation of serum proteins 
rather than hemoglobin, and refl ect glycemia over the preceding 
2–4 weeks.

Acute complications of diabetes

Diabetic ketoacidosis
In Canada, the USA and Europe, annual rates of hospitalization 
for DKA in established and new patients with type 1 diabetes have 
remained stable at about 8–10 per 100 000 children over the past 
20 years [96]. The risk of DKA in patients with established type 
1 diabetes is 1–10% per patient per year [39]. It is increased in 
children with poor metabolic control or previous episodes of 
DKA, peripubertal and adolescent girls, children with psychiatric 
disorders, including those with eating disorders, and those with 
diffi cult family circumstances, including lower socioeconomic 
status and lack of health insurance. In the era of CSII, interrup-
tion of insulin delivery, irrespective of the reason, is an important 
cause of DKA. Children rarely have DKA when insulin adminis-
tration is closely supervised or performed by a responsible adult. 
In established patients, most instances of DKA are probably asso-
ciated with insulin omission or treatment error, while the remain-
der are caused by inadequate insulin therapy during intercurrent 
illness.

The biochemical criteria for the diagnosis of DKA include 
hyperglycemia (blood glucose >11  mmol/L (approximately 
200  mg/dL)) with acidosis (venous blood pH <7.3 and/or serum 
bicarbonate ≤15  mmol/L), ketonemia with total serum ketones 
(β-hydroxybutyrate and acetoacetate) >3  mmol/L and ketonuria. 
DKA is generally categorized as mild (venous pH <7.30, 
bicarbonate <15  mmol/L), moderate (pH <7.2, bicarbonate 
<10  mmol/L) or severe (pH <7.1, bicarbonate <5  mmol/L).

Pathophysiology
DKA is the result of absolute or relative defi ciency of circulating 
insulin and the combined effects of increased concentrations of 
the counter-regulatory hormones, catecholamines, glucagon, 
cortisol and growth hormone. Absolute insulin defi ciency occurs 
in previously undiagnosed type 1 diabetes and when patients on 
treatment deliberately or inadvertently do not take insulin. Rela-
tive insulin defi ciency occurs when the concentrations of counter-
regulatory hormones increase under conditions of stress such as 

sepsis, trauma or gastrointestinal illness with diarrhea and vomit-
ing. Low serum concentrations of insulin and high concentra-
tions of the counter-regulatory hormones results in an accelerated 
catabolic state whose effects are: increased glucose production by 
the liver and kidney (via glycogenolysis and gluconeogenesis), 
impaired peripheral glucose utilization resulting in hyperglyce-
mia and hyperosmolality and increased lipolysis and ketogenesis, 
causing ketonemia and metabolic acidosis. Hyperglycemia and 
hyperketonemia cause osmotic diuresis, dehydration and obliga-
tory loss of electrolytes often exacerbated by vomiting (Table 
18.19).

DKA may be aggravated by lactic acidosis from poor tissue 
perfusion and/or sepsis and is characterized by severe depletion 
of water and electrolytes (Table 18.20). Despite dehydration, 
patients continue to have considerable urine output unless they 
are extremely volume depleted. The magnitude of specifi c defi cits 
in an individual patient at the time of presentation depends on 
the duration of illness, the extent to which the patient was able 
to maintain intake of fl uid and electrolytes, as well as the content 
of food and fl uids consumed before presentation.

Management of DKA
Initial evaluation
• Perform a clinical evaluation to establish the diagnosis and 
determine its cause (especially any evidence of infection).
• Weigh the patient and measure height or length to determine 
body surface area.
• Assess the patient’s degree of dehydration.
• Determine the blood glucose concentration with a glucose 
meter and the blood or urine ketone concentration.

Table 18.19 Clinical manifestations of diabetic ketoacidosis (DKA).

Dehydration
Rapid, deep, sighing (Kussmaul) respiration
Nausea, vomiting, abdominal pain that may mimic an acute abdomen
Increased leukocyte count with left shift
Non-specifi c elevation of serum amylase
Fever when there is infection
Progressive obtundation and loss of consciousness

Table 18.20 Usual losses of fl uids and electrolytes in diabetic ketoacidosis and 
normal maintenance requirements. These data are from measurements in only a 
few children and adolescents [39].

Average losses per kg 
(range)

Maintenance requirements 
per meter2

Water 70  mL (30–100) 1500  mL
Sodium 6  mmol (5–13) 45  mmol
Potassium 5  mmol (3–6) 35  mmol
Chloride 4  mmol (3–9) 30  mmol
Phosphate (0.5–2.5) mmol 10  mmol



CHAPTER 18

486

• Obtain a blood sample for laboratory measurement of glucose, 
electrolytes and TCO2, blood urea nitrogen, creatinine, 
serum osmolality, venous (or arterial in critically ill patient) pH, 
pCO2, pO2, hemoglobin, hematocrit, total and differential white 
blood cell count, calcium, phosphorus and magnesium 
concentrations.
• Perform a urinalysis and obtain appropriate specimens for 
culture (blood, urine, throat).
• Perform an electrocardiogram for baseline evaluation of potas-
sium status.

Supportive measures
• Secure the airway and empty the stomach by continuous naso-
gastric suction to prevent pulmonary aspiration in the uncon-
scious or severely obtunded patient.
• Give antibiotics to febrile patients after obtaining appropriate 
cultures of body fl uids.
• Give supplementary oxygen to patients with severe circulatory 
impairment or shock.
• Catheterization of the bladder is usually not necessary but if the 
child is unconscious or unable to void on demand (e.g. infants 
and very ill young children), the bladder should be catheterized.
• A fl ow chart is essential to record the patient’s clinical and labo-
ratory data, including vital signs [heart rate, respiratory rate, 
blood pressure, level of consciousness (Glasgow coma scale)], 
details of fl uid and electrolyte therapy, amount of administered 
insulin and urine output. One key to successful management of 
diabetic ketoacidosis is meticulous monitoring of the patient’s 
clinical and biochemical response to treatment so that timely 
adjustments in the treatment regimen can be made when indi-
cated by the patient’s clinical or laboratory data. Frequent re-
examination of laboratory parameters is required to prevent 
serious electrolyte imbalance and administration of either insuf-
fi cient or excessive fl uid.
• A heparin-locked intravenous catheter should be placed for 
convenient and painless repetitive blood sampling.
• A cardiac monitor should be used for continuous electrocar-
diographic monitoring.

Fluid and electrolyte therapy
All patients with DKA are dehydrated and suffer total body deple-
tion of sodium, potassium, chloride, phosphate and magnesium 
(Table 18.20). The high effective osmolality of the extracellular 
fl uid (ECF) compartment results in a shift of water from the 
intracellular fl uid compartment (ICF) to the ECF and decreases 
the serum sodium concentration approximately 1.6  mmol/L per 
5.6  mmol/L (100  mg/dL) of blood glucose above normal. The 
presence of hyperlipidemia may also lower the measured serum 
sodium concentration (depending on the methodology used to 
measure serum sodium concentration) so the serum sodium con-
centration may give a misleading estimate of the degree of sodium 
loss. The effective osmolality (see formula below) at the time of 
presentation is frequently in the range 300–350  mOsm/L. 
Increased serum urea nitrogen and hematocrit are useful markers 

of severe ECF contraction. At the time of presentation, patients 
are ECF contracted and clinical estimates of the defi cit in patients 
with severe DKA are usually in the range of 7–10%. In mild to 
moderately severe DKA, fl uid defi cits are more modest, in the 
range 30–50  mL/kg. Shock with hemodynamic compromise is 
uncommon in childhood.

The onset of dehydration is associated with a reduced glomeru-
lar fi ltration rate (GFR), which results in decreased glucose and 
ketone clearance. Intravenous fl uid administration expands the 
intravascular volume and increases glomerular fi ltration, which 
increases renal excretion of glucose and ketones and results in a 
prompt decrease in blood glucose concentration.

The goals of fl uid and salt replacement therapy in DKA are to 
restore circulating volume, replace sodium and the ECF and ICF 
water to restore GFR (with enhanced clearance of glucose and 
ketones from the blood) and avoid cerebral edema (Table 18.21). 
In both animals and humans, intracranial pressure rises as intra-
venous fl uids are given. Although there is no compelling evidence 
showing superiority of any fl uid regimen over another, there are 
data that suggest that rapid fl uid replacement with hypotonic 
fl uid in the fi rst several hours of treatment is associated with an 
increased risk of cerebral edema; slower fl uid defi cit correction 
with isotonic or near-isotonic solutions results in earlier reversal 
of acidosis. Large amounts of 0.9% saline have also been associ-
ated with the development of hyperchloremic metabolic acidosis 
(Table 18.22).

Initial intravenous fl uid administration and, when necessary, 
volume expansion, should begin immediately with an isotonic 
solution (0.9% saline or balanced salt solution such as Ringer’s 
lactate). The volume and rate of administration depends on the 
patient’s circulatory status. When volume expansion is clinically 
indicated, 10–20  mL/kg is given over 1–2  h and may be repeated 
if necessary. Continue to use 0.9% saline for at least 4–6  h. There-
after, use a solution with a tonicity ≥0.45% saline [0.9% saline or 
balanced salt solution (Ringer’s lactate) or 0.45% saline with 
added potassium]. The rate of intravenous fl uid administration 
should be calculated to rehydrate the patient at an even rate over 
48  h.

Table 18.21 Goals of therapy.

Correct dehydration
Restore blood glucose to near normal concentrations
Correct acidosis and reverse ketosis
Avoid complications of treatment

Table 18.22 Complications of therapy.

Inadequate rehydration
Hypoglycemia
Hypokalemia
Hyperchloremic acidosis
Cerebral edema
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Because the severity of dehydration may be diffi cult to deter-
mine and is often overestimated, the daily volume of fl uid should 
not usually exceed 1.5–2 times the usual daily requirement based 
on age, weight or body surface area (Table 18.20). Urinary losses 
should not be added to the calculation of replacement fl uids. The 
development of hyponatremia or failure to observe a progressive 
rise in serum sodium concentration with a concomitant decrease 
of blood glucose concentration during treatment is a risk factor 
for cerebral edema (Table 18.23). Monitor the effective serum 
osmolality and allow it to decrease gradually. If the effective 
osmolality starts low or does not increase appropriately as the 
plasma glucose concentration falls, increase the sodium 
concentration.

When the blood glucose concentration reaches approximately 
17  mmol/L (300  mg/dL), 5% dextrose is added to the infusion 
fl uid. Adjust the dextrose concentration to avoid hypoglycemia. 
It may be necessary to use ≥10% dextrose. Administration of 
intravenous fl uids should be continued until acidosis is corrected 
(venous pH ≥7.30 and anion gap near to normal) and the patient 
can tolerate fl uids and food. Inadequate fl uid administration 
should be evident from examination of the cumulative fl uid 
balance and persistent tachycardia in the absence of a fever.

Insulin
Hydration decreases the plasma glucose concentration but insulin 
is essential to restore blood glucose to normal, to suppress 
lipolysis and ketogenesis and reverse ketoacidosis. Several routes 
(subcutaneous, intramuscular and intravenous) of insulin admin-
istration and doses have been used but “low dose” intravenous 
insulin administration is the standard of care. Intravenous regular 
(soluble) insulin at a dose of 0.1 unit/kg/h achieves steady state 
serum insulin concentrations of 50–200  μU/mL within 60  min, 
which are adequate to offset the insulin resistance characteristic 
of DKA. They suppress glucose production, signifi cantly increase 
peripheral glucose uptake and inhibit lipolysis and ketogenesis. 
The dose of insulin should remain at 0.1 unit/kg/h until resolu-
tion of ketoacidosis (pH >7.30 and bicarbonate >15  mmol/L and/
or closure of the anion gap).

It may be necessary to reduce the dose to 0.05–0.075 unit/kg/h 
in more insulin sensitive patients, especially young children and 
patients with mild to moderate DKA, provided acidosis continues 
to resolve. It should be noted, however, that resolution of keto-
acidemia takes longer than restoration of blood glucose concen-
trations to normal. Therefore, intravenous insulin therapy must 

not be discontinued until ketoacidosis has resolved, even if the 
blood glucose concentration is normal or near normal. To prevent 
an unduly rapid fall in blood glucose concentration and develop-
ment of hypoglycemia, dextrose should be added to the intrave-
nous fl uid when the plasma glucose has fallen to approximately 
17  mmol/L (300  mg/dL).

Continuous intravenous insulin should be administered via an 
infusion pump. Regular insulin is diluted in normal saline (50 
units regular insulin in 50  mL saline) and is given at a rate of 0.1 
unit/kg/h. The insulin infusion should commence after initial 
volume expansion, 1–2  h after starting fl uid therapy. An intrave-
nous priming dose is both unnecessary and may increase the risk 
of cerebral edema [97]. This rate of insulin infusion is suffi cient 
to reverse ketoacidosis in most patients but if the response is 
inadequate, especially if blood glucose level is falling but acidosis 
is not improving owing to severe insulin resistance, the rate of 
insulin infusion should be increased until a satisfactory response 
is achieved.

It is essential to monitor the blood glucose, venous (or arterial) 
pH and anion gap response to insulin therapy and, very occasion-
ally, patients with severe insulin resistance do not respond satis-
factorily to low-dose insulin infusion and require two or three 
times the usual dose. Other possible explanations for failure to 
respond to insulin and especially an error in insulin preparation 
should be considered.

When intravenous administration is not possible, the intra-
muscular or subcutaneous route of insulin administration may 
be used and hourly or 2-hourly rapid-acting insulin (lispro or 
aspart) may be preferable to regular insulin in these circum-
stances. Poor tissue perfusion in a severely dehydrated patient will 
impair SC absorption of insulin and, initially, insulin should be 
given intramuscularly.

The serum half-life of insulin is 5  min so that if the insulin 
infusion is stopped, insulin concentration decreases rapidly. If the 
infusion were to infi ltrate and this was not recognized promptly, 
inadequate serum insulin concentrations would ensue rapidly. 
Therefore, low-dose intravenous insulin therapy must be care-
fully supervised.

When ketoacidosis has resolved and the change to subcutane-
ous insulin is planned, the fi rst subcutaneous injection should be 
given before stopping the infusion to allow suffi cient time for the 
subcutaneously injected insulin to begin to be absorbed.

Potassium
Potassium is predominantly lost from the intracellular pool as a 
result of hypertonicity, insulin defi ciency and buffering of hydro-
gen ions within the cell. During acidosis, intracellular potassium 
enters the extracellular compartment and is lost in urine and 
vomit. At the time of presentation, serum potassium concentra-
tions may be normal, increased or, infrequently, decreased. 
Hypokalemia at presentation is related to prolonged duration of 
disease and persistent vomiting, whereas hyperkalemia results 
primarily from impaired renal function. Adults with DKA have 
total body potassium defi cits of the order of 4–6  mmol/kg and, 

Table 18.23 Factors associated with increased risk of cerebral edema.

An attenuated rise in measured serum sodium concentration during treatment
More severe acidosis
Administration of bicarbonate to correct acidosis
More profound hypocapnia at presentation
Increased serum urea nitrogen at presentation refl ecting more severe dehydration
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although data in children are few, similar defi cits have been 
described.

Insulin promotes uptake of glucose and potassium by cells and 
correction of acidosis promotes the return of potassium to the 
intracellular compartment. The serum potassium concentration 
may decrease abruptly, predisposing the patient to cardiac 
arrhythmias. In the unusual patient who presents with hypoka-
lemia, insulin administration should be deferred and potassium 
replacement should be started immediately. Otherwise, it should 
be started after initial volume expansion and concurrent with 
commencing insulin therapy. If the patient presents with hyper-
kalemia, potassium administration should be deferred until urine 
output has been documented and the potassium concentration 
has decreased to a normal level.

The amount of potassium administered should be suffi cient to 
maintain serum potassium concentrations in the normal range. 
The usual starting potassium concentration in the infusate should 
be 40  mmol/L and potassium administration should continue 
throughout the period of intravenous fl uid therapy. The usual 
maximum rate of intravenous potassium administration is 
0.5  mmol/kg/h. Careful monitoring of the serum level and provi-
sion of adequate potassium is essential to prevent hypokalemia 
and life-threatening arrhythmias.

Electrocardiography (ECG) can be used as a guide to therapy 
and is especially valuable while waiting for the serum potassium 
concentration to be measured. Flattening of the T wave, widening 
of the QT interval and the appearance of U waves indicate hypo-
kalemia. Tall peaked symmetrical T waves and shortening of the 
QT interval are signs of hyperkalemia.

The plasma potassium concentration should be checked every 
hour if the plasma concentration is outside the normal range. 
Potassium may be given as chloride, acetate or phosphate. Use of 
potassium acetate and potassium phosphate reduces the total 
amount of chloride administered and partially corrects the phos-
phate defi cit.

Phosphate
Depletion of intracellular phosphate occurs in DKA as a result of 
osmotic diuresis. In adults, defi cits are in the range 0.5–2.5  mmol/
kg but comparable data in children are few. After starting therapy, 
plasma phosphate concentrations decrease rapidly as a result of 
urinary excretion and because insulin causes phosphate to re-
enter cells. Low serum phosphate concentrations have been asso-
ciated with a variety of metabolic disturbances but the effect of 
hypophosphatemia on 2,3-diphosphoglycerate concentrations 
and on tissue oxygenation are especially relevant to DKA man-
agement. Although phosphate depletion persists for several days 
after resolution of DKA, prospective studies have not shown any 
signifi cant clinical benefi t from phosphate replacement. Never-
theless, serum phosphate should be monitored and severe hypo-
phosphatemia treated with potassium phosphate while serum 
calcium is carefully monitored to avoid phosphate-induced 
hypocalcemia.

Acidosis and bicarbonate
Even severe acidosis is reversible by fl uid and insulin replacement 
by stopping synthesis of ketoacids and promoting ketone utiliza-
tion because the metabolism of ketones results in regeneration of 
bicarbonate and correction of acidemia. Treatment of hypovole-
mia improves tissue perfusion and restores renal function, thus 
increasing the excretion of organic acids, and reverses lactic aci-
dosis, which may account for up to 25% of the acidemia.

In DKA, the anion gap is increased primarily because of a 
marked increase in the concentrations of β-OHB and acetoace-
tate. Acetone is formed by spontaneous decarboxylation of ace-
toacetate. Acetoacetate and acetone, but not β-OHB, are measured 
by the commonly used clinical reagent strip or tablet methods 
that employ the sodium nitroprusside reaction. At initial presen-
tation with DKA, the concentration of β-OHB is 4- to 10-fold 
higher than that of acetoacetic acid. With insulin therapy and 
correction of the acidosis, the β-OHB is re-oxidized to acetoace-
tate, which is eventually metabolized. Blood ketone meters 
measure only β-OHB.

The indications for bicarbonate therapy in DKA are unclear. 
Controlled trials have not shown clinical benefi t nor any impor-
tant difference in the rate of rise of plasma bicarbonate concen-
tration. There are physiologic reasons not to use bicarbonate. Its 
use may cause paradoxical CNS acidosis. Bicarbonate combines 
with H+ and then dissociates to CO2 and H2O. The HCO3

− diffuses 
poorly across the blood–brain barrier, whereas CO2 freely diffuses 
into the cerebrospinal fl uid. Hence, the use of bicarbonate may 
worsen acidosis within the central nervous system while serum 
acidosis improves. Rapid correction of acidosis causes hypokale-
mia, may aggravate sodium load and contributes to serum hyper-
tonicity. It may also impair tissue oxygenation by increasing the 
affi nity of hemoglobin for oxygen (i.e. shift the hemoglobin–
oxygen dissociation curve to the left). Alkali therapy may increase 
hepatic ketone production and thus slow the rate of recovery 
from ketosis [39]. The use of bicarbonate in children with DKA 
is associated with an increased risk for cerebral edema [98].

However, there may be patients who benefi t from cautious 
alkali therapy, including patients with severe acidemia (arterial 
pH <6.9) in whom decreased cardiac contractility and peripheral 
vasodilatation can further impair tissue perfusion and patients 
with life-threatening hyperkalemia. Administration of bicarbon-
ate is indicated when acidosis is severe (arterial pH ≤6.9) and 
when hypotension, shock or an arrhythmia is present. In these 
circumstances, 1–2  mmol/kg sodium bicarbonate may be infused 
over 2  h and the plasma bicarbonate concentration rechecked. 
Bicarbonate should not be given as a bolus because this may 
precipitate acute cardiac arrhythmia.

Clinical and biochemical monitoring
Initially, plasma glucose should be measured hourly. Thereafter, 
plasma glucose, serum electrolytes (and corrected sodium), pH, 
pCO2, TCO2, anion gap, calcium and phosphorus should be mea-
sured every 2–4  h for the fi rst 8  h and then every 4  h until they are 
normal. The data must be carefully recorded on a fl ow sheet.
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Investigating the cause of ketoacidosis
The management of DKA is not complete until its cause has been 
identifi ed and treated. An intercurrent infection is not the usual 
cause when the patient is properly educated in diabetes manage-
ment, is receiving regular follow-up care and has access to a 
diabetes treatment team. In previously diagnosed patients on 
treatment with insulin, omission of insulin, either inadvertently 
or deliberately, is the most common cause. In users of CSII, the 
most common cause of DKA is failure to take extra insulin with 
a pen or syringe when hyperglycemia and hyperketonemia or 
ketonuria occur.

There is often an important psychosocial reason for insulin 
omission. This can be an attempt to lose weight (e.g. in an ado-
lescent girl with an eating disorder), a means of escaping an 
intolerable or abusive home situation, clinical depression or other 
reason for the inability of the patient to manage his/her own 
diabetes unassisted [39]. A psychiatric social worker or clinical 
psychologist should be consulted to help to identify the psycho-
social reason(s) underlying the development of DKA.

Useful calculations for managing DKA
1 Effective osmolality = 2[Na+ + K+] + glucose (mmol/L)
2 Corrected sodium = [Na+] + (1.6 × [plasma glucose mmol/L 
−5.6] ÷ 5.6)
3 Anion gap = [Na+] − [Cl− + HCO3

−]
4 Evaluation for pure metabolic acidosis: pCO2 = last two 
numbers of the pH

pCO2 = 1.5 [serum HCO3
−] + 8 ± 2

Effective serum osmolality correlates with mental status abnor-
malities. Blood or serum urea nitrogen freely diffuses into cells 
and does not contribute to effective osmolality. Corrected serum 
sodium assists in estimation of free water defi cits. A decreasing 
anion gap indicates successful therapy of metabolic acidosis. A 
lower than predicted pCO2 indicates respiratory alkalosis and 
may be a clue to sepsis.

Morbidity and mortality from DKA in children
DKA is the leading cause of acute morbidity and mortality in 
children with type 1 diabetes [39]. Reported mortality rates from 
DKA in national population-based studies are reasonably con-
stant in the range of 0.15–0.31%. In areas with sparse medical 
facilities, the risk of dying from DKA is greater and children may 
die before receiving treatment. Cerebral edema accounts for 57–
87% of all deaths from DKA. The incidence of cerebral edema 
has been fairly consistent between national population-based 
studies; 0.46% in Canada to 0.87% in the USA. Mortality rates 
from cerebral edema in population-based studies are 21–25%. 
Signifi cant morbidity occurs in 10–26% of survivors. Other 
causes of DKA-related morbidity and mortality include hypoka-
lemia, hyperkalemia, hypoglycemia, sepsis and other CNS com-
plications such as thrombosis [39].

Cerebral edema
This typically occurs 4–12  h after commencement of treatment 
but can occur before treatment has begun or at any time during 
treatment. Symptoms and signs are variable and include onset of 
headache, change in neurological status (restlessness, irritability, 
drowsiness, deterioration in level of consciousness), inappropri-
ate slowing of the heart rate and an increase in blood pressure 
[99]. Cerebral edema is more common in children with severe 
DKA, new-onset type 1 diabetes, younger age and longer duration 
of symptoms [98]. The cause remains poorly understood [100].

Treatment of cerebral edema
Treatment should be initiated as soon as the condition is sus-
pected [39]. The rate of fl uid administration should be reduced 
by one-third. Intravenous mannitol (0.5–1  g/kg) should be given 
over 20  min and repeated if there is no response in 30  min. 
Hypertonic saline (3%), 5–10  mL/kg over 30  min has been used 
as an alternative to mannitol and is recommended if there is no 
response to mannitol. Intubation may be necessary for the patient 
with impending respiratory failure but aggressive hyperventila-
tion [to a pCO2 <22  mmHg (2.9  kPa)] has been associated with 
poor outcome and is not recommended [101].

After treatment for cerebral edema has been started, a cranial 
computed tomography (CT) scan should be obtained to rule out 
other possible intracerebral causes of neurologic deterioration 
(10% of cases), especially thrombosis or hemorrhage, which may 
benefi t from specifi c therapy.

Management of sick days: prevention of DKA
Even a relatively minor illness in a child with type 1 diabetes can 
cause rapid deterioration of metabolic control. The stress of 
infection, surgery, injury or emotional upset increases counter-
regulatory hormone concentrations, which cause hyperglycemia 
and stimulate lipolysis and ketogenesis. Even when carbohydrate 
consumption is reduced by illness, blood glucose concentrations 
usually increase and these metabolic disturbances can rapidly 
progress to DKA. The aim of sick day management is to minimize 
deterioration of metabolic control and prevent DKA (Tables 
18.24 & 18.25).

Failure to administer the child’s usual basal doses of insulin 
can have disastrous consequences. Supplemental injections of 
rapid- or short-acting insulin are often required to prevent or 

Table 18.24 Principles of sick day management.

Treat the underlying illness
Never omit intermediate- or long-acting insulin injections or basal insulin infusion
Maintain hydration
Frequently measure blood glucose and blood or urine ketone concentrations
Administer supplemental rapid- or short-acting insulin every 2–4  h when 

indicated (refer to guidelines in Table 18.25)
Treat the underlying illness
Monitor for signs and symptoms that demand urgent medical attention
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correct hyperglycemia and/or ketosis (Table 18.25). The child 
who has a gastrointestinal illness with nausea, vomiting or diar-
rhea and low, normal or near-normal blood glucose concentra-
tions is a special case because there is an increased risk of 
hypoglycemia. The dose of insulin may have to be temporarily 
reduced and “mini” doses of glucagon can be used to prevent or 
treat mild hypoglycemia in a child with nausea or vomiting who 
is unable or unwilling to eat or drink (Table 18.25) [102]. Ketosis 
with blood glucose concentrations normal or near-normal usually 
signifi es starvation but must be distinguished from “euglycemic 
ketoacidosis.” βOHB does not usually exceed 3  mmol/L in starva-
tion ketosis.

Fluid requirements increase as a result of osmotic diuresis and 
increased insensible fl uid losses due to fever; dehydration can 
develop rapidly if fl uid intake is insuffi cient. The child should be 
encouraged to drink at least 2–4  mL/kg body weight/h (or a 
minimum of 1500  mL/m2/24  h, the usual maintenance fl uid 
requirement) with fl uids that provide sodium, glucose and potas-
sium to replace the urinary losses of these electrolytes that occur 
with metabolic decompensation (Table 18.26).

Fluids suitable for sick days are water, broth or bouillon (high 
content of salt), carbonated beverages (Coca Cola, ginger ale), 
sports drinks such as Gatorade, electrolyte mixtures and fruit 
juices. Sugar-free fl uids are recommended if the child is able to 

continue to follow his/her meal plan and/or blood glucose is 
>11  mmol/L (200  mg/dL). However, when the child is unable to 
eat solid foods and the blood glucose is <11  mmol/L (200  mg/
dL), the liquids should contain a source of glucose. Weight loss is 
a reliable sign of dehydration and, if a bathroom scale is available, 
the child should be carefully weighed several times each day.

Blood glucose concentration should be measured every 2–4  h 
throughout the day and night and urine ketone concentrations 
checked each time the child urinates. If the blood glucose con-
centration is <4.5  mmol/L (80  mg/dL), measurements should be 

Table 18.25 Guidelines for supplemental insulin when the child is ill. After [103].

Ketones Blood glucose

Blood ketones 
(mmol/L)

Urine 
ketones

<5.5  mmol/L 
(<100  mg/dL)

5.5–10  mmol/L (100–180) 10–14  mmol/L 
180–250  mg/dL

14–22  mmol/L 
250–400  mg/dL

>22  mmol/L 
>400  mg/dL

<0.6 Negative or 
trace

No extra insulin; if 
<4  mmol/L consider mini 
dose glucagon*

No extra insulin Increase dose of insulin 
for next meal if BG is 
still elevated

Give extra 5% of 
TDD† or 0.05  U/kg

Give extra 10% of 
TDD or 0.1  U/kg

0.6–0.9 Trace or 
small

Starvation ketosis; extra 
carbohydrate and fl uid

Starvation ketosis; extra 
carbohydrate and fl uid

Give extra 5% of TDD or 
0.05  U/kg

Give extra 5–10% of 
TDD or 0.05–0.1  U/kg

Give extra 10% of 
TDD or 0.1  U/kg

1–1.4 Small or 
moderate

Starvation ketosis; extra 
carbohydrate and fl uid

Starvation ketosis; extra 
carbohydrate and fl uid

Extra carbohydrate and 
fl uid. Give extra 5–10% 
of TDD or 0.05–0.1  U/kg

Give extra 10% of 
TDD or 0.1  U/kg

Give extra 10% of 
TDD or 0.1  U/kg

1.5–2.9 Moderate 
or large

Starvation ketosis; extra 
carbohydrate and fl uid.
Recheck BG and ketones 
in 1–2  h

Starvation ketosis; extra 
carbohydrate and fl uid. 
Give extra 5% of TDD or 
0.05  U/kg

Extra carbohydrate and 
fl uid. Give 10% of TDD 
or 0.1  U/kg

Give extra 10–20% of 
TDD or 0.1  U/kg

Give extra 10–20% 
of TDD or 0.1  U/kg

≥3 Large Starvation ketosis; extra 
carbohydrate and fl uid. 
Recheck BG and ketones 
in 1–2  h

Starvation ketosis; extra 
carbohydrate and fl uid. 
Give extra 5% of TDD or 
0.05  U/kg

Extra carbohydrate and 
fl uid. Give 10% of TDD 
or 0.1  U/kg

Give extra 10–20% of 
TDD or 0.1  U/kg

Give extra 10–20% 
of TDD or 0.1  U/kg

*Mini dose glucagon SC: ≤2 years of age, 20  μg; 2–15 years, 10  μg/year of age; >15, 150  μg [102].
†TDD, total daily dose. To calculate TDD, add up all the insulin given on a usual day (rapid- or short-acting insulin + intermediate- or long-acting insulin) or the sum of 
basal rate and boluses delivered by pump.
Supplemental insulin may be either rapid-acting insulin analogs (preferred) or short-acting regular insulin.

Table 18.26 Fluids used for oral hydration with sick day management.

Product Carbohydrate 
(g/100  mL)

Na+ (mmol/L) K+ (mmol/L)

Coca-Cola 10.9   4.3  0.1
Ginger ale  9.0   3.5  0.1
Apple juice 11.9   0.4 26
Orange juice 10.4   0.2 49
Gatorade  5.9  21  2.5
Pedialyte  2.5  45 20
Milk  4.9  22 36
Broth/bouillon  0 129–149 ∼8
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repeated hourly until it is >4.5  mmol/L (80  mg/dL). Cotton balls 
placed in the diaper can be used to obtain urine for ketone testing 
in infants and toddlers. Alternatively, blood β-OHB concentra-
tion can be measured directly in capillary blood with a meter 
(Precision Xtra®). Normal concentrations are <0.5  mmol/L. 
During starvation or illness or when insulin delivery is insuffi -
cient for any reason, the blood ketone concentration rapidly 
increases and a level of ≥3.0  mmol/L together with hyperglycemia 
indicates DKA.

The blood glucose concentrations and severity of ketonuria or 
ketonemia is used to guide the administration of supplemental 
insulin (Table 18.25). Rapid-acting insulin (lispro or insulin 
aspart) may be given every 2–3  h or short-acting (regular) insulin 
every 3–4  h until blood glucose is less than 11  mmol/L (200  mg/
dL) and ketonuria has been reduced to negative or trace or blood 
β-OHB <0.5  mmol/L.

Evidence that continued management of the child at home may 
no longer be safe and the child requires urgent medical attention 
are listed in Table 18.27. Assiduous attention to these guidelines 
enables most intercurrent childhood illnesses to be managed suc-
cessfully at home.

Illness in the child managed with an insulin pump
The child using an insulin pump requires specifi c attention 
during sick day management. Patients on pumps use only rapid- 
or short-acting insulin and do not have a depot of long-acting 
insulin so DKA can develop rapidly. Nausea and vomiting may 
be the earliest manifestations of interrupted insulin delivery and 
impending ketoacidosis but the patient may incorrectly assume 
that the symptoms are caused by a viral illness and not recognize 
the insulin defi cient state.

The patient who experiences nausea or vomiting must imme-
diately check blood or urine for ketones. Ketosis is evidence of a 
potential impending medical emergency; when insulin delivery 
is interrupted, DKA can develop within 4–6  h. Rapid-acting 
insulin must immediately be given SC with a syringe or pen, not 
with the pump because malfunction may be the cause of ketosis. 

The dose may be based on the child’s usual “correction factor” to 
reduce the blood glucose concentration to 6  mmol/L. Alterna-
tively, the guidelines for supplemental insulin in Table 18.25 may 
be used. The infusion set should be replaced and the pump care-
fully examined to look for possible causes of failure, which 
include battery or mechanical failure, an empty insulin reservoir, 
leakage at the site where the catheter connects to the syringe, 
occlusion of the catheter and withdrawal of the catheter from its 
SC insertion site on the skin. A temporary 25% increase in the 
basal insulin infusion rate may be required during illness [103].

Side effects of treatment

Weight gain
Intensively treated subjects in the DCCT had a considerably 
increased risk of becoming overweight [104], which was greatest 
in individuals with higher baseline HbA1c concentrations. Weight 
gain is attributable to reduced glycosuria and daily energy expen-
diture. Frequent symptomatic hypoglycemia necessitating snacks 
to restore normoglycemia also contributes to the tendency to gain 
weight in some intensively managed individuals.

It is possible that intermittent hyperinsulinemia and lack of 
amylin to regulate appetite may underlie the propensity to weight 
gain in type 1 diabetes but, because longitudinal studies have 
found a J-shaped curve relating body mass index (BMI) to mor-
tality in type 1 diabetes, with the highest relative all-cause mortal-
ity in those with the lowest BMI, it is generally accepted that the 
long-term benefi ts of intensive glycemic control greatly outweigh 
the adverse effects of weight gain.

Children and adolescents who adopt basal-bolus insulin 
therapy may be tempted to eat more liberally and increase their 
calorie consumption and this issue should be addressed in 
advance. The highly motivated patient can take advantage 
of the fl exibility of a basal-bolus regimen to balance insulin 
replacement with calorie intake to avoid obesity or even lose 
weight.

Local effects of insulin
Lipohypertrophy refers to the accumulation of excess adipose 
tissue at the sites of SC insulin injection. It is the most common 
cutaneous side effect of insulin administration, occurring in 25–
50% of individuals. Rotation of injection sites, thereby avoiding 
repeated insulin injections in a single area, prevents lipohypertro-
phy. In addition to its undesirable cosmetic appearance, it is 
important to avoid lipohypertrophy because it causes erratic 
absorption of insulin.

Lipoatrophy and insulin allergy are much less common with 
use of human insulin preparations. Rotation of the site of insulin 
injections may decrease the risk of lipoatrophy. Insulin absorp-
tion from lipoatrophic areas may also be erratic. Lipoatrophy may 
resolve by carefully injecting insulin into the perimeter of the 
affected area. In severe cases, topical glucocorticoid injection into 
and around the site may be helpful. If the patient is using an 

Table 18.27 Signs the sick child with diabetes mellitus must receive urgent 
medical attention.

The nature of the underlying condition is unclear
Signs of dehydration: dry mouth or tongue, cracked lips, sunken eyes, dry 

fl ushed skin, decreased urine output, weight loss
Inability to consume the recommended amount of fl uid or carbohydrate
Vomiting for more than 2  h (particularly in young children)
Symptoms suggestive of DKA: nausea, abdominal pain, hyperventilation, 

confusion, drowsiness
Blood glucose increases or >14  mmol/L (250  mg/dL) despite extra insulin
Inability to maintain blood glucose >4.5  mmol/L (80  mg/dL)
Persistent or increasing ketonuria or blood ketones >1–1.5  mmol/L
Care providers are exhausted
Language barriers make it diffi cult to communicate with care providers

DKA, diabetic ketoacidosis.
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animal-source insulin, switching to human insulin may prevent 
further atrophy and lead to gradual fi lling in of the atrophic 
area.

Insulin allergy may result in local or systemic effects, with acute 
redness, itching, burning, hives or chronic reactions. Generalized 
urticaria and anaphylaxis, are extremely rare. Switching to syn-
thetic human insulin may prevent further allergic reactions and 
should be done after preliminary skin testing in a supervised 
setting. Insulin delivery by pump has been reported to stop local 
reactions in some cases. In rare instances, insulin desensitization 
may be necessary.

Cellulitis or abscess may occur at the injection site but is rare 
when patients use sterile disposable syringes and needles hygieni-
cally. Injection through clothing is strongly discouraged. Insulin 
pump therapy is associated with increased rates of cellulitis, 
abscess and local scarring at the sites of subcutaneous catheter 
insertion. It is essential to replace the catheter every 2–3 days and 
remove a catheter if the site becomes red or painful.

Hypoglycemia
Hypoglycemia is the most common acute complication of the 
treatment of diabetes mellitus and concern about hypoglycemia 
is a central issue in treating children. It is the principal factor 
limiting attempts to achieve near-normal glycemic control [105]. 
Patients, parents and the diabetes team have to balance the risks 
of hypoglycemia against those of long-term hyperglycemia. After 
an episode of severe hypoglycemia, the confi dence of the patient 
and parents is often shaken, and fear of a recurrence may induce 
the patient or parents to change their diabetes management to 
prevent a recurrence. Altered patient behaviors may include over-
eating and/or deliberate selection of inadequate doses of insulin 
to maintain higher blood glucose concentrations perceived as 
being safe, resulting in deterioration of glycemic control [106]. 
Concern about nocturnal hypoglycemia causes more anxiety for 
some parents than any other aspect of diabetes, including the fear 
of long-term complications. Some parents believe that an episode 
of severe hypoglycemia during the nighttime may go undetected 
or not be treated in a timely fashion and lead to permanent brain 
damage or death [107].

The glucagon response to hypoglycemia is lost early in the 
course of the disease and patients with type 1 diabetes depend on 
sympathoadrenal responses to prevent or correct hypoglycemia 
[108]. Mild hypoglycemia itself reduces epinephrine responses 
and symptomatic awareness of subsequent episodes of hypogly-
cemia. Little is known about counter-regulatory responses in 
preschool-age children.

Symptoms and signs of hypoglycemia
Symptoms of hypoglycemia are caused by neuronal deprivation 
of glucose and have been categorized into autonomic (sweating, 
palpitations, shaking, hunger), neuroglycopenic (confusion, 
drowsiness, odd behavior, speech diffi culty, incoordination) and 
non-specifi c malaise (hunger and headache) [109]. The most 
common signs and symptoms of hypoglycemia in children with 

diabetes are pallor, weakness, tremor, hunger, fatigue, drowsi-
ness, sweating and headache. Autonomic symptoms are less 
common in children less than 6 years old whose symptoms are 
more often neuroglycopenic or non-specifi c in nature. Behavioral 
changes are often the primary manifestation of hypoglycemia in 
young children and this difference has important implications for 
parent education on hypoglycemia.

In contrast to adult patients, who are usually able to distinguish 
between autonomic and neuroglycopenic symptoms, children 
and their parents report that symptoms tend to cluster [110]. The 
coalescence of autonomic and neuroglycopenic symptoms in 
children may indicate that both types of symptoms are generated 
at similar glycemic thresholds.

Hypoglycemia is classifi ed as mild, moderate or severe. Most 
episodes are mild and cognitive impairment does not occur: older 
children are able to treat themselves. Mild symptoms abate within 
about 15  min after treatment with rapidly absorbed carbohy-
drate. Moderate hypoglycemia has neuroglycopenic and adrener-
gic symptoms causing mood changes, irritability, decreased 
attentiveness, drowsiness and behavior change. Young children 
typically require assistance with treatment because they are often 
confused and have impaired judgment and weakness and poor 
coordination may make self-treatment diffi cult. Moderate hypo-
glycemia causes more protracted symptoms and may require a 
second treatment with oral carbohydrate. Severe hypoglycemia is 
characterized by unresponsiveness, unconsciousness or convul-
sions and requires emergency treatment with parenteral glucagon 
or intravenous glucose.

Children who have had diabetes for several years may describe 
a change in symptomatology over time with less severe auto-
nomic symptoms occurring less frequently and neuroglycopenic 
symptoms more common. Patients must learn to recognize the 
change in symptoms to prevent severe episodes. The blood 
glucose concentration at which symptoms occur varies between 
patients and the threshold may vary in the same individual in 
parallel with antecedent glycemic control. Children with poorly 
controlled diabetes experience symptoms of hypoglycemia at 
higher blood glucose concentrations than those with good glyce-
mic control.

Impact of hypoglycemia on the child’s brain
Numerous studies have documented cognitive impairments in 
children and adolescents diagnosed with type 1 diabetes in early 
childhood [111,112]. Global intellectual defi cits have been 
described as well as specifi c neurocognitive impairments in 
memory, visuospatial skills and attention. Neuropsychological 
complications have been detected within 2 years of onset of dia-
betes [113]. Children with long-term diabetes, especially those 
who developed the disease before age 6 years, appear to be at the 
greatest risk. However, it is diffi cult to dissect the contributions 
of metabolic disturbances (hyperglycemia and hypoglycemia) 
from the psychosocial effects of chronic disease [114]. There is 
evidence linking episodes of hypoglycemia to the neuropsycho-
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logical defects [115] but others have found no evidence of an 
association with severe episodes and postulate that asymptomatic 
hypoglycemia may be more important [116]. Cognitive impair-
ments in children with early onset diabetes mellitus may result 
from severe hypoglycemia, recurrent asymptomatic hypoglyce-
mia, psychosocial effects of chronic illness and chronic hypergly-
cemia [114,117]. The neurocognitive sequelae of intensive diabetes 
management in children whose brains are still developing are 
unknown. Preliminary fi ndings suggest poorer memory skills, 
presumably the consequence of recurrent and severe hypoglyce-
mia [118].

Even in the absence of typical symptoms, cognitive function 
deteriorates at low blood glucose concentrations [119]. Moderate 
and severe hypoglycemia is disabling, affects school performance 
and makes driving a car or operating dangerous machinery haz-
ardous and the utmost effort should be made to avoid such events. 
Repeated or prolonged severe hyperinsulinemic hypoglycemia 
can cause permanent central nervous system damage, especially 
in very young children but hypoglycemia is a rare cause of death 
in diabetic children [120].

Frequency of hypoglycemia
The true frequency of mild (self-treated) symptomatic hypogly-
cemia is almost impossible to ascertain because mild episodes are 
quickly forgotten and/or are not recorded.

The literature is replete with reports of the frequency of severe 
hypoglycemia in children and adolescents with diabetes but the 
various methods of collecting data, variability among clinic pop-
ulations and therapeutic methods and defi nitions of severe hypo-

glycemia, make comparisons among the reports and interpretation 
of the data diffi cult [114]. Recent prospective studies with strict 
defi nitions of hypoglycemic events and well-described popula-
tions continue to show disturbingly high rates of severe hypogly-
cemia; younger children and patients with tight glycemic control 
are at greatest risk (Table 18.28) [114].

Many, but not all, studies have found an increased frequency 
of severe hypoglycemia in younger children and in association 
with lower HbA1c concentrations. Other factors associated with 
a higher risk of moderate and severe hypoglycemia are a prior 
history of severe hypoglycemia, relatively higher doses of insulin 
and low C-peptide secretion, longer duration of diabetes, male 
gender, psychiatric disorders, treatment at small diabetes centers 
and lack of health insurance [121,122].

Causes of hypoglycemia in diabetes mellitus
Patients with type 1 diabetes mellitus are susceptible to hypogly-
cemia for many reasons (Table 18.29). Patient errors relating to 
insulin dosage, decreased food intake or unplanned exercise 
account for 50–85% of episodes of hypoglycemia in children and 
adolescents. After years of living with diabetes, some patients 
and/or their parents become cavalier about diabetes without 
thought for the balance of insulin, food and exercise.

Newer and improved methods of replacing insulin (CSII and 
multiple dose regimens with insulin analogs) combined with edu-
cation specifi cally informing subjects about hypoglycemia [123], 
behavioral educational approaches such as blood glucose aware-
ness training and intermittent continuous glucose monitoring, 
may enable patients to achieve improved glycemic control with 

Table 18.28 Incidence of severe hypoglycemia in children and adolescents. Severe hypoglycemia is variably defi ned in these studies as coma, seizure, treatment with 
glucagon, intravenous dextrose, treatment in an emergency department or admission to hospital.

Study Author, year Age group 
(years)

No. of 
patients

Defi nition of severe 
hypoglycemia

Incidence* Mean or median 
HbA1c (%)

Methodology

DCCT 1994 13–17 195 Coma, seizure Prospective randomized clinical trial
 intensive therapy 26.7 8.06
 conventional therapy 9.7 9.76
Nordfeldt 1997 1–18 146 Coma, seizure 15–19 8.1–6.9 Prospective
Mortensen 1997 1–18 2873 Coma, seizure 22 8.6 Cross-sectional international
Rosilio 1998 1–19 2579 Coma, seizure, glucagon 45 8.97 Cross-sectional national
Davis 1998 0–18 709 Coma, seizure 15.6 8.6 Prospective population based
Tupola 1998 1–24 329 Coma, seizure, glucagon 3.6 9.1–9.6 Retrospective
Tupola 1998 1–24 287 Coma, seizure, glucagon 3.1 9.0–9.1 Prospective
Thomsett 1999 1–19 268 Coma, seizure 25 8.6 Retrospective
Nordfeldt 1999 1–18 139 Unconsciousness 17.0 6.9† Prospective
Levine 2001 7–16 300 Coma, seizure, glucagon, IV dextrose 8 8.7–8.9 Prospective
Rewers 2002 0–19 1243 Coma, seizure, admission 19 8.8–9.0‡ Prospective
Bulsara 2004 0–18 801 Coma, seizure 16.6 8.1 Prospective
Svoren 2007 8–16 152 Coma, seizure, glucagon, IV dextrose 10.9 8.6 Prospective

*Events per 100 patient years.
†Median value, normal range 3.6–5.4%.
‡Range of median values. Adapted from data in [121].
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Nocturnal hypoglycemia
Hypoglycemia, often asymptomatic, frequently occurs during 
sleep. Moderate and severe hypoglycemia are more common 
during the night and early morning (before breakfast) than 
during the daytime [125]. In the DCCT, 55% of severe hypogly-
cemia events occurred during sleep and 43% occurred between 
midnight and 8 a.m. [125,126]. In children, up to 75% of severe 
hypoglycemia occurred during the night-time hours [127].

Both children and adults with diabetes studied, either in hos-
pital or at home with frequent intermittent or continuous blood 
glucose measurements during the night, show a high incidence of 
asymptomatic hypoglycemia [128,129]. Episodes of hypoglyce-
mia during sleep often exceed 4  h in duration and up to half of 
these episodes may be undetected because the subject does not 
awaken from sleep. The incidence of hypoglycemia on any given 
night may be affected by numerous factors, including the insulin 
regimen, the timing and content of meals and snacks and ante-
cedent physical activity [130]. Long after strenuous exercise has 
ended, there is a sustained increase in insulin action on muscle 
and liver and blunting of the counter-regulatory response to 
hypoglycemia [131]. The highest frequency of asymptomatic 
nocturnal hypoglycemia occurs in children less than 10 years old. 
Low blood glucose concentrations in the early morning (before 
breakfast) are associated with a higher frequency of preceding 
nocturnal hypoglycemia. Knowledge of this fact is useful in coun-
seling patients to modify the evening insulin regimen and bedtime 
snack to prevent more severe nocturnal hypoglycemia.

Sleep impairs counter-regulatory hormone responses to hypo-
glycemia in normal subjects and in patients with diabetes mellitus 
[132]. Because a rise in plasma epinephrine is normally the main 
hormonal defense against hypoglycemia in patients with diabetes, 
impaired counter-regulatory hormone responses to hypoglyce-
mia explain the increased susceptibility to hypoglycemia during 
sleep. Furthermore, asymptomatic nocturnal hypoglycemia may 
impair counter-regulatory hormone responses. Thus, impaired 
defenses against hypoglycemia during sleep may contribute to the 
vicious cycle of hypoglycemia, impaired counter-regulatory 
responses and unawareness of hypoglycemia either awake or 
asleep. Recurrent asymptomatic nocturnal hypoglycemia is an 
important cause of hypoglycemia unawareness, which leads to 
more frequent and severe hypoglycemia because of failure to 
experience autonomic warning symptoms before the onset of 
neuroglycopenia [133].

Treatment
Except in preschool-age children, most episodes of symptomatic 
hypoglycemia are self-treated. Glucose tablets raise blood glucose 
concentrations more rapidly than orange juice or milk and are 
the treatment of choice for children old enough to chew and 
safely swallow large tablets. The recommended dose is 5–15  g oral 
fast-acting carbohydrate or 0.3  g glucose/kg body weight (Table 
18.30). Blood glucose should be remeasured 15  min after treat-
ment and if the concentration does not exceed 3.9–4.4  mmol/L 
(70–80  mg/dL), treatment should be repeated. The glycemic 

Table 18.29 Causes of hypoglycemia in children and adolescents with diabetes 
mellitus.

Insulin errors (inadvertent or deliberate)
Reversal of morning and evening dose
Reversal of short- or rapid-acting insulin and intermediate-acting insulin
Improper timing of insulin in relation to food
Excessive insulin dosage
Surreptitious insulin administration, suicide gesture or attempt

Erratic or altered absorption
Inadvertent intramuscular injection
More rapid absorption from exercising limbs
Unpredictable absorption from lipohypertrophy at injection sites
More rapid absorption after sauna, hot bath, sunbathing

Diet
Omission or reduced size of meals or snacks
Delayed snacks or meals
Eating disorders
Gastroparesis
Malabsorption, e.g. gluten enteropathy

Exercise
Unplanned physical activity
Prolonged duration and/or increased intensity of physical activity
Failure to reduce the dose of basal insulin to combat the “lag effect” of exercise

Alcohol and/or drugs
Impaired gluconeogenesis from excessive consumption of ethanol
Impaired cognition from use of ethanol, marijuana, cocaine, other recreational 

drugs

Hypoglycemia-associated autonomic failure
Hypoglycemia unawareness
Defective glucose counter-regulation

Miscellaneous uncommon causes of hypoglycemia
Adrenocortical insuffi ciency
Hypothyroidism
Growth hormone defi ciency
Renal failure
Decreased insulin requirement in fi rst trimester of pregnancy
Insulin antibodies

less risk of severe hypoglycemia than was previously possible 
[72,124].

Several reports have shown that insulin pump therapy is asso-
ciated with fewer hypoglycemic events despite improved glycemic 
control. This may be because CSII permits lower (and adjustable) 
rates of basal insulin delivery compared with injection therapy, 
especially at night when hypoglycemia is most common. Rapid-
acting acting insulin analogs decrease the frequency of hypogly-
cemia and insulin glargine together with pre-meal insulin lispro 
decreases the incidence of nocturnal hypoglycemia in adolescents 
when compared with NPH combined with regular insulin [59].
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response to oral glucose usually lasts less than 2  h so, after treat-
ment with oral glucose, unless a scheduled meal or snack is due 
within an hour, the patient should be given either a snack or a 
meal containing carbohydrate and protein.

Hypoglycemia frequently occurs when a child with diabetes is 
unable to consume or absorb oral carbohydrate because of nausea 
and vomiting associated with an intercurrent illness (e.g. gastro-
enteritis) or food refusal. To maintain blood glucose concentra-
tions in a safe range, parents either seek emergency medical 
attention or attempt to force-feed oral carbohydrate in an ill child, 
which often leads to more vomiting. Mini-dose glucagon raises 
blood glucose by 3.3–5  mmol/L (60–90  mg/dL) within 30  min 
and its effect lasts approximately 1  h. Using a U100 insulin syringe 
and after dissolving 1  mg glucagon in 1  mL diluent, children ≤2 
years receive 2 “units” (20  μg) of glucagon SC and children older 
than 2 years receive 1 unit (10  μg) per year of age up to 15 units 
(150  μg). If the blood glucose concentration does not increase 
within 30  min, double the initial dosage should be administered 
[102,134].

Severe reactions (unresponsiveness, unconsciousness or con-
vulsions) require emergency treatment with parenteral glucagon 
(IM or SC). The usual recommended dose is 0.5  mg if less than 
5 years and 1  mg if older than 5 years. Glucagon raises blood 
glucose concentrations within 5–15  min and usually relieves 
symptoms of hypoglycemia. In children with diabetes and in 
healthy adults there are no important difference between the 
effects of glucagon injected either SC or IM. The plasma glucagon 
concentrations attained are higher than those in peripheral 
venous or portal blood of healthy adults during insulin-induced 
hypoglycemia and are probably higher than necessary for maximal 
effect. The increase in blood glucose concentration after glucagon 
administration is sustained for at least 30  min so it is not neces-
sary to repeat the dose or force the child to eat or drink for at 
least 30  min. Intranasal glucagon has a similar effect.

In an emergency department or hospital, the preferred treat-
ment is intravenous glucose (0.3  g/kg). Because the glycemic 

response is transient after bolus administration of glucose, intra-
venous glucose infusion should be continued until the patient is 
able to swallow safely. If severe hypoglycemia was prolonged and 
the patient had a seizure, complete recovery of mental and neu-
rologic function may take many hours despite restoration of 
normal blood glucose concentrations. Permanent hemiparesis or 
other neurologic sequelae are rare but the post-ictal period may 
be complicated by headache, lethargy, nausea, vomiting and 
muscle ache.

Driving a motor vehicle
Hypoglycemia increases the rate of driving mishaps among adults 
with type 1 diabetes. Factors associated with an increased risk 
of accidents are failure to measure the blood glucose before 
driving and a too low blood glucose level at which subjects 
choose not to drive [135]. Driving is impaired at plasma glucose 
concentrations of ≤3.3  mol/L (60  mg/dL) [136]. Adolescents with 
diabetes should measure blood glucose before driving and not 
drive unless the concentration is >4  mmol/L (70  mg/dL). The 
glove compartment should be stocked with a source of rapidly 
absorbed carbohydrate and non-perishable snacks to take when 
symptoms of hypoglycemia are detected.

Dead in bed
Sudden unexplained deaths during sleep have been described in 
adolescents with type 1 diabetes. These events are rare. Young 
adult males are at highest risk. Lethal cardiac arrhythmias trig-
gered by hypoglycemia may be responsible for some cases and 
severe hypoglycemia related to recreational drug abuse may 
account for others.

Chronic complications of type 1 diabetes

Non-vascular complications of diabetes
Cataracts
Cataracts rarely occur in children with diabetes but when present 
at the time of diagnosis may regress after treatment of diabetes 
has been instituted.

Limited joint mobility
Limited joint mobility (LJM), also referred to as cheiroarthropa-
thy, is caused by glycosylation of collagen in the connective 
tissue of skin and tendons. It manifests as inability to extend 
the fi ngers and/or wrists because of loss of skin elasticity and 
contraction of tendons. LJM is a sign of chronic poor glycemic 
control and associated with increased risk of microvascular 
complications.

Growth
Growth failure in children with diabetes is uncommon even with 
only “average” glycemic control. Nonetheless, abnormality of the 
GH–IGF-1 axis is common. With average blood glucose control, 
GH secretion is increased and serum concentrations of IGF-1 and 

Table 18.30 Sources of carbohydrate.

The following all have approximately 15  g carbohydrate:
 Apple juice 4  oz or ½ cup, unsweetened apple sauce ½ cup
 Grape juice 3  oz or 1/3 cup
 Orange juice 4  oz or ½ cup
 Coca-Cola and ginger ale 5  oz (∼2/3 cup)
 Twin Popsicle (1)
 Regular jello ½ cup
 Regular ice cream ½ cup
 Honey 1 tablespoon
 Cake frosting 4 teaspoons
 Table sugar 1 tablespoon
 Glucose tablets 3 (each contains 5  g)
 Lifesavers® 6
 Saltines 6
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IGFBP-3 tend to be reduced. Delayed puberty and growth failure 
typically occur when a child or adolescent experiences chronic, 
very poor glycemic control (Mauriac syndrome). It is thought to 
be caused by recurrent cycles of adequate insulinemia alternating 
with inadequate insulinemia.

Skin
Necrobiosis lipoidica diabeticorum is an uncommon poorly 
understood complication which causes unsightly lesions that 
usually appear in the pretibial area. Intralesional injection of cor-
ticosteroids often results in improvement.

Disordered eating and eating disorders
Adolescent females with type 1 diabetes have a twofold increased 
risk of developing an eating disorder compared to their peers 
without diabetes [137]. Eating disorders in adolescents with type 
1 diabetes are associated with poor metabolic control and earlier 
onset and progression of microvascular complications. The 
problem should be suspected in adolescent females who are 
unable to achieve and maintain blood glucose targets or who have 
unexplained weight loss or deterioration of metabolic control 
[138]. Screening should be conducted by asking non-judgmental 
questions about weight and shape concerns, dieting, episodes of 
binge eating and insulin omission for the purpose of controlling 
weight [137]. Patients with identifi ed eating disorders or deliber-
ate misuse of insulin are at extremely high risk for morbidity and 
mortality [139] and should receive intensive multidisciplinary 
care that includes a mental health professional with expertise in 
eating disorders. Use of a basal-bolus insulin regimen allows 
increased meal fl exibility.

Vascular complications
The vascular complications of diabetes are either microvasacular 
(retinopathy, nephropathy and neuropathy) or macrovascular, 
which includes coronary artery, peripheral and cerebral vascular 
disease. The microvascular complications can develop within 5 
years of the onset of type 1 diabetes mellitus but rarely develop 
before the onset of puberty. Clinically signifi cant macrovascular 
complications are very rare until adulthood.

Intensive glycemic control decreases the risk of both microvas-
cular and macrovascular disease [140] but several other modifi -
able risk factors in addition to hyperglycemia contribute to and 
infl uence the risk of vascular complications. Use of tobacco con-
siderably increases the risk of onset and progression of nephropa-
thy and macrovascular disease. Hypertension is associated with 
increased risk and rate of progression of retinopathy, nephropa-
thy and macrovascular disease. Dyslipidemia contributes to the 
risk of macrovascular disease, nephropathy and retinopathy. A 
family history of hypertension or nephropathy increases the risk 
of nephropathy.

Retinopathy
Diabetic retinopathy damages the microvasculature of the retina 
and is the most common cause of acquired blindness in devel-

oped countries. Although improvement in glycemic control 
delays the onset of retinopathy and retards its progression, nearly 
all individuals with diabetes eventually develop mild non-
proliferative retinopathy. This may progress to moderate or severe 
non-proliferative retinopathy, characterized by abnormal blood 
fl ow in the retinal microvasculature. Proliferative retinopathy, 
characterized by growth of new vessels, carries a high risk of visual 
loss from hemorrhage or retinal detachment. Macular edema may 
occur at any stage of retinopathy and threaten visual acuity. Screen-
ing detects early disease and leads to effective treatment with laser 
retinal photocoagulation before vision is impaired.

Nephropathy
Diabetic nephropathy is the most common cause of end-stage 
renal disease in Western countries and eventually occurs in 30–
40% of persons with type 1 diabetes. Improving glycemic control 
and treatment of hypertension, if present, delays the onset of 
nephropathy and slows its progression. Microalbuminuria, 
defi ned as ≥30  mg/day or ≥20  μg/min albumin in the urine, is the 
earliest stage of clinical nephropathy. Sustained microalbumin-
uria is highly predictive of progression to overt nephropathy 
(clinical albuminuria) defi ned as ≥300  mg/24  h or ≥200  μg/min 
albumin in the urine but microalbuminuria may be less predic-
tive in adolescents during the fi rst decade of diabetes. Overt albu-
minuria is accompanied by systemic hypertension and progressive 
impairment of glomerular fi ltration and typically precedes the 
development of end-stage renal disease by 10 years. Progression 
of nephropathy can be delayed by improving glycemic control, 
controlling hypertension and by treatment with an angiotensin-
converting enzyme (ACE) inhibitor. If an ACE inhibitor is used, 
it is important to monitor for hyperkalemia.

Neuropathy
Clinically signifi cant diabetic neuropathy is rare in children. Early 
signs include loss of ankle refl exes and decreased vibration sense 
or touch sensation to monofi lament in the great toe. Although 
cardiovascular testing may detect subtle autonomic abnormalities 
in some adolescents with diabetes, they tend to be transient and 
their clinical importance is unknown. Improvements in HbA1c 
decrease the risk of onset of neuropathy.

Macrovascular
Men and women whose diabetes commences in childhood are at 
high risk for macrovascular disease and women lose the protec-
tive effect of their gender. Although the absolute risk is low before 
age 30 years, macrovascular events are the most common 
cause of death in persons with type 1 diabetes. Individuals with 
renal complications have an especially high risk. Other predictors 
of macrovascular risk and/or progression include dyslipidemia, 
hypertension and smoking. Strategies to reduce lifetime risk of 
macrovascular disease in children with diabetes include 
avoiding tobacco, early and vigorous treatment of hypertension 
and dyslipidemia (Table 18.31) and intensive glycemic 
control.
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an annual dilated retinal examination should begin 3–5 years 
after diagnosis and when the child is aged 10 years or older [142]. 
Temporary rapid progression of retinopathy may occur when 
metabolic control improves drastically and, in these circum-
stances, retinal examinations should be performed more 
frequently.

After 5 years, screening of urine albumin and creatinine 
concentrations should be performed annually to detect micro-
albuminuria [142]. The preferred method is to measure the albu-
min : creatinine ratio in a random spot urine specimen. First-void 
collections in the morning avoid the confounding effect of 
increased albumin excretion induced by upright posture. Timed 
collections (24  h or overnight) are more accurate but less conve-
nient than spot samples. Standard assays for urinary protein are 
insuffi ciently sensitive and measurement should be performed by 
an assay that specifi cally detects microalbuminuria. Albumin 
excretion is transiently elevated by hyperglycemia, exercise and 
febrile illness. Because of marked day-to-day variability in 
albumin excretion, microalbuminuria should be confi rmed in at 
least two of three collections over a 3- to 6-month period to estab-
lish the diagnosis of diabetic nephropathy before instituting treat-
ment. Circulatory and neurologic complications of diabetes are 
seldom clinically signifi cant during childhood and adolescence.

Co-morbidities and complications of 
type 2 diabetes

Co-morbid conditions are prevalent in children with type 2 dia-
betes (Table 18.32) [143] and screening for them should begin at 
diagnosis. Several of these co-morbidities are attributable to 
insulin resistance rather than to hyperglycemia and may antedate 

Table 18.31 Principles of management of hypertension and dyslipidemia in 
youth with diabetes. After [78,144,145].

Hypertension
Measure blood pressure at each physical examination and compare to normative 

data for age, gender and height
Elevated values should be confi rmed with a second measurement
Exclude causes of hypertension unrelated to diabetes
High-normal blood pressure (systolic or diastolic blood pressure >90th 
percentile):
• Lifestyle intervention: eliminate excess dietary sodium, encourage physical 

exercise, weight reduction if appropriate
• Initiate pharmacologic treatment if target blood pressure is not reached within 

3–6 months of lifestyle intervention
Hypertension (systolic or diastolic blood pressure >95th percentile or consistently 
>130/80  mmHg):
• Pharmacologic treatment: ACE inhibitors are the agents of choice
• Titrate dose to achieve blood pressure consistently <130/80  mmHg or below 

the 90th percentile
• If target blood pressure is not achieved, consider adding second agent
• ACE inhibitors are contraindicated during pregnancy

Dyslipidemia
Screening:
• Fasting lipid profi le after glycemic control has been achieved
• Type 2 diabetes: Screen at diagnosis and every 2 years thereafter
• Type 1 diabetes:
  Age < 12: Screen only if family history of hypercholesterolemia, cardiovascular 

event prior to age 55 or family history is unknown
  Repeat screening every 5 years
  Age ≥ 12: Screen at diagnosis and every 2 years thereafter
Goals:
• LDL < 100  mg/dL
• HDL > 35  mg/dL
• Triglycerides < 150  mg/dL
Treatment if goals are not met:
• Initial therapy
  AHA step 2 diet (dietary cholesterol < 200  mg/day and saturated fat <7% of 

total calories)
  Maximize glycemic control and reduce weight if indicated
• Pharmacologic therapy:
  Statins ± bile acid sequestrants
  Recommended if LDL-cholesterol remains ≥160  mg/dL and age > 10
  Consider if LDL-cholesterol remains 130–159  mg/dL, especially if other 

cardiovascular risk factors are present
  Statins are potent teratogens
  Fibric acid derivatives if triglycerides > 1000  mg/dL

ACE, angiotensin-converting enzyme; AHA, American Heart Association; 
HDL, high density lipoprotein; LDL, low density lipoprotein;

Screening for long-term complications
Diabetic complications can usually be detected years before the 
patient has symptoms or organ function is impaired when inter-
vention to arrest, reverse or retard the disease process will have 
the greatest impact [141]. Diabetic retinopathy is rare before 
puberty or in patients who have had diabetes for less than 5 years: 

Table 18.32 Co-morbidities at diagnosis of youth with type 2 diabetes 
mellitus.

Characteristic Average prevalence*

Related to insulin resistance
Hypertension 33% (10–59)
PCOS 21% (18–23)
Dyslipidemia 23% (4–40)
NAFLD† 48%

Related to obesity
Sleep apnea  6%

Multifactorial
Known psychiatric illness 19%
Psychotropic medication 12%

NAFLD, non-alcoholic fatty liver disease; PCOS, polycystic ovarian syndrome.
*Mean of the averages reported by each study, with the range of reported 
averages shown in parentheses.
†NAFLD as evidenced by elevated alanine aminotransferase.
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the clinical onset of diabetes. Dyslipidemia and hypertension 
should be treated according to current guidelines (Table 18.29) 
[144,145].

Management of type 2 diabetes should include routine assess-
ment for hepatomegaly and measurement of serum aminotrans-
ferase concentrations [143]. Elevations of alanine aminotransferase 
(ALT) are common in children with type 2 diabetes, often because 
of non-alcoholic fatty liver disease (NAFLD) [146], which is char-
acterized by two- to fi vefold elevations above the upper limit of 
normal in ALT and aspartate aminotransferase (AST) concentra-
tions, with ALT greater than AST. NAFLD often has an indolent 
course but infl ammation can progress to chronic liver disease and 
cirrhosis. Elevated concentrations of AST and ALT typical of 
NAFLD can be managed conservatively by ruling out other 
common causes of hepatitis, promoting gradual weight loss, 
improving glycemic control and remeasuring ALT concentra-
tions. Mild elevations of ALT associated with NAFLD are not a 
contraindication to the use of metformin. Higher elevations of 
ALT or ALT unresponsive to conservative management should 
be referred to an appropriate specialist.

It is not uncommon for psychiatric disease to complicate type 
2 diabetes, although the underlying reasons for this association 
are incompletely understood and are probably multifactorial. 
Optimal treatment should include evaluation by a mental health 
specialist when psychiatric disease is suspected. Atypical antipsy-
chotic medications are associated with excess weight gain and 
insulin resistance and thus a child receiving an atypical antipsy-
chotic will occasionally present with type 2 diabetes The treating 
psychiatrist should consider discontinuing or switching the atypi-
cal antipsychotic but these agents are often required for their 
potent effect on the psychiatric disease.

The prevalence of microalbuminuria at diagnosis of type 2 
diabetes in young persons is 7–22% and 8–28% at 0–5 years of 
diabetes duration. After 5–10 years, macroalbuminuria occurs in 
7–17% of patients. From the time of diagnosis, the incidence 
curves for nephropathy are similar between child- and adult-
onset type 2 diabetes. Patients with type 2 diabetes are more likely 
to have microalbuminuria even with lower HbA1c concentra-
tions and shorter duration of diabetes than patients with type 1. 
The prevalence of retinopathy after 0–5 years duration of youth-
onset type 2 diabetes is 0–4%. For these reasons, in contrast to 
type 1 diabetes in children, screening for microvascular complica-
tions should commence shortly after diagnosis and be repeated 
annually. Among Pima Indians aged 25–50 years diagnosed with 
type 2 diabetes in youth, the age- and sex-adjusted mortality was 
three time higher as compared to their non-diabetic peers, with 
the excess mortality accounted for by nephropathy, infections 
and cardiovascular disease.

Transition from pediatric to adult care

Emerging adulthood (18–25 years) poses many challenges for 
the diabetic [147]. The transition from a pediatric to an adult 

service should be planned carefully at an age varying according 
to the maturity of the adolescent and the availability of appropri-
ate services for the young person in an adult clinic. It may be 
determined by hospital and clinic facilities and local 
regulations.

Young people value continuity of care by diabetes team 
members whom they trust [148] and, regardless of the age of 
transfer from the pediatric clinic, patients often have concerns 
about potential differences in style and approach to care. The 
change from the family-based pediatric clinic to the adult clinic 
can lead to anxiety and patients may become lost in the process 
and cease regular attendance at the specialized service [149]. This 
is likely to be associated with poor adherence to treatment, 
increased risk of acute and long-term complications and increased 
mortality. The British Diabetes Association Cohort Study found 
that mortality in the 20–29-year age group is increased threefold 
in men and sixfold in women compared to the general population 
[150]. Poor clinic attendance post-transfer has been observed 
particularly among individuals with high HbA1c values before 
transfer [149]. Several strategies have been devised to address this 
problem, including establishment of joint clinics staffed by pedi-
atric and adult physicians or young adult clinics staffed by adult 
physicians but run separately from the main adult clinic [149]. A 
major imperative is to ensure that the young adult patient con-
tinues to have regular follow-up.

The goal of transition is to provide developmentally 
appropriate health care services that continue uninterrupted as 
the individual moves from adolescence to adulthood [151]. 
To manage the transition process, the ISPAD Clinical Practice 
Consensus Guidelines offers the following recommendations 
[152]:
• Identify an adult service able and willing to provide for the 
needs of young adults with diabetes.
• Provide a joint adolescent or young adult clinic with members 
of both professional teams working together to facilitate the tran-
sition process.
• Establish a liaison (transition coordinator) between the pediat-
ric and adult services. This should be a specifi c person (e.g. a 
specialist nurse) able to move between services and facilitate the 
transition process by working with the patient and family to link 
them to clinical and educational resources.
• Commence discussion with the adolescent/young adult and 
parent well in advance to determine the best time for transfer 
based on the patient’s preference and readiness but also 
considering the availability of services and, in some countries, 
the dictates of hospital policies and health insurance 
requirements.
• Develop a clear transition plan in collaboration with the young 
adult and provide a comprehensive summary of the patient’s 
medical history.
• Ensure there is no signifi cant gap in care between leaving the 
pediatric service and entering the adult service.
• The diabetes service should have a mechanism to identify and 
locate young people who fail to attend follow-up.
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Conclusions

In 1993, the DCCT recommended that children and adolescents 
with diabetes should receive intensive therapy. Technological 
innovations since then have made it possible to achieve tighter 
blood glucose control with reduced risk of severe hypoglycemia. 
Increased use of more physiologic and fl exible insulin regimens 
together with frequent blood glucose monitoring, carbohydrate 
counting and patient empowerment has made it possible to 
ensure normal growth and development and to achieve concen-
trations of blood glucose control that were previously 
unattainable.

The benefi ts of sustained improvement in glycemic control 
should prevent or, at least, delay the appearance of the chronic 
complications of diabetes. Epidemiologic data provide evidence 
that this is the case [153] but the arduous and unceasing task of 
controlling blood glucose is diffi cult and frustrating and the risk 
of hypoglycemia is always present. The resources of a multidisci-
plinary health care team in collaboration with the child’s primary 
care physician are essential for the successful management of 
childhood diabetes but type 2 diabetes has emerged as a major 
new challenge.
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Hypoglycemia is a medical emergency which carries serious short 
and long-term consequences from incorrect management. It is 
unfortunate that the point of crisis is often the best time to make 
the diagnosis by taking the correct or “critical” blood and urine 
samples. Delay in management may precipitate complications 
but intervention without the diagnostic samples delays the diag-
nosis until either another similar event takes place or hypoglyce-
mia can be reproduced during a planned elective fasting study. 
The most practical course is to take samples at the fi rst opportu-
nity and institute treatment without delay.

In neonates in developed countries, the most common cause 
of hypoglycemia is related to diabetes-affected pregnancy, whereas 
it relates to intra-uterine growth retardation and lack of breast 
milk in developing countries. In children, the most common 
cause of hypoglycemia in developed countries relates to treatment 
of type 1 diabetes, whereas, in developing countries, it is likely to 
be associated with lack of nutrition or starvation due to exhausted 
liver glycogen stores. Even after excluding these causes, hypogly-
cemia is a common metabolic and endocrine abnormality in 
infancy and childhood and yet there has been controversy about 
its defi nition and management [1].

Hypoglycemia results in reduced supply of glucose to vital 
organs, particularly those without the ability for glycogen storage, 
such as the brain, which is almost entirely dependent on a con-
tinuous supply of glucose to maintain normal function and there-
fore most vulnerable to hypoglycemic events. Recurrent and 
persistent hypoglycemia can cause morbidity and sudden death 
due to damage to brain tissue deprived of glucose supply. The 
prevention of morbidity and mortality is central to management 
for which the key is making the correct diagnosis at the time of 
hypoglycemia.

The incidence of the causes of hypoglycemia varies with age 
but can be classifi ed into fi ve groups:

1 Excess insulin (or insulin-like factors) for the given 
circumstances;
2 Lack of one or more of the counter-regulatory hormones (par-
ticularly cortisol, growth hormone);
3 Disturbance of intermediate metabolism causing impairment 
of gluconeogenesis and/or glycogenolysis;
4 Disturbance of fat breakdown or ketone body formation or 
utilization; or
5 Lack of nutrient suffi cient for current energy demands.

Defi nition

Hypoglycemia with or without the associated symptoms and 
signs is defi ned by a blood glucose concentration <2.6  mmol/L 
(45  mg/dL) when impairment of cognitive function is observed 
[2]. Cognitive function is not impaired above this concentration 
in most adults and neonates but may be impaired in some. 
Glucose homeostatic mechanisms are designed to maintain blood 
glucose concentrations >2.6  mmol/L in order to allow continua-
tion of normal cognitive function.

If blood glucose concentrations are >2.6  mmol/L but below the 
lower limit of the normal laboratory range, the patient may expe-
rience symptoms that may resolve with glucose but it is diffi cult 
to make a confi dent diagnosis of the underlying cause until failure 
of glucose homeostasis has taken place. The diagnosis of hypo-
glycemia has previously been made using the criteria of Whipple’s 
triad (symptoms consistent with hypoglycemia, low blood glucose 
concentration and resolution of symptoms with correction of 
hypoglycemia) developed to assist in the diagnosis of insulinoma 
in adult patients [1]. In children, particularly the very young, it 
is not possible to consider symptoms as part of the diagnosis.

Using the biochemical defi nition of hypoglycemia, 20% of 
normal asymptomatic full-term infants have a low blood glucose 
concentration (<2.6  mmol/L) and concurrent high ketone con-
centrations in the fi rst 48  h of life [3]. It is assumed that if the 
period of hypoglycemia is short and alternative fuels are available, 
impairment of neuronal function is reversible. After the fi rst day 
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of life, hypoglycemia is uncommon and the duration of the period 
of hypoglycemia that would cause permanent damage is not 
known. It is presumed to depend on the degree and frequency of 
hypoglycemia and the concurrent circumstances, such as the 
availability of alternative fuels and the presence or absence of 
factors such as infection, trauma and hypoxia and the degree of 
resilience of the brain tissue to periodic loss of energy supply.

Measurement of glucose concentrations depends on many 
factors independent of the “true” glucose concentration. The 
point of access used for the sampling of blood, capillary, arterial 
or venous and the hematocrit lead to slight but signifi cant varia-
tions in the glucose concentration because of differing rates of 
consumption of the glucose by the tissues before sampling. 
Glucose concentrations vary slightly due to the preparation of the 
sample after it has been obtained and whether whole blood or 
plasma is used in the assay, particularly if the hematocrit is high. 
Finally, the glucose concentration recorded depends on the bio-
chemical method, such as point-of-care blood gas machine, 
central blood gas analyzer, biochemistry laboratory multiple bio-
chemical analyzer, hand-held glucometers or continuous glucose 
monitoring systems.

A false low blood glucose can result from continued glucose 
breakdown by red blood cells after the sample has been taken, 
particularly if the sample is left for more than 30  min before 
processing. When the sample is to be transported to a central 
laboratory, a fl uoride oxalate collection tube should always be 
used to block post-sampling glucose metabolism. It is therefore 
important to discuss the glucose results with the laboratory to 
confi rm the validity of the results to avoid unnecessary investiga-
tion and concern.

Clinical assessment

Despite the urgent requirement to treat hypoglycemia, an initial 
assessment of history, examination and the collection of critical 
blood and urine samples is vital. Treatment should proceed 
with oral or intravenous glucose. Hypoglycemia is often over-
looked because the history and signs may be vague and non-
specifi c, particularly in the neonate and infant. A high level of 
suspicion is required in a neonate presenting with apnoeic 
events, twitches or other subtle signs but many hypoglycemia 
infants are asymptomatic, which has led to routine screening in 
at-risk infants, such as infants of a diabetic mother, babies born 
with extreme intra-uterine growth retardation and babies with 
hypothermia.

Studies in adults have clearly defi ned the progressive deve-
lopment of symptoms and signs of hypoglycemia using 
hyperinsulinemic-induced hypoglycemia. As the blood glucose 
concentrations are artifi cially lowered, there is a classic progres-
sion from hunger and food-seeking to onset of sympathetic 
nervous system activation with the associated features of sweat-
ing, tremor and tachycardia. As the glucose concentrations fall 
further, impairment of cognitive function occurs with confusion, 

mental slowness, inappropriate behavior, loss of consciousness, 
generalized convulsions and death (Table 19.1).

The history should focus on the presence of repeated episodes 
of hypoglycemia, the timing of such events in relation to nutrient 
supply and the presence of predisposing and associated factors. 
The time from the last meal to the onset of hypoglycemia is 
important in determining the possible underlying causes. Early 
onset of hypoglycemia (within 2–3  h of the last meal) suggests 
increased utilization of glucose because of high insulin concen-
trations, e.g. congenital hyperinsulinism of infancy (CHI). Con-
ditions associated with onset of symptoms >4  h after the last meal 
are those that involve defects in glycogenolysis, gluconeogenesis, 
production of free fatty acids and ketone bodies or lack of 
counter-regulatory hormones. Rare conditions, such as mito-
chondrial disorders linked with intracellular energy deprivation, 
may present with symptoms of hypoglycemia with a normal 
plasma glucose concentration (pseudohypoglycemia).

Age of onset
Severe neonatal hypoglycemia suggests a congenital defect in 
insulin release, whereas hypoglycemia on day 1 and 2 of life 
managed with increased feeds would be typical of a baby born 
with defi ciency of counter-regulatory hormones such as cortisol 
or growth hormone. Presentation of the fi rst episode of hypogly-
cemia in infancy after weaning and prolongation of fasting to 8  h 
raises the possibility of defects in the gluconeogenic or fat metab-
olism pathways. Children presenting for the fi rst time with hypo-
glycemia in mid-childhood raise questions of common disorders, 
such as ingestion of alcohol, or extremely rare conditions, such 
as insulinomas or exercise-induced hypoglycemia.

Past history
A critical review may reveal missed events that suggest the dura-
tion of hypoglycemia may be more prolonged than fi rst thought. 
The child may often be sweaty, shaky, cold and clammy early in 
the morning and mood and general cognition improves after 
breakfast. The diagnosis of idiopathic epilepsy may need to be 
revised with the discovery of hypoglycemia.

Table 19.1 Symptoms and signs of hypoglycemia.

System Symptom

Adrenergic Sweating, trembling, tachycardia, anxiety, weakness, 
nausea, vomiting, hunger

Neuroglycopenic Headaches, visual disturbances, lethargy, irritability, 
confusion, affected speech, motor and sensory 
neurological signs, personality and behavioral changes, 
seizures, loss of consciousness, permanent neurological 
damage

Neonates/infants: cyanosis, apnea, hypothermia, “respiratory 
distress,” feeding diffi culties, jitteriness, irritability
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Pregnancy, birth and neonatal history
Premature infants have an increased frequency of hypoglycemia 
compared to term infants, as do babies born small for gestational 
age. Pregnancy affected by diabetes of any type, particularly if 
glucose control was suboptimal, leads to increased risk of neona-
tal hypoglycemia and of macrosomia, perhaps leading to a diffi -
cult or prolonged delivery. Babies born by a traumatic and/or 
diffi cult delivery associated with hypoxia are at risk of hypogly-
cemia. Polycythemia in the neonatal period is associated with 
hypoglycemia and often resolves with exchange transfusion. In 
the neonatal period, symptoms and signs of hypoglycemia are 
vague and non-specifi c, such as jitteriness, apnea, cyanosis, fl op-
piness and jaundice.

Family history
In some populations, there is an increase in the prevalence of 
inherited causes of hypoglycemia. Predisposing factors, such as 
adrenal dysfunction, can also be inherited and need to be 
noted.

Dietary and drug history
The relationship between hypoglycemia and timing of the last 
meal is important. Hypoglycemia may be triggered by certain 
types of food, such as high protein load, high fructose content, 
toxin of tropical fruit after consumption of unripe ackee fruit (as 
seen in Jamaican vomiting sickness) and high glycemic index 
foods, which may lead to rebound hypoglycemia. A number of 
drugs and chemicals (e.g. alcohol, aspirin, oral hypoglycemic 
agents, insulin injected, beta-blockers and quinine) may interrupt 
intermediate metabolism leading to episodes of hypoglycemia.

Examination
The initial examination should record height, weight, body mass 
index and, in the neonate, features suggesting macrosomia, small 
for gestational age and prematurity. Dysmorphic features may 
suggest inborn errors of metabolism, midline defects, such as cleft 
lip/palate, linking with hypopituitarism and organomegaly may 
be associated with Beckwith–Wiedemann syndrome. Other rele-
vant fi ndings are hyperventilation, suggesting metabolic acidosis 
linked with metabolic disorders, hyperpigmentation associated 
with adrenocorticotropic hormone (ACTH) excess and, in the 
neonate, ambiguous genitalia linked with cortisol defi ciency. 
Liver enlargement is a clue to some disorders of glycogen 
storage.

The child presenting late with hypoglycemia may demonstrate 
evidence of the deleterious effects of previous episodes of hypo-
glycemia, such as delayed development, behavioral disorders, 
hemiplegia or blindness.

Urgent investigations

Because 20% of healthy term infants have an abnormally low 
blood glucose in the fi rst 2 days of life as part of the normal switch 

from maternal nutrient supply, which corrects with no adverse 
consequences, most babies do not need blood sampling, assum-
ing that the plasma glucose concentration returns to and remains 
normal with feeding. When hypoglycemia occurs in a large for 
gestational age infant born to a mother with poorly controlled 
diabetes, the cause for the hypoglycemia is almost certainly tran-
sient hyperinsulinism. When the cause of hypoglycemia is 
obvious, the need for full investigation will depend on the age of 
the child, whether a diagnosis is certain, whether a diagnosis is 
required, the frequency, duration and intractability of the hypo-
glycemia and, most importantly, clinical judgment.

Despite these reservations it is appropriate to investigate almost 
all situations in which hypoglycemia occurs. The presence or 
absence of ketonuria and/or ketonemia is central to the system-
atic approach to assessment and management. Some investiga-
tions are indicated only if ketones are absent (Fig. 19.1) but 
hyperinsulinism can coexist with high ketones in the fi rst 2 days 
of life. In these circumstances, it is likely that the ketones are of 
maternal origin and have crossed the placenta during hyperketo-
sis of labor. Whether all blood and urine samples (Table 19.2) 
should be taken at the time of hypoglycemia or whether a staged 
approach should be taken is debatable. Given the vital nature of 
the investigations at the time of hypoglycemia, it is easier to take 
all samples and review the results to decide further analysis of 
stored samples. In elucidating a cause for hypoglycemia, the mea-
surement of hormones and metabolites during an episode of 
confi rmed hypoglycemia (the “critical sample”) is of enormous 
value. The information provided from the sample is often not 
able to be replicated during a formal fasting study because of the 
limited ability to reproduce hypoglycemia in controlled circum-
stances, particularly if the period of fasting is limited to 24  h. A 
72-h fast may produce a result but is diffi cult to conduct.

Pediatric laboratories should be able to provide all these tests 
on 1  mL blood collected into fl uoride oxalate (unless glucose is 
measured on a point of care blood gas analyzer), 1.5  mL blood 
collected into lithium heparin and 2.5  mL clotted blood, prefer-
ably collected into neonatal microcollection tubes to maximize 
the yield of plasma and serum. Samples should be forwarded to 
the laboratory immediately on ice. A 5-mL urine sample should 
also be collected from the fi rst urine passed after the event. If 
additional blood is available, samples for measurement of urea 
and electrolytes, liver function, C-peptide, ACTH and transferrin 
isoforms could also be sent to the laboratory. Of these tests, only 
C-peptide and ACTH need to be collected before giving glucose. 
Transferrin isoforms are not informative in the fi rst month of 
life.

A “hypoglycemic kit” may therefore be developed for neonatal 
and hospital emergency units. Obtaining the required blood 
volume is diffi cult at times of crisis and an order of priority in 
the samples so that maximum information can be obtained 
should be formulated. Extended newborn screening programs 
available in some countries should identify a number of patients 
likely to be affected by hypoglycemia soon after birth, e.g. 
medium-chain acyl coenzyme A dehydrogenase defi ciency 
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Hypoglycemia
BGL <2.6 mmol/L

Ketonemia/
ketonuria absent
Low free fatty acid
(FFA) concentrations 

Hereditary fructose
intolerance or
galactosemia  

Inappropriately
elevated insulin
concentration:
hyperinsulinism (HI)

Diazoxide
responsive

GLUD1, GK, SCHAD,
HNF4-α, INSR, CDG, 
exercise induced, 
Usher syndrome   

Insulinoma
(in older child)
MEN1 

Not diazoxide
responsive 

KATP channel HI
Factitious, rare 
causes, unknown
cause

Appropriately
suppressed insulin
concentration  

Fatty acid oxidation
defect or carnitine
deficiency  

Ketonemia/
ketonuria present
Elevated FFA
concentrations 

Normal  stress
response
concentrations of 
GH & cortisol    

Hepatomegaly

Glycogen storage
disease 

No hepatomegaly

Ketotic 
hypoglycemia

Low GH and /or 
low cortisol
concentrations  

Hypopituitarism or
adrenal failure 

Figure 19.1 Flow diagram presenting a guide to the interpretation of clinical and biochemical fi ndings in an infant or child with hypoglycemia.

Table 19.2 The critical samples that should be taken during hypoglycemia.

Assays required Assays desirable if suffi cient 
blood available

Glucose Urea & electrolytes
Insulin C-peptide
Growth hormone Ammonia
Cortisol ACTH
β-Hydroxybutyrate Lactate
Plasma acylcarnitine profi le Plasma amino acids
Urine ketones Free fatty acids
Urine metabolic screen incl. organic acids Transferrin isoforms

ACTH, adenocorticotropic hormone.

(MCAD). Despite the usefulness of these neonatal screening pro-
grams, false-negative results may occur, particularly because the 
fi rst episode of hypoglycemia may occur before the complete 
results of the screening program are available.

Management

The emergency treatment of hypoglycemia involves rapid clinical 
assessment and institution of standard resuscitation procedures. 
Intravenous access should be obtained and, providing the imme-
diate circumstances allow, the critical blood and urine samples 
should be taken. In some instances of hypoglycemia, there is 
impairment of brain function leading to apnea, unconsciousness, 
unprotected airway and generalized convulsions.

If the infant or child is conscious and cooperative, carbohy-
drate should be offered in an appropriate form such as milk or a 
glucose drink. The patient should respond with an increase in 
glucose over the next 5–10  min with decrease in associated symp-
toms. If the patient has impaired consciousness or is uncoopera-
tive, a glucose infusion can be administered with an initial bolus 
of 0.25  g/kg and an infusion of glucose 3–6  mg/kg/min varying 
according to weight. The dose of glucose should be adjusted to 
maintain blood glucose at >3.6  mmol/L (65  mg/dL).

When an intravenous glucose infusion is not possible, gluca-
gon can be given either by nasal spray (1.0  mg for children), 
subcutaneous injection (0.02–0.15  mg for conscious infants to 
adolescents and 0.30–1.0  mg for unconscious infants to adoles-
cents) or intramuscular injection (0.50–1.0  mg for unconscious 
infants to adolescents). In most cases the plasma glucose will 
respond within 15  min with an increase of 2.0–5.0  mmol/L. 
Vomiting is often a side effect of a large dose of glucagon which 
precludes further oral intake of carbohydrate so it is appropri-
ate to titrate the dose of glucagon unless the circumstances 
demand immediate restoration of normal glucose concentra-
tions. If the hypoglycemia recurs soon after initial attempts at 
resuscitation, a longer term strategy is required to maintain 
plasma glucose to prevent damage to the CNS which depends 
on the circumstances, the age of the child and the severity of 
the persisting hypoglycemia and, most importantly, the under-
lying diagnosis.

Newborn infants with persistent hypoglycemia may respond 
simply to feed supplementation until breast milk is available or 
to increased frequency of feeds or fortifi cation of feeds. Clear in-
structions are required as to the glucose concentration at which 
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intervention should be instituted and the frequency that glucose 
concentrations should be assessed.

At some stage a re-evaluation is required to determine whether 
the hypoglycemia is transient or persistent and whether the con-
dition is mild, moderate or severe. This evaluation will infl uence 
the next steps and repeated attempts should be made to deter-
mine the diagnosis and institute specifi c treatment.

Before discharging the patient from hospital, the family will 
need an emergency plan as to how long the child should be 
allowed to sleep, the feed frequency and what changes to this 
regimen should be made if the child is unwell. The clinician will 
need to decide on whether to teach the family how to monitor 
glucose concentrations at home and how they should be inter-
preted. In some conditions, ongoing feed supplementation is 
required to maintain glucose concentrations overnight. Corn 
starch can be used as a “slow release” form of glucose so that the 
child and the family can sleep through the night. This may not 
be effective in young infants because of low concentrations of 
pancreatic amylase and pancreatic enzyme supplements can be 
used in these circumstances. Specifi c diets may be needed to care 
for the children with protein sensitivity.

In some neonates, increased feeds and fortifi cation of feeds is 
insuffi cient to maintain plasma glucose concentrations in the 
normal range. The next step to consider is continuous glucose 
infusion. In some instances, this may be an obvious decision; in 
others, this may be decided by the fact that the infant cannot 
tolerate increased feed volume and osmotic load. The amount of 
glucose infused should be titrated to maintain plasma glucose 
concentrations within the normal range. The amount of glucose 
required to achieve this may help defi ne the diagnosis. Glucose 
requirements <10  mg/kg/min suggest the diagnosis is lack of 
substrate or failure of counter-regulatory hormones. A require-
ment >10  mg/kg/min points to increased glucose utilization 
driven by insulin. In these circumstances, venous access often 
becomes an issue because veins, particularly in neonates, cannot 
tolerate 10–15% glucose infusions and extravasation causes 
tissue damage. Long or central lines are required to deliver high 
concentration glucose solutions and, in this circumstance, clini-
cal judgment has to decide how long the condition is likely to 
last. If it appears transient (likely to resolve within 5 days), the 
high glucose requirement may be managed by a peripheral long 
line.

Alternative methods of maintaining plasma glucose over a 
short-term period of 5 days include the use of a glucagon infusion 
or hydrocortisone administered orally or intravenously. Gluca-
gon is infused at a starting dose of 1.0  μg/kg/h to normalize 
glucose concentrations while allowing reintroduction of oral 
feeding. The dose is titrated to maintain glucose concentrations 
while other supports are weaned. Hydrocortisone (10–30  mg/m2/
day) can be used to induce gluconeogenesis and insulin resis-
tance. In premature infants, there appears to be an underlying 
dysfunction of the adrenal cortex with impaired cortisol produc-
tion so that hydrocortisone may be a more appropriate therapy 
in this setting. Hydrocortisone may also be the fi rst-line treatment 

in situations when adrenal failure is likely as when the patient 
presents with hyperpigmentation.

If the hypoglycemia appears to be lasting more than 5 days, 
other therapies should be considered. If the diagnosis is likely to 
be hyperinsulinism, diazoxide 5.0–20  mg/kg/day should be con-
sidered; a thiazide diuretic should be added when the diazoxide 
dose is above 5  mg/kg/day. Oral diazoxide may be preferable to 
allow early discharge of the infant if plasma glucose concentra-
tions are stable and the patient can tolerate a limited period of 
fasting, i.e. 6  h. If diazoxide at a dose of 15  mg/kg/day does not 
easily control plasma glucose concentrations, additional therapy 
is required and the diagnosis would appear to be CHI. Such a 
child should be referred to a unit able to manage these extremely 
rare, vulnerable and diffi cult patients.

Interpretation of results

The interpretation of results must take into account the clinical 
circumstances, the sample preparation, preservation and trans-
portation, the sensitivity and limitations of the biochemical assays 
used, the pattern of results and the response of the patient to 
therapeutic intervention. The fi rst principle of data interpretation 
is whether hypoglycemia has been confi rmed by reliable labora-
tory methods.

Low plasma ketone and free fatty acid concentrations
Assuming the plasma glucose concentration is <2.6  mmol/L, the 
diagnosis can be approached by determining the presence or 
absence of ketones and the plasma free fatty acid concentrations. 
If both are undetectable or low, this suggests that they are sup-
pressed by an abnormality in insulin secretion or, more rarely, a 
defect in fatty acid metabolism. If insulin concentrations are 
detectable (>1.0–3.0  mU/L; see below for insulin assay interpreta-
tion), the diagnosis is likely to be inappropriate insulin release.

High plasma ketone and free fatty acid concentrations
If ketone and free fatty acid concentrations are high and insulin 
concentrations are low or undetectable, the likely diagnosis is 
either an abnormality in counter-regulatory hormone release or 
an abnormality in glucose release from stores. In the presence of 
hypoglycemia, the counter-regulatory hormones, particularly 
growth hormone (GH) and cortisol, should be elevated (GH 
>10  mU/L, cortisol >500  nmol/L, 18  μg/dL). If they are low (GH 
<10  mU/L and/or cortisol <500  nmol/L), the likely diagnosis 
is either hypopituitarism (both low) or adrenal failure (cortisol 
low and confi rmed by an signifi cant elevation of ACTH 
concentrations).

There is occasionally diffi culty in distinguishing excess insulin 
or lack of cortisol, particularly in the neonate in whom cortisol 
responses to insulin-induced hypoglycemia are sometimes much 
lower than seen in children or adults. This diffi culty usually 
occurs only in the mild or transient forms of hyperinsulinism 
because the insulin concentrations are unmistakably high in the 
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severe forms in the presence of profound hypoglycemia. The 
diagnosis in less severe situations is more likely to be mild tran-
sient hyperinsulinism if ketones and free fatty acids are absent.

When concentrations of ketones and free fatty acids are high, 
insulin suppressed and the counter-regulatory hormone responses 
high, the diagnosis is likely to be idiopathic ketotic hypoglycemia 
or, more rarely, an inborn error of metabolism. The former 
should be considered as the diagnosis of exclusion. If the child 
presents with recurrent episodes of what appears to be “ketotic 
hypoglycemia” after a minimal period of starvation, at an older 
than expected age or associated with signifi cant neurological 
impairment, the diagnosis of idiopathic ketotic hypoglycemia 
should be reviewed.

Sensitivity of insulin assays
The biochemical methods used in the analysis of insulin and the 
lower limit of the detection for insulin are important in the inter-
pretation of results. An insensitive insulin assay may not detect 
low but inappropriate insulin concentrations in hypoglycemic 
children, thereby masking a diagnosis of hyperinsulinism; con-
versely, an ultra-sensitive insulin assay may detect the presence 
of some residual insulin in patients with ketotic hypoglycemia 
when the presence of ketones suggests that functional insulin 
activity is suppressed. In general in the investigation of hypogly-
cemic children, the assay used should have a sensitivity of at least 
1  mU/L (6  pmol/L) and a lower limit of detection of 0.1  U/L 
(0.6  pmol/L). A profi le of results that includes free fatty acids, β-
hydroxybutyrate, proinsulin, C-peptide and insulin-like growth 
factor binding protein 1 (IGFBP-1) may be helpful rather than 
relying solely on the measurement of insulin, particularly if an 
insensitive insulin assay is used.

Furthermore, the issue needs to be addressed as to whether 
insulin secretion is as adequately suppressed as would normally 
be expected in the presence of hypoglycemia. Some laboratories 
report that the insulin concentration detected is within the range 
of “normal fasting insulin concentrations” but this range is based 
on insulin concentrations seen in normoglycemic subjects after 
an overnight fast. While such normal ranges are helpful in the 
context of diagnosing peripheral insulin resistance in hyperglyce-
mic or obese subjects, the comment is inappropriate for the inter-
pretation of results from samples taken from a hypoglycemic 
patient.

Further investigations

Fasting study
If the hypoglycemic event takes place and is treated before the 
critical blood samples can be taken, it is usually necessary to try 
to reproduce a hypoglycemic event in a controlled situation. 
There must be a 24-h laboratory service to process the samples 
and provide urgent results. The fast may be dangerous because it 
could trigger an emergency.

The child should be admitted to hospital and remain until fully 

recovered from the fast, having tolerated a substantial meal 
without vomiting and demonstrated normal post-prandial blood 
glucose concentrations. The duration of the fast should be deter-
mined by the age of the child, the normal duration of fasting for 
the child when at home (e.g. 2  h between frequent feeds or 12  h 
overnight from an early evening meal). Venous access should be 
established throughout the fast. The timing of the start of the fast 
is defi ned as the commencement of the last meal or feed. The 
child can drink water but should have no other intake until the 
fi nal blood samples are taken. Exercise is permitted.

The completion of the fast will be at a point agreed before the 
start of fasting either with the development of hypoglycemia or 
at the completion of the planned duration of fasting, whichever 
is the sooner. The critical blood and urine samples are taken fol-
lowing the confi rmation of the low blood glucose concentration 
by the biochemistry department, unless the child has impaired 
consciousness in which case intervention with oral or intravenous 
glucose should proceed as soon as the samples have been taken. 
The blood samples should be taken with a urine sample, even if 
no hypoglycemic event has taken place, because these results may 
give some clues to a diagnosis, even if the child is not hypoglyce-
mic. Interpretation of results of fasting tests is similar to those 
stated above for the critical blood and urine samples.

Glucagon stimulation
At the completion of the fast or during an episode of hypoglyce-
mia, a glucagon stimulation test can be performed. This is 
designed to determine the extent of glycogen available for release 
of glucose at this time. Glucagon 0.03  mg/kg is administered 
intravenously or intramuscularly and the change in glucose con-
centrations is monitored from before (0  min) and 10, 20 and 
30  min after the injection. A positive response, an increase in 
glucose concentrations of at least 1  mmol/L (18  mg/dL), suggests 
there has been a previous failure to increase glucose from glyco-
gen stores because of a failure of release of glucose due to 
hyperinsulinism.

Glucose tolerance
A standard glucose tolerance test (GTT) may help because it will 
clarify the lactate and insulin response to a glucose load. This is 
key in the investigation of possible glycogen synthase defi ciency 
[glycogen storage disease type 0 (GSD0)]. Success of the GTT 
requires the administration of the glucose in a timely (within 
5  min) and well-tolerated fashion. A glucose polymer preparation 
is often better tolerated than glucose and usually causes an appro-
priate rise in plasma glucose concentrations although this depends 
on the production of amylase to breakdown the polymer into 
glucose. The dose of glucose has been standardized to 1.75  g/kg 
to a maximum of 75  g. In the setting of hypoglycemia, the GTT 
is most useful in examining the lactate response to a glucose load. 
In subjects with GSD0, there is an exaggerated rise in lactate 
because of the diversion of glucose away from glycogen storage 
to the glycolytic pathway and release of lactate from the liver 
because of saturation of the Krebs cycle.
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GTTs have been used previously to investigate rebound hypo-
glycemia. Interpretation of results was made simpler when the 
adult dose of glucose administered was reduced from 100  g 
glucose to the current 75  g dose because the incidence of rebound 
hypoglycemia has been signifi cantly reduced. Rebound hypogly-
cemia is still seen in certain circumstances such as after gastric 
bypass surgery in the dumping syndrome. This is caused in part 
by the failure to suppress insulin secretion quickly enough after 
the clearance of glucose from the circulation and perhaps because 
of decreasing IGFBP-1 concentration increasing “free” IGF-I 
concentrations (and hence increased insulin-like activity) after 
glucose.

Protein load
A standard protein load after a period of fasting may induce 
hyperinsulinemic hypoglycemia in subjects affected by glutamate 
dehydrogenase defi ciency or protein sensitivity. Fourtner et al. 
[4] suggest a standard protocol of 1.0–1.5  g/kg protein given as 
an amino acid hydrolysate drink. It is important to avoid giving 
carbohydrate with the protein load because this can confound 
interpretation of the results. Plasma glucose, ammonia and 
insulin concentrations are measured at −15, 0, 15, 30, 45, 60, 90, 
120, 150 and 180  min or until the blood glucose falls to 
<2.6  mmol/L (45  mg/dL). When or if the patient is symptomatic, 
he/she should be fed and observed to ensure that the post-pran-
dial plasma glucose concentration returns to pretest concentra-
tions before the patient is discharged. The normal response is a 
minimal change in glucose concentrations. An abnormal response 
is recognized as a fall in glucose because of a rise in insulin 
concentrations induced by the protein or, more particularly, 
by leucine or glutamate. Glutamate dehydrogenase defi ciency 
induces similar changes in glucose and insulin to other cases of 
protein sensitivity but is also accompanied by a rise in plasma 
ammonia concentrations.

Genetic investigations
The genetic causes of some types of hypoglycemia have now been 
suffi ciently characterized to consider routine genetic analysis as 
part of the diagnostic work-up for glucokinase, glutamate dehy-
drogenase, ABCC8 (SUR), KCNJ11 (KIR) and MODY1 defects in 
insulin secretion, 21-hydroxylase in CAH, DAX-1 in congenital 
adrenal hypoplasia, the gene for AAA syndrome and the gene for 
aldolase B defi ciency in adrenal insuffi ciency. Analysis of the two 
genes involved in severe congenital hyperinsulinism, ABCC8 and 
KCNJ11, may be extended further by analysis of gene copy number. 
The value of a certain diagnosis from the genetic studies needs to 
be weighed against the cost and chances of a positive result.

Consequences of hypoglycemia

Immediate
The effects of hypoglycemia are initially to trigger the glucose 
homeostatic mechanisms. Thus, the early events encountered 

during an episode of hypoglycemia are those associated with 
increased adrenergic activity (Table 19.1). In some individuals 
who have experienced repeated episodes of hypoglycemia, the 
adrenergic response is blunted and these patients often do not 
encounter the classic symptoms of hypoglycemia. This is danger-
ous because one of the normal protective mechanisms has been 
lost. Neonates also appear to have impaired counter-regulatory 
responses and do not show signs of increased adrenergic activity. 
It is not clear whether this is a normal neonatal response, because 
of immaturity or accommodation to previous hypoglycemic 
events.

The brain requires a constant supply of high-energy nutrients 
either as glucose or ketones. If neither is available, the brain ceases 
to function and permanent damage ensues over a variable time 
course, the severity depending on the concentration of glucose, 
the rapidity of the fall in glucose and the energy demands of the 
particular part of the brain.

The features of immediate or short-term neurological impair-
ment are often seen in subjects with type 1 diabetes. These range 
from impaired consciousness to loss of consciousness and gener-
alized convulsions. Signs of focal neurological impairment, such 
as blurred vision, amblyopia, hemiparesis, paralysis and amnesia 
sometimes occur. Studies using positron emission tomography 
(PET) scanning and magnetic resonance spectroscopy 
(MRS) have demonstrated changes in the CNS during these epi-
sodes with high energy-requiring areas showing changes in 
metabolism.

After recovery of blood glucose into the normal range, neuro-
logical impairment recovers over a time period of minutes to 
hours, often associated with headache and amnesia. If episodes 
are frequent, periods of amnesia may be such that their memory 
loss renders patients unemployable. In adults, it appears that, 
despite the severity of these episodes, the subjects usually recover 
completely, although those with amnesia associated with hypo-
unawareness may recover only following islet cell transplantation. 
Thus, the neurological impairment seen in an adult appears not 
to be permanent. However, hypoglycemia can and does lead to 
death either from the consequences of an unprotected airway 
during a hypoglycemic event leading to aspiration and asphyxia 
or the complication “dead in bed” syndrome reported in young 
adults with type 1 diabetes.

Long-term outcome
Children under the age of 5 years appear to be much more sensi-
tive to the effects of hypoglycemia than adults. The reasons are 
not clear but may relate to the higher energy requirements and 
immaturity of the homeostatic mechanisms in the brain. In chil-
dren with type 1 diabetes undergoing repeated episodes of hypo-
glycemia, there are confl icting reports whether reduced IQ, 
impaired behavior and developmental delay occur more fre-
quently in those subjects. The younger the infant affected and the 
more profound the hypoglycemia, the more signifi cant are the 
effects so that the rates of severe neurological impairment remain 
as high as 20–50% of some form of permanent neurological 
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impairment in patients with CHI. The link between mild tran-
sient hypoglycemia in the neonatal period and later permanent 
neurological sequelae has been harder to establish mainly because 
of the heterogeneous nature of the population studied and the 
confounding events that occur in such infants. The effects of 
hypoglycemia obviously need to be separated from the effects of 
the underlying condition, such as seen in glycosylation defects.

Glucose is the major energy substrate for normal brain func-
tion [5]. The entry of glucose into the brain and brain glucose 
metabolism are not insulin-sensitive [6]. The maturation and 
density of the glucose transporter GLUT-1 (located at the blood–
brain barrier) and GLUT-3 (at the neuronal membrane) parallel 
the development of cerebral glucose utilization. Certain parts of 
the brain (e.g. the cortex) seem to be more susceptible to hypo-
glycemic damage than others (e.g. the cerebellum). There are 
regional differences in cerebral metabolic capacity [7]. PET has 
shown minute-to-minute regional changes in cerebral glucose 
consumption and blood fl ow during a variety of sensory and 
motor activities in humans. In newborn dogs, the brain can alter 
regional blood fl ow to ensure that brainstem structures continue 
to receive adequate glucose compared with other regions [8]. 
Similar increases in cerebral blood fl ow have been documented 
in human preterm infants during hypoglycemia [9].

During moderate acute hypoglycemia in adults, there are no 
changes in cerebral functional activity; cerebral glucose utiliza-
tion decreases and blood fl ow increases only when hypoglycemia 
is severe (<2  mmol/L) [10]. During chronic hypoglycemia, the 
brain adapts to the low circulating concentrations of glucose by 
increasing the number of glucose transporter sites and decreasing 
cerebral glucose utilization. Neuronal damage brought about by 
severe and prolonged hypoglycemia occurs mainly in the cerebral 
cortex, hippocampus and caudate putamen. Neurochemical 
changes include an arrest of protein synthesis, a shift of brain 
redox equilibria toward oxidation, loss of ion homeostasis and 
cellular calcium infl ux [11,12].

Ketones produced in the liver from the oxidation of fatty acids 
are exported to peripheral tissues as an alternative energy source 
during fasting. Ketones are particularly important for the brain, 
which has no other substantial non-glucose-derived energy 
source. Ketones can replace glucose as the predominant fuel for 
nervous tissue, thereby reducing the obligatory glucose require-
ment of the brain [13]. In healthy adults infused with β-
hydroxybutyrate during insulin-induced hypoglycemia, the 
threshold for the counter-regulatory hormonal response to hypo-
glycemia is lowered [14]. The uptake of ketones by the brain is 
proportional to the circulating concentration and uptake is higher 
in neonates than in adults. Adults show a gradual increase in 
plasma concentrations of free fatty acids, glycerol and ketones 
during starvation; in contrast to this, children demonstrate a 
more rapid rise suggesting that they convert to fat-based fuel 
more rapidly [15,16]. Oral supplementation of DL sodium β-
hydroxybutyrate may be a means of reducing the high rates of 
brain damage in susceptible children by providing an alternative 
energy supply to brain tissue [17,18].

Glucose homeostasis in the fed and fasted 
infant and child

In utero
The growing fetus is supplied with glucose at a steady rate to allow 
smooth growth and development. Excess glucose stimulates 
growth by an increase in insulin (the main fetal anabolic hormone) 
secretion from the fetus produced to maintain euglycemia. The 
fetus relying on maternal supplies is never without glucose and 
does not express the key enzymes in the gluconeogenic pathway. 
If nutrient supply is limited, growth is restricted and the baby is 
born small for gestational age (SGA). Babies born either large or 
small for gestational age are at risk of hypoglycemia, the former 
because of continued excess insulin secretion from islet hyperpla-
sia and the latter because of lack of available glycogen for break-
down during periods between feeds, although some SGA infants 
are also affected by excess insulin secretion.

At birth
With the cutting of the umbilical cord, the baby is separated from 
the continuous supply of nutrients and a crisis occurs with a fall 
of plasma glucose during the fi rst 4  h of life. This stimulates a 
counter-regulatory response with increases in plasma glucagon, 
catecholamines, GH and cortisol within minutes to hours of 
birth. These hormones induce glycogenolysis, lipolysis and pro-
teolysis and the induction of the gluconeogenic enzyme pathway 
and, as the milk supply is often delayed, the baby is dependent 
on these homeostatic mechanisms for some time. The transition 
to a fed–fasted cycle is accomplished with little consequence in 
the normal term infant but the transition is often compromised 
in the premature or SGA infant.

Adaptation to fasting
Babies adapt from continuous nutrient supply in utero to fed–
fasted cycle with induction of the glycogenolytic and gluconeo-
genic pathways and changes in the regulation of insulin secretion. 
It is not clear how the latter occurs but the role of SUR/KIR 
potassium channel in newborns must change with the introduc-
tion of the fed–fasted cycle. The primary role of glucose is as a 
major energy supply molecule. The maintenance of a normal 
blood glucose concentration is therefore crucial to energy supply 
to the body.

Plasma glucose concentration is tightly controlled by a balance 
between glucose production and utilization. The homeostatic 
mechanisms involve a complex interaction between plasma 
glucose, insulin and the counter-regulatory hormones. Insulin 
decreases glucose production and increases glucose utilization. 
Glucagon stimulates the controlled release of glucose from liver 
glycogen. Cortisol and GH have permissive roles in setting the 
sensitivity of the peripheral tissues to glucagon and insulin.

Circulating glucose is available from food ingestion and diges-
tion of carbohydrate, from the breakdown of glycogen (glycoge-
nolysis) and from de novo manufacture from amino acid or fat 
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(gluconeogenesis) from the liver and, to a small extent, the 
kidneys, the only two organs with glucose-6-phosphatase able to 
release glucose into the circulation.

Glucose supply
After the ingestion and digestion of carbohydrate, glucose is taken 
up from the intestine into the splanchnic circulation. In the 
absorptive phase, maintenance of normal glucose homeostasis is 
controlled by insulin secretion from the β cells stimulated in 
response to hyperglycemia and the stimuli from neurogenic and 
enteroinsular axes, glucose removal from the circulation by 
uptake to the tissues is stimulated by the combination of hyper-
glycemia and hyperinsulinemia and hepatic glucose production 
inhibited primarily by insulin [19]. Following the ingestion of a 
meal, plasma glucose concentration increases within 15  min, 
peaks at around 30–60  min and declines until absorption is com-
plete, usually about 4–5  h later, with plasma insulin concentra-
tions following a similar time course [20]. In the fasting or 
post-absorptive state, the fasting plasma glucose concentration is 
maintained within a narrow range, 3.6–5.8  mmol/L (65–105  mg/
dL). During the post-absorptive phase, breakdown of stored gly-
cogen to glucose (glycogenolysis) and de novo glucose production 
(gluconeogenesis) are required to maintain stable blood glucose 
concentrations.

Glycogenolysis occurs as a result of the actions of several 
enzymes: glycogen phosphorylase initiates glycogen breakdown 
by cleaving the 1,4 straight chain linkages in glycogen releasing 
glucose-1-phosphate, which is converted to glucose-6-phosphate 
by the enzyme phosphoglucomutase. The alpha 1,6 linkages at the 
branch points of the glycogen structure are broken by the deb-
rancher enzyme. The metabolism of glycogen is predominantly 
controlled by the activities of glycogen synthase and phosphory-
lase and insulin and glucagon are the major hormones controlling 
these enzymes.

Gluconeogenesis involves the synthesis of glucose from lactate 
and alanine via the Cori cycle and also from glutamine, glycerol 
and pyruvate. The fi rst step in gluconeogenesis involves the con-
version of pyruvate to oxaloacetate to phosphoenolpyruvate by 
pyruvate carboxylase and phosphoenolpyruvate carboxykinase. 
Pyruvate carboxylase is regulated by the mitochondrial acetyl 
CoA and ADP concentrations and is induced by alterations in 
plasma insulin, glucagon and cortisol concentrations during the 
postnatal starvation soon after birth. The next reaction in gluco-
neogenesis is catalyzed by fructose-1,6-bisphosphatase, which 
converts fructose-1,6-biphosphate to fructose-6-phosphate, the 
rate-limiting step for the process of gluconeogenesis [21]. Both 
glycogenolysis and gluconeogenesis result in the production of 
glucose-6-phosphate which is hydrolyzed by glucose-6-
phosphatase to glucose which is able to enter the extracellular 
space and the circulation.

In adults, the normal metabolic adaptation to fasting results 
from hormonal changes, principally decreased secretion of insulin 
and increased production of counter-regulatory hormones (Table 
19.3; Fig. 19.2). This process is similar in children but there is a 

more rapid decline in glucose concentration and a more rapid 
increase in ketone concentrations. As the period of fast lengthens, 
hepatic glucose output is reduced. Glucagon secretion with 
reduced insulin allows stored fats to be converted to glycerol and 
fatty acids and proteins to be converted to amino acids for glu-
coneogenesis. The liberated free fatty acids are bound to albumin 
and transported to the liver where they undergo beta oxidation 
in the mitochondria to yield ketones. Muscle and other tissues 
become progressively more dependent on free fatty acids and 
ketone bodies for their continued energy requirements as the 
period of the fast is prolonged.

Infants from 1 week to 1 year of age can usually tolerate 15–
18  h of fasting and this increases to 24  h between 1 and 5 years. 
Children develop hypoglycemia after 36  h, whereas adults can 
survive without food for a number of weeks. This is because of 
the glucose-sparing effect of ketones and free fatty acids, which 
allow the limited capacity of gluconeogenesis to provide glucose 
for glucose-dependent tissues (brain, red blood cells and renal 
tubules) and preserve muscle mass, which is the source of gluco-
neogenic substrate (amino acids) (Table 19.3).

Glucose utilization

The basal rate of glucose uptake is precisely equaled by an equiva-
lent rate of glucose output by the liver and kidney. The tissues 
responsible for the removal of glucose from the circulation 
include the liver, small intestine, brain, muscle and adipose tissue. 
The magnitude of glucose uptake by the insulin-dependent tissues 
is determined largely by the plasma insulin concentration. Glucose 
uptake by the insulin-independent tissues, such as the brain and 
splanchnic organs, is determined by the plasma glucose concen-
tration, the tissue requirement for glucose and availability of 
alternative substrates. This accounts for 80% of total body glucose 
utilization under fasting conditions, mainly by the brain (50% of 
the total) [22]. Muscle, an insulin-dependent tissue, is 

Table 19.3 Normal sequence of metabolic changes in fasting.

Metabolic process Metabolic effect

Glycogenolysis Acute provision of glucose from hepatic glycogen 
stores. In infants, this may provide only 4  h of 
glucose

Gluconeogenesis Muscle breakdown to provide substrates (e.g. alanine)
Ongoing glucose supply for glucose dependent tissues 

during prolonged fasting

Lipolysis
Fatty acid oxidation
Ketogenesis

Ketones are used as an alternative fuel allowing a 
reduction in glucose utilization particularly by the 
brain. Lipolysis also provides glycerol for 
gluconeogenesis. In infants, ketones usually appear 
after 12–18  h of fasting
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Figure 19.2 Schematic of the glucose metabolic pathway and points of hormone regulation. Adrenaline = epinephrine.

responsible for most of the remaining glucose utilization in the 
fasting state. As fasting progresses, tissue glucose utilization 
decreases while utilization of free fatty acids and ketone bodies 
increases.

Children have higher glucose production rates to meet 
increased metabolic demands than adults. Brain size is the prin-
cipal determinant of factors that regulate hepatic glucose output 
throughout life [23]. Glucose requirements change as the child 
grows because the relative weight of brain mass to body mass 
changes and fasting newborn and young children demonstrate a 
high glucose utilization rate per kilogram body weight relative to 
adults [24,25]. In younger children, the high glucose require-
ments of the brain and the relative weight of the brain to the body 
mean that the child will more rapidly consume the available 
glucose and develop hypoglycemia (Table 19.4).

The transport of glucose into tissues is by facilitated diffusion 
and depends on the specifi c glucose transporters, GLUT-1–5. 
GLUT-1 (insulin independent) is found in all cells and is respon-
sible for glucose transport across the blood–brain barrier. In 
human β cells, GLUT-1 is the major glucose transporter but 
GLUT-2 (insulin independent) is also present, being important 

Table 19.4 Typical glucose utilization rates brain [mg/kg (% of total)] and 
body [mg/kg (% of total)] at various ages together with total glucose utilization 
rates expressed as mg/kg/min.

Glucose utilization rates

Brain (mg/min) Body (mg/min) Total (mg/kg/min)

Neonate (3  kg) 16 (80%)   4 (20%) 6.3
Infant (10  kg) 36 (60%)  24 (40%) 6
Child (30  kg) 52 (40%)  78 (60%) 4.3
Adult (70  kg) 48 (30%) 112 (70%) 2.2

because of its low affi nity for glucose and therefore not easily 
saturated, even at high plasma glucose concentrations, so that the 
β cells can “sense” major increases in plasma glucose. GLUT-3 
(insulin independent) is distributed in the central nervous system 
and has the highest affi nity for glucose. GLUT-4 (insulin depen-
dent) is the glucose transporter in muscle and adipose tissue. 
GLUT-5 is primarily expressed in the jejunal brush border and is 
mainly a fructose transporter.
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The interaction of insulin and its cell surface receptor initiates 
a variety of biochemical functions as well as endocytosis of insulin 
and its degradation or transcellular transport. Insulin regulates 
the steady-state concentration of the insulin-dependent trans-
porters by promoting synthesis and mobilization of these trans-
porters to the cell membrane when the plasma glucose 
concentration increases. Uptake of glucose by cells leads to 
storage, oxidization or conversion to lactate. The fate of intracel-
lular glucose is determined by the relative concentrations of 
insulin and the counter-regulatory hormones and the general 
metabolic state. The breakdown of glucose by oxidation generates 
adenosine triphosphate (ATP) by glycolysis (conversion of 
glucose to pyruvate) and oxidative phosphorylation (Krebs cycle) 
by mitochondria (conversion of pyruvate to carbon dioxide and 
water) [22].

The pancreas

The pancreas is a combined exocrine and endocrine gland that is 
highly specialized in its ability to synthesize and secrete a wide 
variety of specifi c proteins. It weighs 70–140  g in adults and 
extends from the duodenum to the hilum of the spleen. In the 
fetus, exocrine cells and islets are derived from a common pool 
of precursor endodermal cells from the dorsal and ventral por-
tions of the embryonic midgut. The dorsal and ventral primordia 
fuse during development in the seventh week of gestation, with 
the ventral area forming the inferior and posterior parts of the 
head of the pancreas and the dorsal area forming the remainder 
of the head, body and tail of the pancreas [26]. The boundary 
between the head and body is marked by the axis of the aorta and 
superior mesenteric vessels. The pancreatic duct system drains 
the digestive enzymes produced by the acinar cells via ductules 
that join to form intralobular ducts and join interlobular ducts, 
fi nally draining into the main pancreatic duct into the 
duodenum.

The exocrine pancreas is composed of acinar and ductal cells. 
More than 80% of the gland consists of acinar cells and the duct 
system constitutes 2–4% of cells. The volume of the endocrine 
tissue, the islets of Langerhans, varies with age. Islets comprise 
20% of the pancreatic tissue in newborns, 7.5% in children (1.5–
11 years) and 1% in adults. There are four islet cell types: β, 
(insulin); α, (glucagon); δ (somatostatin); and PP (pancreatic 
polypeptide) [27]. There is a consistent pattern of organization 
within islets, with the δ, α or PP cells occurring as a discontinuous 
mantle 1–3 cells thick, around a central core of β cells [27]. There 
are distinct regional differences in the distribution of the islet 
hormone cells, with a PP-rich glucagon-poor region in the pos-
terior part of the head of the pancreas. The islets of the developing 
pancreas are generated from the pancreatic ductal epithelium by 
neogenesis and mature by a process that involves a balance of 
proliferation and apoptosis [28]. After partial removal of the 
pancreas, islands of islet tissue regenerate from stem cells that also 
appear to reside in the ductules.

Islet development

Endocrine cells can be detected in 9–10 week human embryos in 
the order of insulin, somatostatin, glucagon and PP cells [29]. 
Around 13 weeks’ gestation, formation of the islets of Langerhans 
commences with the appearance of duct-associated non-
vascularized buds that separate to form the mantle type of vascu-
larized islets characterized by a central mass of insulin-producing 
cells surrounded by several layers of non-β-cells. Between 21 and 
26 weeks’ gestation, non-β-cells appear in peripheral and central 
parts of the islets and the adult type of islets are formed. Islet 
formation continues during intra-uterine life and, by the neona-
tal period, both the fetal and adult types of islets are observed 
[26,30,31]. The adult islet consists of β cells (48–59% of the islet 
cell population), α cells (33–46%) and δ cells (8–12%) [32]. In 
the neonatal period and infancy, there is a markedly higher rela-
tive incidence (about 20 times) of δ cells (about 30%) in the 
pancreatic islets (in the non-PP-rich parts) than in those of the 
adult.

A large number of factors regulate islet development including 
differentiation factors [sonic hedgehog signaling protein, activin, 
follistatin, transforming growth factor a (TGF-α)], transcrip-
tional factors (PDX-1, Islet-1, Pax4, Pax6, Nkx2.2 and Nkx6.1, 
BETA2/NeuroD1, hepatocyte nuclear factors), growth factors 
(epidermal growth factors, hepatocyte growth factor, IGF-I, IGF-
II, regulatory gene protein, INGAP, PDGF, FGF, VEGF, NGF), 
hormones (insulin, GH, parathyroid hormone related protein, 
thyrotropin releasing hormone, gastrin) and cell adhesion mole-
cules (N-CAM and cadherins) [33]. This process has been studied 
most carefully in the mouse [34].

Regulation of insulin production and secretion

Insulin is the major peptide hormone synthesized by β cells of 
the pancreatic islets. A single copy of the insulin gene is located 
on the short arm of chromosome 11 in band p15. Insulin contains 
two separate polypeptide chains, the A chain containing 21 amino 
acid residues and the B chain containing 30 residues, which are 
linked to each other by a pair of disulfi de bonds. Insulin is fi rst 
synthesized as preproinsulin, which is processed into proinsulin 
in the rough endoplasmic reticulum and transported via a regu-
lated secretory pathway to storage granules, where it is cleaved to 
yield insulin and a 31-residue fragment called the C-peptide. A 
small amount of proinsulin (0.5–2%) escapes from this route and 
is released through a constitutive unregulated pathway.

Insulin and C-peptide are stored in the secretory granules, 
along with small amounts of residual proinsulin and partially 
cleaved intermediate forms. The biological function of the C-
peptide is uncertain but it is useful as a peripheral marker of 
insulin secretion because it is secreted in equimolar concentra-
tion with insulin and does not undergo the signifi cant hepatic 
extraction that insulin does [35–37].
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Glucose rapidly stimulates insulin biosynthesis through stimu-
lation of insulin messenger RNA (mRNA) translation. The rate 
of transcription of insulin mRNA is also upregulated by cyclic 
adenosine monophosphate (cAMP), partly through phosphory-
lation of PDX-1, the homeodomain protein that binds to regula-
tory elements of the insulin gene promotor. Insulin mRNA has a 
half-life of 30  h under normal conditions but hypoglycemia leads 
to rapid declines in insulin mRNA and hyperglycemia increases 
its half-life dramatically. Glucose also regulates the turnover of 
insulin stores within β cells.

Insulin and/or proinsulin release occurs predominantly 
through calcium-dependent exocytosis of preformed storage 
granules. There is also a small amount of “unregulated” or con-
stitutive release of insulin (1–2% of the total). Insulin secreta-
gogues may be divided into initiators and potentiators [38]. 
Initiators can stimulate insulin release on their own and include 
nutrients metabolized by the β cell. Glucose is the most important 
physiological substance regulating insulin release. Amino acids 
stimulate insulin release in the absence of glucose, with the essen-
tial amino acids, leucine, arginine and lysine, being the 
most potent secretagogues. The effects of the amino acids, while 
independent of glucose, are potentiated by glucose. The amino 
acid metabolites, phenylpyruvate, α-ketoisocaproate, α-keto-β-
methylvalerate and α-ketocaproate are also potent stimulators of 
insulin release, most potent in the absence of glucose. Various 
lipids and their metabolites appear to have minor effects on 
insulin release.

Potentiators of insulin secretion require the presence of a sub-
stimulatory concentration of an initiator. The “incretin effect” 
refers to the enhanced insulin response to oral glucose versus 
intravenous glucose. Following exposure to glucose post-
prandially, intestinal endocrine cells release a number of 
gastrointestinal hormones into the bloodstream, including 
glucose-dependent insulinotropic peptide (GIP), cholecystoki-
nin (CKK) and glucagon-like peptide (GLP-1). These act through 
second messengers in the β cells to increase their sensitivity to 
glucose and their effects are evident only in the presence of 
hyperglycemia. Vasoactive intestinal peptide (VIP), secretin and 
gastrin may also modify the post-prandial insulin response in a 
similar manner. Inhibitors of insulin release include somatosta-
tin and epinephrine [38].

Glucose causes a dose-dependent increase in insulin and C-
peptide concentrations after oral and intravenous glucose loads. 
The relationship of glucose concentration to the rate of insulin 
release is sigmoidal, with the steep portion of the dose–response 
curve corresponding to the range of glucose concentrations nor-
mally seen post-prandially. Insulin release is biphasic with an 
early rapid insulin peak (fi rst phase response) followed by a more 
gradual rise.

The fi rst phase insulin response may refl ect a compartment of 
readily releasable insulin within the β cell or may represent the 
transient rise and fall of a metabolic signal for insulin secretion. 
The second phase response is related directly to the elevation in 
glucose concentration (Fig. 19.2). Glucose enters the β cell via 

GLUT-1 and GLUT-2. It is metabolized by glucokinase and and 
increases the intracellular concentration of ATP, changing the 
ATP : ADP ratio, which triggers closure of the KATP channel by 
the glycolytic and oxidative phosphorylation pathways. The KATP 
channel consists of an octameric complex constituted by four 
SUR1 proteins which surround four Kir6.2 proteins, through 
which the potassium ions are conducted across the cell mem-
brane (Figs 19.3 & 19.4). The cessation of this effl ux by closure 
of the KATP channel results in depolarization of the β-cell mem-
brane, which leads to the infl ux of calcium through voltage-gated 
channels triggering insulin exocytosis [39,40]. The exocytosis of 
insulin involves an intricate pathway of the storage granule mem-
brane fusing with the cell membrane and extracellular release of 
the contents. A number of proteins are involved in this process, 
some of which are the SNARE proteins [41], which also interact 
with the SUR protein of the KATP channel. Defects in any part 
of this pathway may lead to disorders of insulin secretion predis-
posing to either hyperinsulinism or diabetes.

Drugs interact with the insulin secretory pathway: sulfonyl-
ureas interact with the KATP channel to enhance insulin release; 
diazoxide inhibits insulin release by a similar process. Quinine 
may also increase insulin release by an unknown process.

Basal release of insulin accounts for approximately 50% of 
insulin secreted by the pancreas in a 24-h period. The remainder 
is secreted in response to meals, with the maximum response after 
breakfast and diminished responses to afternoon and evening 
meals. Diurnal differences are also seen in responses to oral and 
intravenous GTTs.

Insulin is released in a pulsatile manner with rapid oscillations, 
occurring every 8–15  min, superimposed on slower oscillations 
occurring at a periodicity of 80–150  min. The oscillations are 
thought to refl ect the activity of an intrinsic pancreatic pacemaker 
likely to be modulated by neural factors. The rapid oscillations 
are of small amplitude in the systemic circulation but of greater 
amplitude in the portal circulation because of extraction of 
insulin by the liver. The slower oscillations are of much larger 
amplitude in the peripheral circulation, being present under basal 
conditions and amplifi ed post-prandially. The slower oscillations 
appear to be synchronous with pulses of similar period in glucose 
and may be the product of the insulin–glucose feedback 
mechanism.

Specifi c causes of hypoglycemia

In neonatal practice, hypoglycemia is common but its duration 
is usually short and can be classifi ed as transient when lasting up 
to 5 days (maximum 10 days). If hypoglycemia persists longer 
than 10 days, the most common cause is hyperinsulinism. The 
various diagnoses made in those in whom the hypoglycemia lasts 
>4  h, which is approximately 5 in 1000 deliveries, are shown in 
Table 19.5. The most common causes in childhood are due to 
excess insulin in a type 1 diabetic, ketotic hypoglycemia and 
Addison disease followed by many rare conditions.
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Table 19.5 Diagnoses associated with neonatal hypoglycemia in a tertiary level 
maternity unit. 

Diagnosis Number identifi ed with 
hypoglycemia lasting more than 
4  h over 5-year audit period

Cases (%)

Total 122 100
Infant of diabetic mother  32  26
Hypopituitarism   3   2.5
BWS   2   1.5
CHI   1   0.8
<30 weeks’ gestation  14  11
SGA  21  17
LGA (no GDM on testing)   5   4
Unknown cause  44  36

BWS, Beckwith–Wiedemann syndrome; CHI, congenital hyperinsulinism of 
infancy; GDM, gestational diabetes mellitus; LGA, large for gestational age; SGA, 
small for gestational age.
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Hyperinsulinism

Hyperinsulinism of infancy (HI), which covers a spectrum of 
conditions, is the most common cause of recurrent and severe 
hypoglycemia [42]. It is characterized by excessive and inappro-
priate secretion of insulin in relation to the prevailing blood 
glucose concentration and can be transient or persistent.

Transient hyperinsulinemic hypoglycemia
The transient form is associated with maternal diabetes mellitus, 
intra-uterine growth retardation, perinatal asphyxia, erythroblas-
tosis fetalis, Beckwith–Wiedemann syndrome, administration of 
some drugs (e.g. sulfonylureas) to the mother and after intrave-
nous maternal glucose infusions during labor. There appears to 
be an association between high lactate concentrations and severe 
transient neonatal hyperinsulinism in non-asphyxiated infants 
[43]. Iatrogenic hyperinsulinism may occur because of a malpo-
sitioned umbilical artery catheter [44], but in most cases the cause 
is unknown [45]. Despite this, a large number of infants require 
intensive monitoring during this period of potential hypoglyce-
mia and a number require diazoxide therapy to allow discharge 
from hospital with the therapy weaned within the fi rst few months 
of life. Some of these infants may have abnormalities in 
MODY1.

Maternal diabetes
Transient HI is seen most commonly in the infant born to a 
mother with poorly controlled diabetes. Excess glucose crosses 
the placenta by facilitated diffusion, which stimulates increased 
secretion of insulin in utero. The infant of a diabetic mother 
(IDM) is often macrosomic, which is attributed to the anabolic 
effects fetal hyperinsulinemia [46]. The organomegaly is selective 
in the liver and heart and length is increased in proportion to 
weight but brain size is not increased relative to gestational age 
so the head may appear disproportionately small. Congenital 
anomalies in IDM, which include anencephaly, meningomyelo-
cele, holoprosencephaly, sacral agenesis and the small left colon 
syndrome, occur two to four times more frequently than in the 
general population. The cause of diabetic embryopathy is not 
understood. There are a number of structural abnormalities of 
the heart but hypertrophic cardiomyopathy is transient.

The continued increased secretory capacity of the islets result-
ing from hyperplasia and hypertrophy developed in utero leads 
to transient asymptomatic hypoglycemia in the fi rst 1–4  h of life 
but some infants have more prolonged and severe hypoglycemia. 
All regain normal blood glucose control within the 10 days of 
birth.

Plasma glucose concentrations should be monitored 2–4 
hourly before feeds for 6–12  h after birth and more frequently if 
low concentrations are detected. Sick infants unable to tolerate 
enteral feeding or those who remain hypoglycemic despite full 
enteral feeds should receive an intravenous infusion of glucose at 
a rate of 4–6  mg/kg/min which should be withdrawn slowly to 

prevent reactive hypoglycemia for which a single injection of 
glucagon (0.03–0.1  mg/kg) may be appropriate.

Beckwith–Wiedemann syndrome
Beckwith–Wiedemann syndrome (BWS) is a congenital clinically 
and genetically heterogeneous overgrowth syndrome. Phenotypi-
cally, it is associated with pre- and postnatal overgrowth organo-
megaly, hemihypertrophy, omphalocele, ear lobe anomalies and 
renal tract abnormalities with increased risk of embryonal 
tumours (liver and kidney). Genetically, BWS is a multigenic 
disorder caused by dysregulation of imprinted growth regulatory 
genes within the 11p15 region [47]. At this location, genetic 
imprinting with loss of maternally expressed tumor and/or 
growth suppressor genes (p57KIP2 and H19) or duplications and 
uniparental disomy of paternally expressed growth promoter 
genes (IGFII) have been implicated in the pathogenesis of BWS. 
About 20% of patients with BWS have paternal uniparental 
disomy for 11p15 [48].

The incidence of hyperinsulinemic hypoglycemia in children 
with BWS is about 50% [49]. It can be transient or prolonged 
and is asymptomatic in the majority of infants, resolving within 
3 days of life. About 5% of infants with BWS have hyperinsulin-
emic hypoglycemia beyond the neonatal period requiring either 
continuous feeding or a partial pancreatectomy. Milder forms 
respond to diazoxide and somatostatin analogs [50].

Congenital hyperinsulinism of infancy
Congenital hyperinsulinism of infancy (CHI) is by far the most 
diffi cult cause to manage. It is associated with a high (14–44%) 
incidence of neurological handicap [51], which has not changed 
over the last 20 years. A number of genetic causes for CHI have 
been identifi ed (Table 19.6), although up to 50% of patients 
remain undiagnosed.

ABCC8 and KCNJ11 mutations
CHI associated with ABCC8 or KCNJ11 genes is the most severe 
form of HI. It has been assigned a variety of terms, including 
idiopathic hypoglycemia of infancy, neonatal insulinoma, micro-
adenomatosis, focal hyperplasia, nesidioblastosis and persistent 
hyperinsulinemic hypoglycemia of infancy (PHHI) [45]. Leucine-
sensitive hypoglycemia is caused by mutations in the GLUD1 
gene. Initially described as “idiopathic hypoglycemia of infancy” 
[52], CHI was later called “nesidioblastosis,” until it was shown 
that budding of islet cells from pancreatic ducts is a normal 
developmental phase of the pancreas in early infancy [53].

Mutations in ABCC8 or KCNJ11 cause defects in the inwardly 
rectifying potassium channel (KATP channel) situated in the β-
cell membrane. Reduced or absent function of the channel results 
in unregulated insulin release, even in the presence of low glucose 
concentration. Class I mutations result in failure of protein traf-
fi cking to the membrane, complete loss of channel function and 
severe disease. Class II mutations result in generation of non-
functional or partially functional channels which reach the plasma 
membrane and may retain some residual function resulting in 
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Table 19.6 Genes associated with congenital hyperinsulinism of infancy. OMIM numbers refer to Online Mendelian Inheritance in Man [113].

Causes of congenital hyperinsulinism Basis of disease Disease characteristics Age group Mode of inheritance

Mutation in ABCC8 encoding for SUR1 
(OMIM 256450, HHF1) chr 11p15.1

DIFFUSE
defect in β cell membrane 

KATP channel throughout 
the pancreas

Severe hypoglycemia, variable, 
usually poor response to 
diazoxide

Neonatal–infant Usually autosomal 
recessive, homozogous 
or compound 
heterozygous; rarely 
de novo mutation or 
autosomal dominant

FOCAL
Paternal inherited defect with 

maternal gene silenced 
leading focal area of islet 
clonal expansion

Sporadic

Loss-of-function mutation in KCNJ11 
encoding for Kir6.2 (OMIM 601820, 
HHF2), chr 11p15.1

Defect in β cell membrane 
KATP channel

Severe hypoglycemia, variable, 
usually poor response to 
diazoxide

Neonatal–infant Usually autosomal 
recessive, homozygous 
or compound 
heterozygous

Gain-of-function mutation in glucokinase 
(GK) gene encoding for the enzyme 
glucokinase (OMIM 602485, HHF3), chr 
7p15–p13

Defect in rate-limiting step of 
β cell glucose metabolism

Diazoxide responsive, variable 
severity

Variable age of onset 
from neonatal 
onwards

Autosomal dominant

Loss-of-function mutation in the HADHSC 
gene encoding short-chain 3-
hydroxylacyl-CoA dehydrogenase 
(SCHAD) (OMIM 609975, HHF4), chr 
4q22–q26

Defect in mitochondrial fatty 
acid oxidation

Diazoxide responsive Neonatal–infant Autosomal recessive

Mutation in INS encoding for the insulin 
receptor (OMIM 609968, HHF5) chr 
19p13.2

Reported from 3 years 
of age onwards

Autosomal dominant

Gain-of-function mutation in glutamate 
dehydrogenase (GLUD1) gene 
(hyperinsulinemic hyperammonemic 
hyperinsulinism, HI/HA) (OMIM 606762, 
HHF6) chr10q23.3

Loss of inhibition of 
glutamate dehydogenase 
by GTP (and ATP) and 
uninhibited protein 
(leucine) stimulated insulin 
release

Diazoxide responsive Infant Autosomal dominant or 
de novo

Congenital disorders of glycosylation (CDG) 
(genetically heterogeneous)

A range of disorders of 
glycosylation, basis of 
hypoglycemia not known

Diazoxide responsive Infant–toddler Autosomal recessive

Mutation in HNF4-α gene (OMIM 600281)
chr 20q12–13.1

Diazoxide responsive, 
hypoglycemia often mild or 
transient in infant 
progressing to diabetes in 
adolescence (MODY1), family 
history of diabetes

Infant Autosomal dominant

Usher syndrome type 1C (OMIM 276904) 
chr 11p15.1

Usher type 1C maps to the 
region containing the 
genes ABCC8 and KCNJ11

Severe hypoglycemia, diazoxide 
insensitive, sensorineural 
deafness, pigmentary 
retinopathy

Infant Autosomal recessive
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milder disease [54]. Some mutations result in channels which 
reach the membrane but are at a lower density than normal.

Inappropriately high concentrations of insulin cause hypogly-
cemia primarily as a result of increased glucose disposal and a 
decreased rate of endogenous glucose production. The incidence 
of CHI has been estimated at rates from 1 per 40 000 live births 
to as high as 1 in 2500 live births in communities with high levels 
of consanguinity [55,56]. The age at presentation varies from the 
newborn period or during the fi rst few months of life after birth 
in term and preterm neonates [57]. Many neonates strikingly 
resemble an IDM but do not have the same profi le as congenital 
abnormalities.

Biochemical and metabolic features
The characteristic metabolic and endocrine profi le at the time of 
hypoglycemia is a measurable insulin concentration in the pres-
ence of hypoglycemia with low ketones, β-hydroxybutyrate and 
fatty acids with high C-peptide plasma concentrations [45]. Intra-
venous infusion rates >10  mg/kg/min to maintain a blood glucose 
concentration >3.6  mmol/L (65  mg/dL) are also suggestive as are 
increased glucose concentrations after administration of gluca-
gon. Hypoglycemic neonates with HI fail to generate an adequate 
serum cortisol counter-regulatory hormonal response, which 
appears to be related to inappropriately low plasma ACTH [58].

Pharmacologic management
Glucose suffi cient to maintain blood glucose concentrations 
>3.6  mmol/L is required and infusion rates >4–6  mg/kg/min, 
even >20  mg/kg/min, may be necessary. Diazoxide and a thiazide 
diuretic should be given concurrently to decrease the tendency of 
diazoxide to cause fl uid retention and to capitalize on the fact 
that the drugs have synergistic effects in increasing blood glucose 
concentration [39]. A suitable starting dose of diazoxide is 5–
10  mg/kg/day in three 8-hourly aliquots, increasing to a maximum 
of 20  mg/kg/day. Toxic effects include cardiac or cardiopulmo-
nary failure, fl uid retention and electrolyte imbalance [59–61]. 
For a child who is unresponsive to diazoxide, some centers opt 
for management with a long-term combined continuous subcu-
taneous infusion of glucagon and/or octreotide and strategies 
such as day and continuous nocturnal gastrostomy feeding which 
may be supplemented with raw cornstarch [51].

Intravenous octreotide (a synthetic octapeptide that mimics 
somatostatin) may be effective in suppressing insulin secretion 
and controlling the hypoglycemia but care must be taken if the 
infusion is interrupted because this may result in a sudden fall in 
blood glucose concentrations [51]. Calcium channel blockers 
such as nifedipine, which suppresses insulin secretion down-
stream of the defect in the KATP channel, have been successful 
in the management of a small proportion of patients [62,63]. 
Glucagon given by continuous infusion (starting dose 1.0  μg/kg/
h) concurrently with octreotide may confer substantial benefi t 
[64].

Surgical resection of the pancreas is considered following the 
failure of medical therapy. Partial pancreatectomy is not a proce-

dure to be undertaken lightly. The operation most commonly 
performed is a 95% pancreatectomy but some children remain 
hypoglycemic and a further attempt can be made to control the 
procedure with diazoxide. In infants with diffuse HI, a total pan-
createctomy may be necessary to control hyperinsulinism, which 
may be exacerbated by regeneration of the pancreatic remnant 
[65]. CHI has been classifi ed into diffuse and focal disease (Plate 
19.1) and attempts to diagnose focal disease are important because 
surgical resection of the focal area is curative. Preoperative detec-
tion is desirable to avoid extending the time in surgery.

Diagnosis of diffuse and focal disease
Neither magnetic resonance imaging (MRI) nor computed 
tomography (CT) scan are able to detect focal lesions. Functional 
techniques to identify focal lesions include pancreatic venous 
sampling (PVS) with the withdrawal of multiple blood samples 
to identify local increases in insulin secretion, sometimes com-
bined with arterial calcium stimulation, have been used with 
some success but these techniques are invasive and not without 
risk. PET using fl uro-dopa with CT or MRI scan is a non-invasive 
accurate modality, which is able to detect most focal cases [66,67]. 
PET scanning is also able to detect ectopic focal lesions that would 
not be found at surgery [68]. Rapid-frozen sections can be used 
to identify areas of focal hyperplasia at surgery, which are 
resected.

Diffuse disease is usually caused by the presence of two muta-
tions in ABCC8 or (rarely) KCNJ11, and inherited in an autoso-
mal recessive fashion. Dominant mutations and de novo mutations 
have been reported. Diffuse disease is characterized by the pres-
ence of enlarged islet cell nuclei with abnormal architecture 
throughout the pancreas but “atypical” histology has been 
described with departures from normal in terms of islet and 
acinar architecture but no evidence of enlarged islet cell nuclei.

Focal disease is caused by a focal clonal expansion of β cells 
lacking the maternal 11p15.1 allele because of loss of maternal 
chromosome 11p material. When these cells have a paternal 
mutation in the ABCC8 gene, a clone of β cells unable to express 
the inwardly rectifying potassium channel KATP channel results. 
As the clone increases in size, unregulated insulin secretion causes 
hypoglycemia. Focal disease is characterized by expansion of the 
islet cells within the lobule such that >40% of the area is occupied 
by islet tissue, with the acinar elements being pushed to the 
periphery of the lobule. Focal disease has been termed focal 
hyperplasia or microadenomatosis.

The diffi culties of management of infants with CHI should not 
be underestimated and these patients should be managed in a 
tertiary facility with experience in the condition [45]. Insulin and 
glucose concentrations are extremely labile and the aim of early 
management is to protect the brain. Secure intravenous access is 
mandatory and, even with high rates of glucose infusion and 
pharmacological therapy, it may be diffi cult or impossible to 
maintain blood glucose concentrations >2.6  mmol/L. The aim 
should be to maintain concentrations >3.6  mmol/L to allow a 
margin of error. Infants may be asymptomatic in the presence of 
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low blood glucose but there is no evidence that absence of symp-
toms equates with neurological safety. Macrosomia can hamper 
venous access and a central line may be considered.

Feeding diffi culties, which occur in a substantial proportion of 
infants with CHI, compound the problem of maintaining blood 
glucose at a safe concentration. Determined food refusal, refl ux 
and poorly understood foregut dysmotility [69] make a regimen 
of frequent feeding diffi cult or impossible. Many centers use per-
cutaneous gastrostomy feeding to circumvent some of these 
issues. Oral raw cornstarch has been described as a useful adjunct 
to therapy [51,70]. A low protein diet, which avoids normal 
protein-stimulated insulin secretion, may aid management in 
infants with HI associated with KATP channelopathies. Intrave-
nous glucose may produce a more stable blood glucose profi le as 
oral feeds may promote hypoglycemia because they augment 
insulin secretion by stimulating the GIP and GLP-1 to enhance 
insulin secretion via the enteroinsular axis.

Long-term outcome
Most infants who have undergone pancreatectomy develop dia-
betes. Older age at surgery, greater extent of resection and previ-
ous pancreatectomy increase the risk of insulin dependence 
immediately following pancreatectomy [71,72]. Many infants, 
even those who undergo 95–98% resection, require a second or 
even third operation to control blood glucose and continuing 
medical therapy with diazoxide and/or octreotide may be 
required. Most pancreatectomized patients develop diabetes 
around puberty [72–74] but non-pancreatectomized infants with 
HI resulting from ABCC8 mutations have also been reported to 
develop impaired glucose tolerance and diabetes in childhood or 
young adulthood [75].

The proportion of infants who sustain neurologic impairment 
ranges from 10% to 44% [72,74,76,77]. Commonly reported 
problems include poor motor skills, seizures or epilepsy, speech 
problems, cerebral palsy, eye problems (notably strabismus) and 
learning diffi culties. Children with mild dysfunction may benefi t 
from early preschool intervention.

Hyperinsulinism/hyperammonemia syndrome
Abnormal activation of glutamate dehydrogenase leads to 
increased intracellular concentrations of ATP which trigger 
insulin secretion in the absence of any defect in membrane polar-
ization. Infants with hyperinsulinism/hyperammonemia syn-
drome (HI/HA) have an activating mutation in the gene encoding 
glutamate dehydrogenase, with a mild persistent hyperammone-
mia which does not have any clinical signs. Most mutations occur 
de novo but families with dominant modes of transmission have 
been reported. Fasting or post-prandial hypoglycemia resulting 
from inappropriate insulin concentration may occur because of 
the stimulatory effects of ingested protein. The hypoglycemia 
may be intermittent and milder than in infants with ABCC8 or 
KCNJ11 mutations, often leading to delay in recognition of signs 
and presentation at a few months of age. It responds well to 
diazoxide but lifelong therapy is usually required [78].

Activating glucokinase mutations
Abnormal activation of glucokinase increases intracellular con-
centration of ATP and activates insulin secretion. Glucokinase 
gene mutations have been reported in a small number of families 
and are transmitted in an autosomal dominant pattern resulting 
in gain of function, increased affi nity of glucokinase for glucose 
and inappropriate insulin secretion. The hypoglycemia is mild 
and of variable severity within families. It may be controlled with 
food or diazoxide if necessary [79,80].

HADH
This form of hyperinsulinism is caused by a mutation in the 
HADH gene encoding the enzyme short chain 3-hydroxyacyl-
CoA dehydrogenase (SCHAD) involved in mitochondrial fatty 
acid metabolism, which has reduced activity in affected patients. 
Mutations are inherited in an autosomal recessive mode. Disease 
varies from mild to severe forms. Patients present in the neonatal 
or infant period and the hypoglycemia is diazoxide-responsive 
[81,82]. The presence of 3-hydroxyglutaric acid in urine, 
raised plasma concentrations of 3-hydroxybutyryl-carnitine 
and diazoxide responsiveness may aid diagnostic evaluation 
[82].

Congenital disorders of glycosylation
Congenital disorders of glycosylation (CDG) comprises a large 
family of genetic diseases that result from defects in glycan 
metabolism, associated with a wide variety of different clinical 
presentations, such as hypoglycemia, neurological impairment, 
gastrointestinal problems, hypertrophic cardiomyopathy, sei-
zures, short stature and physical dysmorphisms. Over 27 types 
have been described but new types arise frequently and some have 
a characteristic physical or biochemical profi le [83–85]. Hyper-
insulinemic hypoglycemia has been reported as the presenting 
feature of CDG in the absence of other signs. Abnormal serum 
transferrin isoforms are a screening test for CDG but should be 
delayed until the infant is over 1 month of age because the test is 
unreliable before this. A positive transferrin test should be fol-
lowed by enzyme assay in cultured fi broblasts to confi rm the type 
of CDG, which will guide prognosis and clinical management. 
CDG associated HI is responsive to diazoxide. CDG type Ib 
caused by a defi ciency in phosphomannose isomerase is the only 
treatable type, being responsive to oral mannose supplementa-
tion [83,86–88].

Hepatocyte nuclear factor 4a
Mutations in the gene encoding hepatocyte nuclear factor 4α 
(HNF-4α) cause maturity onset diabetes of the young type 1 
(MODY1). Infants with these mutations may present with severe 
hypoglycemia and macrosomia. The mode of inheritance is auto-
somal dominant. The hypoglycemia may be transient or persis-
tent and is responsive to diazoxide. The natural history of the 
disease is hyperinsulinemic hypoglycemia in infancy, progressing 
to impaired insulin secretion and diabetes in adolescence or 
young adulthood. Thus, infants who present with macrosomia 
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and HI and a family history of young onset diabetes should be 
screened for HNF-4 mutations [86–89].

Rare causes of hypoglycemia caused by excess insulin 
or insulin-like activity
Usher syndrome caused by mutations in the gene region contin-
guous with ABCC8 and KCNJ11 results in infants presenting with 
sensorineural deafness and retinopathy [90,91]. Mutations in the 
INSR gene encoding for insulin have been associated with HI but 
reported only in adults [92]. Exercise-induced hypoglycemia 
associated with abnormalities of the monocarboxylate pathway 
have also only been reported in adults [93–95]. HI can be caused 
by surreptitious administration of sulfonylurea drugs causing a 
rise in endogenous insulin secretion together with high concen-
trations of C-peptide or insulin injection, which will be associated 
with inappropriately low concentrations of C-peptide.

HI presenting for the fi rst time in children over 5 years of age 
may be because of an insulinoma which is likely to be associated 
with the overall diagnosis of multiple endocrine neoplasia type 1 
(MEN1). Genetic studies of the MEN1 gene (OMIM 131100) 
should be performed in child and family. Non-islet cell tumor 
hypoglycemia, caused by abnormal insulin-like activity due to the 
production of prepro-IGF-II by the tumour that does not bind 
to the IGF binding proteins and hence is “free” acting via the IGF 
receptor rather than the insulin receptor, is another rare syn-
drome presenting with persistent hypoglycemia, low ketone, free 
fatty acid and insulin concentrations [96]. Hirata disease, a rare 
syndrome seen in Japan, where it is the third most common cause 
of hypoglycemia in adults, is brought about by the presence of 
high concentrations of insulin autoantibodies which possibly 
sequester insulin for later release during fasting. This syndrome 
is also associated with persistent hypoglycemia with high insulin 
antibody titres and low concentrations of ketones, free fatty acids 
and insulin. There is an human leukocyte antigen (HLA) linkage 
in this condition [97].

Failure of counter-regulatory hormones

Defi ciency of the counter-regulatory hormones can cause hypo-
glycemia. Defi ciency of glucagon or epinephrine, the two hor-
mones important for the immediate restoration of the blood 
glucose concentration, is rare. More common is hypoglycemia 
brought about by GH and/or cortisol defi ciency. The hypoglyce-
mia results from a combination of factors that include reduced 
gluconeogenic substrate availability (decreased mobilization of 
fats and proteins) and increased glucose utilization because of 
increased insulin sensitivity of tissues in the absence of GH and 
cortisol. The threshold for the release of GH and cortisol in adults 
lies within or just below the physiological blood glucose concen-
tration [98], implying that GH and cortisol start to rise in response 
to blood glucose concentrations within the normoglycemic range 
and that these increases are probably inversely proportional to 
the nadir in blood glucose [99]. GH and cortisol respond differ-

ently to spontaneous hypoglycemia compared with that induced 
by insulin infusion (insulin tolerance test) [100]. This may be 
related to the rate of fall of the blood glucose concentration, 
which is why a low GH value at the time of spontaneous hypo-
glycemia may not necessarily indicate GH defi ciency.

Pituitary disorders
Growth hormone and cortisol defi ciencies are seen in combination 
in congenital or acquired disorders of pituitary function. Congeni-
tal hypopituitarism may present with life-threatening hypoglyce-
mia, abnormal serum sodium concentrations, shock, microphallus 
and growth failure later. The incidence of hypoglycemia from 
panhypopituitarism can be as high as 20% and hypoglycemia 
associated with hypopituitarism may be a cause of sudden death 
[101]. Standard replacement doses of hydrocortisone and GH 
prevent further hypoglycemia, although the dose of hydrocorti-
sone will need to be increased during stress. The causes of congeni-
tal hypopituitarism are shown in Table 19.7 together with the 
possible genetic associations. Acquired hypopituitarism may result 
from tumors (most commonly craniopharyngioma), radiation, 
infection, hydrocephalus, vascular anomalies and trauma.

Adrenal disorders
Adrenal disorders should be considered where the patient 
describes a recent increase in pigmentation and are confi rmed by 
the presence of low cortisol concentrations with a signifi cantly 
increased ACTH concentration. Hyperinsulinemic infants may 
mount a suboptimal cortisol response to hypoglycemia, which 
can cause diffi culty in interpretation; a short synacthen test with 
basal ACTH concentration can be useful in these circumstances. 
Adrenal disorders can be classifi ed into adrenal dysgenesis, 
impaired steroidogenesis and adrenal destruction (Fig. 19.5; 
Table 19.8) [102].

Adrenal dysgenesis or hypoplasia
The clinical forms of adrenal dysgenesis or hypoplasia causing 
adrenal insuffi ciency include a sporadic form associated with 
pituitary hypoplasia, an autosomal recessive form, an X-linked 
form and a number of forms caused by ACTH resistance. These 
disorders are likely to present in the fi rst few months of life. 
Defi ciency of steroidogenic factor-1 (SF-1) (OMIM 184757) on 
chromosome 9q 33 can lead to adrenal failure with complete XY 
sex reversal due to testicular dysgenesis. In females, the ovaries 
may be spared. Congenital X-linked adrenal hypoplasia (OMIM 
300200) is caused by mutations in the dosage-sensitive sex rever-
sal-adrenal hypoplasia gene 1 (DAX-1) (OMIM 300473) which 
can present in males in the fi rst few months of life as the fetal 
adrenal cortex atrophies. The gene on Xp21.3 encodes a nuclear 
hormone receptor and expression of DAX-1 is important for 
development of gonads, adrenal cortex, hypothalamus and pitu-
itary. The condition is associated with hypogonadotrophic hypo-
gonadism. Loss of this gene maybe part of a contiguous gene 
syndrome with DAX-1, glycerol kinase defi ciency and occasion-
ally Duchenne muscular dystrophy. Familial glucocorticoid 
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Impaired steroidogenesis
Congenital adrenal hyperplasia (CAH) caused by 21-hydroxylase 
defi ciency (OMIM 201901) is one of the most common autoso-
mal recessive disorders in humans. 21-Hydroxylase is encoded by 
CYP21 and the estimated carrier frequency of deleterious CYP21 
mutations is 1 in 50. The CAH phenotype refl ects the degree of 
21-hydroxylase enzyme defi ciency. Complete enzyme defi ciency, 
with impairment of both cortisol and aldosterone synthesis, 
results in the salt-wasting form characterized by prenatal viriliza-
tion in females and salt-wasting crises in the neonatal period. 
Partial enzyme defi ciency leads to simple virilizing CAH charac-
terized only by prenatal virilization in females and pseudo-
precocious puberty in males and females. The incidence of CAH 
is 1 in 15 000 live births. The fi rst clue to the condition in a male 
infant may be collapse in the fi rst 1–8 weeks of life with hypogly-
cemia, hypotension and hyperkalemia. Other causes of impaired 
steroidogenesis are much less common.

Adrenal destruction
Secondary adrenal failure is of autoimmune origin in approxi-
mately 50% of cases and can be associated with failure of other 
endocrine organs in the polyglandular syndromes. Adrenoleuko-
dystrophy (OMIM 300100) can be confi rmed in males by mea-
surement of plasma long-chain fatty acids. Adrenal destruction 
from hemorrhage or ischemia can occur in the context of a severe 
systemic illness, such as neonatal hypoxia or meningococcal sep-
ticemia (Table 19.9).

Table 19.7 Causes of congential hypopituitarism.

Disorder Presentation Genetic association

Septo-optic dysplasia Optic nerve hypoplasia
Anterior pituitary hormone defi ciency
Diabetes insipidus

HESX1 (OMIM 182230)

Midline syndromes Optic nerve hypoplasia
Anterior pituitary hormone defi ciency
Diabetes insipidus
Major CNS disruption and/or cervical spine defects

LHX3 (OMIM 600577) and LHX4 (OMIM 602146)

Anterior pituitary dysfunction Defi ciency of GH, TSH, prolactin Pit-1 (OMIM 173110)

Anterior pituitary dysfunction Defi ciency of GH, TSH, prolactin and ACTH PROP-I (OMIM 601538)

Anterior pituitary dysfunction Defi ciency of GH, TSH, prolactin, LH, FSH and ACTH Unknown

ACTH, adenocorticotropic hormone; FSH, follicle stimulating hormone; GH, growth hormone; LH, luteinizing hormone; TSH, thyrotropin stimulating hormone.
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Figure 19.5 Schematic representation of the three main causes of adrenal 
insuffi ciency in childhood. ACTHR, adrenocorticotropic hormone resistance; 
ALD, adrenoleukodystropy; CAH, congenital adrenal hyperplasia.

Table 19.8 Presentation with adrenal insuffi ciency according to underlying 
diagnosis over 15 years [excluding congenital adrenal hypoplasia (CAH)] [102].

Total Male Female

Diagnosis 29 16 13
Autoimmune 16 (55%)  6 (38%) 10 (77%)
Congenital hypoplasia  6 (21%)  6 (38%)
AAA syndrome  4 (14%)  1 (6%)  3 (23%)
ALD  3 (10%)  3 (19%)

Table 19.9 Types of autoimmune polyglandular syndromes (APS) associated 
with adrenal insuffi ciency.

APS-1 (OMIM 240300) APS-2 (OMIM 269200)

Mucocutaneous candidiasis Autoimmune thyroid disease
Hypoparathyroidism Type 1 diabetes
Adrenal insuffi ciency Adrenal insuffi ciency

defi ciency (FGD) is a rare autosomal recessive syndrome charac-
terized by a failure of cortisol production because of adrenal 
ACTH resistance (OMIM 607397). AAA syndrome (OMIM 
231550) occurs in males and females and should be considered 
when glucocorticoid defi ciency occurs with other features includ-
ing achalasia, alacrima and autonomic neuropathy in association 
with hyperpigmentation.
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Metabolic causes of hypoglycemia

Defects in hepatic glycogen release/storage
Glucose is stored as glycogen mainly in the liver but also in the 
muscle and kidneys. Defects in the storage or release of hepatic 
glycogen can cause hypoglycemia (Table 19.10). Glucose-6-
phosphatase defi ciency [glycogen storage disease type 1, von 
Gierke disease (OMIM 232200)] is the most common glycogen 
storage disease. Glycogen is broken down to glucose-6-phosphate 
and the defi ciency of glucose-6-phosphatase results in the inabil-
ity to release free glucose from the glucose-6-phosphate, with 
resultant hepatomegaly due to stored glycogen. Glucose-6-
phosphate is also the penultimate product of gluconeogenesis 

which is also blocked resulting in lactic acidosis, hyperuricemia 
and hyperlipidemia. Blockage of both these pathways of glucose 
homeostasis results in recurrent hypoglycemia The aim of treat-
ment is to prevent hypoglycemia using a combination of continu-
ous nasogastric drip feeding and cornstarch.

The two other glycogen storage diseases causing hypoglycemia 
result from defi ciencies of the enzymes amylo-1,6-glucosidase 
[glycogen storage disease type III, GSDIII (OMIM 232400)] and 
liver phosphorylase [glycogen storage disease VI (OMIM 232700)]. 
The clinical and biochemical features of GSDIII subjects are quite 
heterogeneous: the clinical manifestations are hepatomegaly, 
hypoglycemia, hyperlipidemia, short stature and, in a number of 
subjects, cardiomyopathy and myopathy. Glycogen storage disease 
type VI (GSDVI) presents with mild clinical manifestations and 

Table 19.10 Metabolic causes of recurrent hypoglycemia.

Defect Diagnostic clues

Defects in hepatic glycogen release/storage
Glucose-6-phosphatase defi ciency
Amylo-1,6-glucosidase defi ciency
Liver phosphorylase defi ciency
Liver phosphorylase kinase defi ciency

Fasting hypoglycemia with hepatomegaly. Fasting lactic acidosis as well in glucose-6-phosphatase 
defi ciency

Hepatic glycogen synthase defi ciency Fasting hypoglycemia with post-prandial hyperglycemia and lactic acidosis

Defects in gluconeogenesis
Glucose-6-phosphatase defi ciency
Fructose-1,6-bisphosphatase defi ciency

Fasting hypoglycemia with lactic acidosis. Lactic acidosis may be the presenting problem in the early 
blocks

Phosphoenolpyruvate carboxykinase (PEPCK) defi ciency
Pyruvate carboxylase defi ciency

Defects of fatty acid oxidation and camitine metabolism
Very-long-chain acyl CoA dehydrogenase (VLCAD) defi ciency
Medium-chain acyl CoA dehydrogenase (MCAD) defi ciency
Short-chain acyl CoA dehydrogenase (SCAD) defi ciency
Long-/short-chain L 3 hydroxy acyI CoA (L/SCHAD) defi ciency
Carnitine defi ciency (primary and secondary)
Carnitine palmitoyltransferase defi ciency (CPT 1 and 2)

Fasting hypoglycemia with characteristic abnormalities in plasma acylcarnitine profi les and often in 
urine organic acid profi les. Total and free plasma carnitine are low in carnitine defi ciency

Defects in ketone body synthesis/utilization
Mitochondrial HMG CoA synthase defi ciency
HMG CoA lyase defi ciency

Hypoketotic hypoglycemia with elevated plasma free fatty acids and characteristic abnormalities in 
urine organic acid profi les

Succinyl CoA:3 oxoacid CoA transferase (SCOT) defi ciency Intermittent ketoacidotic crises with persistent ketonemia

Metabolic conditions (relatively common ones)
Organic acidemias (propionic/methylmaIonic)
Maple syrup urine disease
Tyrosinemia

Characteristic abnormalities in plasma amino acid and/or acylcarnitine profi les and urine organic acid 
profi les

Glutaric aciduria type 2
Galactosemia Positive neonatal screen if performed. Galactose present in urine sugar chromatography, absent RBC 

galactose-1-phosphate uridylyltransferase activity
Hereditary fructose intolerance History of proximate sucrose intake or aversion, fructose present in urine sugar chromatography

RBC, red blood cell.
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follows a benign course. Patients have prominent hepatomegaly, 
growth retardation and variable but mild episodes of fasting 
hypoglycemia and hyperketosis during childhood. High plasma 
concentrations of lactate and uric acid are characteristically 
absent. These clinical features and biochemical abnormalities 
generally resolve by puberty.

Defi ciency of liver phosporylase kinase [GSDIXa (OMIM 
306000)], which is required to activate liver phosphorylase, results 
in variable hypoglycemia with hepatomegaly, growth retardation, 
mildly elevated transaminases, hyperlipidemia and fasting ketosis. 
Symptoms become milder with age. The condition is inherited in 
X-linked manner.

Glycogen synthase (OMIM 240600) has an important role in 
the storage of glycogen in the liver and defi ciency of it is a rare 
cause of hypoglycemia in childhood [103]. The characteristic 
features include fasting hypoglycemia with high ketone concen-
trations but with normal plasma lactate concentration. Muta-
tions in the hepatic isomer of glycogen synthase (GYS2 – encoded 
on 12p12.2) result in an inability to form α-1,4-linkages 
between glucose molecules to form glycogen. A lack of glycogen 
stores results in fasting hypoglycemia. Post-prandial hyperglyce-
mia occurs following a carbohydrate-rich meal and shunting of 
glucose into the glycolytic pathways results in elevated lactate 
and triglyceride concentrations. Affected individuals are asymp-
tomatic during the neonatal and early infancy periods but have 
diffi culties weaning from overnight feeds with fasting ketotic 
hypoglycemia or irritability occurring before breakfast. There is 
a paucity of symptoms even at blood glucose concentrations of 
1.6–2.4  mmol/L (30–45  mg/dL) because of the availability of 
alternative fuels. Fasting is better tolerated with increasing age 
but this is not a universal feature. Overnight fasting is achieved 
at around 7 years of age. Hypoglycemia remains a problem in 
adulthood in the setting of increased metabolic requirements. 
Mutation analysis is available but diagnoses made on liver 
biopsy have been made in the absence of an identifi able 
mutation.

Defects in gluconeogenesis
Gluconeogenesis, the formation of glucose from lactate/pyruvate, 
glycerol, glutamine and alanine, has an essential role in the main-
tenance of normoglycemia during fasting. Gluconeogenesis can 
be viewed as a reversal of glycolysis but four of the reactions in 
the glycolytic pathway are irreversible and different enzymes 
perform the reverse reaction in gluconeogenesis. Inborn defi cien-
cies of each of the four unique enzymes of the gluconeogenic 
pathway that insure a unidirectional fl ux from pyruvate to glucose 
[pyruvate carboxylase (OMIM 608786), phosphoenolpyruvate 
carboxykinase (PEPCK) (OMIM 261650), fructose-1,6-
bisphosphatase (OMIM 229700) and glucose-6-phosphatase] are 
known [104]. Patients with defects in gluconeogenesis present 
with fasting hypoglycemia and lactic acidosis. Pyruvate carboxyl-
ase defi ciency may lead to a more widespread clinical presenta-
tion with lactic acidosis, severe mental and developmental 
retardation and proximal renal tubular acidosis [105].

Disorders of carnitine metabolism and defects of fatty 
acid oxidation
Primary carnitine defi ciency (OMIM 212140) is an autosomal 
recessive disorder of fatty acid oxidation that can present at dif-
ferent ages with low ketone concentrations hypoglycemia and 
cardiomyopathy and/or skeletal myopathy. This disease is sus-
pected by reduced concentrations of carnitine in plasma and 
confi rmed by measurement of carnitine transport in the patient’s 
fi broblasts. Carnitine transport is markedly reduced (usually <5% 
of normal) in fi broblasts from patients with primary carnitine 
defi ciency.

The “hepatic” carnitine palmitoyl transferase 1 (CPT1 isoform) 
is expressed in liver, kidney and fi broblasts and at low concentra-
tions in the heart, while the other isoform (muscle) occurs in 
skeletal muscle and is the predominant form in the heart. Patients 
with hepatic CPT1 isoform defi ciency (OMIM 255120) present 
with low ketone concentrations, hypoglycemia, hepatomegaly 
with raised transaminases, renal tubular acidosis, transient hyper-
lipidemia and, paradoxically, myopathy with elevated creatinine 
kinase or cardiac involvement and seizures and coma in the neo-
natal period [106]. The typical biochemical fi nding in the urine 
organic acids is a dicarboxylic aciduria of chain lengths 
C6–C10.

CPT2 defi ciency has several clinical presentations. The “benign” 
adult form (OMIM 255110) is characterized by episodes of rhab-
domyolysis triggered by prolonged exercise. The infantile type 
CPT2 defi ciency (OMIM 600649) presents as severe attacks of 
hypoglycemia with low ketone concentrations hypoglycemia 
despite high plasma free fatty acids and occasionally with cardiac 
damage commonly responsible for sudden death before 1 year of 
age [106]. In addition to these symptoms, features of brain and 
kidney dysorganogenesis are frequently seen in neonatal onset 
CPT2 defi ciency (OMIM 608836), which is almost always lethal 
during the fi rst month of life. Treatment is based upon avoidance 
of fasting and/or exercise and a low fat diet enriched with medium 
chain triglycerides and carnitine (“severe” CPT2 defi ciency). 
Laboratory fi ndings may include a long-chain dicarboxylic acid-
uria and decreased serum and tissue total and free carnitine and 
increased serum and tissue long-chain acylcarnitines.

The most common disorder of fatty acid beta oxidation is 
MCAD (OMIM 201450). This autosomal recessive condition is 
characterized by intolerance to prolonged fasting, recurrent epi-
sodes of hypoglycemic coma with medium-chain dicarboxylicaci-
duria and increased hexanoyl and suberylglycine excretion on 
urine organic acids and increased octanylcarnitine on the plasma 
acylcarnitine profi le, impaired ketogenesis and low plasma and 
tissue carnitine concentrations [107]. The disorder may be severe 
and even fatal in young patients. Other defects of beta oxidation 
[very-long-chain acyl CoA dehydrogenase (VLCAD) (OMIM 
201475) and long-chain acyl CoA dehydrogenase (LCHAD) 
(OMIM 609016)] may present with hypoglycemia-associated 
low ketone concentrations and with neurological (hypotonia) 
and cardiovascular complications (cardiomyopathy). The 
pattern of dicarboxylicaciduria accumulation and abnormal 
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plasma acylcarnitines is characteristic for each enzymatic defect 
of the beta oxidation spiral. Short-chain hydroxy acyl CoA dehy-
drogenase (SCHAD) (OMIM 601609) is unusual being associated 
with hyperinsulinism and increased 3-hydroxyglutarate in the 
urine organic acid profi le. Diagnosis can be confi rmed by enzyme 
assay of cultured fi broblasts.

Defects in ketone body synthesis/utilization
Ketone bodies are an alternative form of fuel to glucose for the 
brain. Each ketone body is synthesized from the combination of 
acetyl CoA and acetoacetyl CoA by liver mitochondrial HMG 
CoA synthase to form hydroxymethylglutaryl CoA (HMG CoA). 
This is split by HMG CoA lyase to yield acetoacetate in the liver, 
which is converted to beta hydroxybutyrate. In the peripheral 
tissues, acetoacetate is activated back to acetoacetyl CoA by suc-
cinyl CoA:3 oxoacid CoA transferase (SCOT). Hypoglycemia 
may occur as a result of defects in either the synthesis or the uti-
lization of ketone bodies.

Hereditary defi ciency of mitochondrial HMG CoA synthase 
(OMIM 600234) can cause episodes of severe hypoglycemia with 
low ketone concentrations. Typical fi ndings include low 
ketones concentrations, elevated free fatty acids, normal acylcar-
nitines and massive dicarboxylic aciduria without adequate keto-
nuria during acute episodes by urinary organic acid analysis 
[108].

HMG CoA lyase defi ciency (OMIM 246450) presents with 
recurrent hypoglycemia with low ketone concentrations which 
can be complicated on occasions with a Reye-like syndrome 
and acute pancreatitis. The urine organic acids are chara-
cteristic showing increased 3-hydroxy-3-methylglutarate, 3-
methylglutaconate, 3-methylglutarate, 3-hydroxyisovalerate and 
3-methylglutarylcarnitine [109].

A rare cause of hypoglycemia caused by the inability to utilize 
ketone bodies is defi ciency of SCOT (OMIM 245050) [110], 
which is characterized by intermittent ketoacidotic crises and 
persistent ketosis.

Miscellaneous metabolic and toxic causes of 
hypoglycemia
Hypoglycemia can occur as a result of a number of metabolic 
conditions including galactosemia, hereditary fructose intoler-
ance, tyrosinemia, organic acidemias, maple syrup urine disease, 
glutaric aciduria type 11 and in mitochondrial respiratory chain 
defects [111].

Hereditary fructose intolerance (OMIM 229600), caused by 
catalytic defi ciency of aldolase B (fructose-1,6-bisphosphonate 
aldolase), is a recessively inherited condition in which affected 
homozygotes develop hypoglycemia, vomiting and severe abdom-
inal symptoms after taking foods containing fructose or sucrose 
and quickly learn to avoid foods containing these sugars. Contin-
ued ingestion of noxious sugars leads to hepatic and renal injury 
and growth retardation. The presence of positive reducing sub-
stances with the presence of fructose and/or glucose on urine 
sugar chromatography may provide a clue in the critical urine 

sample. Most cases (95%) can be confi rmed by screening for 
mutations in the aldolase B gene.

Where neonatal screening for galactosemia (OMIM 606999) is 
not performed, patients present in the fi rst weeks of life with poor 
feeding and weight loss, vomiting, diarrhea, lethargy, hypotonia, 
liver dysfunction and bleeding tendencies. Urine-reducing sub-
stances may be positive if the child is ingesting milk and urine 
sugar chromatography may show increased glucose and galac-
tose. The defi ciency of galactose-1-phosphate uridylyltransferase 
can be readily demonstrated in red blood cells confi rming the 
diagnosis.

The diagnosis of organic acidemias is evident from plasma 
amino acid and/or acylcarnitine profi les and urine organic acid 
results. A greatly increased urine methylmalonate is indicative of 
methylmalonic aciduria (OMIM 251000), increased urine 3-
hydroxypropionate, propionylglycine, methylcitrate and tiglylg-
lycine are seen in propionic acidemia (OMIM 606054), increased 
urine ethylmalonate, adipate, glutarate, 2-hydroxyglutarate, hex-
anoyl and suberylglycine and abnormal plasma acylcarnitines are 
seen in glutaric aciduria type 2 (OMIM 231680), increased 2-
hydroxyisovalerate and plasma branched chain amino acids and 
alloisoleucine are seen in maple syrup urine disease (OMIM 
248600) and an increased urine succinylacetone is seen in tyro-
sinemia (OMIM 276700).

Hypoglycemia may be triggered after certain types of food such 
as high protein load, high fructose content, toxin of unripe ackee 
fruit and high glycemia index foods (which may lead to rebound 
hypoglycemia). There are a number of drugs and chemicals that 
if ingested or administered can lead to episodes of hypoglycemia 
via interruption of the intermediate metabolism. They include 
alcohol, aspirin, oral hypoglycemic agents, insulin, injected beta-
blockers and quinine.

ldiopathic ketotic hypoglycemia
Ketotic hypoglycemia is also referred to as accelerated starvation, 
idiopathic hypoglycemia or substrate-limited hypoglycemia. It is 
a diagnosis of exclusion but, although it is common [112], the 
pathogenesis is not understood. The differential diagnosis 
includes various inborn errors of metabolism. There is an associa-
tion with low birthweight, poor weight gain and male gender. The 
typical age of presentation is between 18 months and 5 years. The 
age of spontaneous resolution is usually around 8–9 years of 
age.

The typical history is of a child who may miss a meal and 
develop hypoglycemia unpredictably, usually following an upper 
respiratory tract infection. The hypoglycemia is associated with 
raised ketones and free fatty acids with suppressed insulin con-
centrations. The theory of decreased availability or impaired 
mobilization of muscle amino acids (and other substrates) for 
gluconeogenesis is thought to be unlikely because their contribu-
tion is small except in the acidotic state. An alternative explana-
tion is the imbalance between the limited rate of hepatic glucose 
production and insuffi cient suppression of glucose utilization in 
the brain by ketone bodies and free fatty acids. This is supported 
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by the observation that the age of spontaneous resolution of 
ketotic hypoglycemia coincides with the age at which both the 
brain : body weight ratio is decreasing and endogenous substrate 
availability is increasing. Ketotic hypoglycemia may also be seen 
in various situations of lack of substrate and increased metabolic 
demands in which there is an obvious cause such as severe illness, 
sepsis, malaria and liver disease. Teenage girls prone to eating 
disorders may also present with low blood glucose concentrations 
particularly after ingestion of small amounts of alcohol and 
carbohydrate.
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20 Childhood Obesity
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The prevalence of obesity in young people has increased dramati-
cally during the past generation; the problem now impacts 
developing as well as industrialized nations and exacts an enor-
mous toll on medical, social and fi nancial communities [1–3]. 
The causes of this obesity epidemic include changes in food 
intake, composition, availability and cost, as well as modifi cations 
of lifestyle that affect energy expenditure.

Obesity in children predisposes to subsequent adult obesity 
and to metabolic co-morbidities including insulin resistance and 
type 2 diabetes, dyslipidemia, hypertension, hepatic steatosis/
steatohepatitis, focal glomerulosclerosis, ovarian hyperandrogen-
ism, gynecomastia, cholecystitis, pancreatitis, pseudotumor 
cerebri and obstructive sleep apnea. Long-standing obesity and 
insulin resistance in children and adults increase the risks of 
subsequent cardiovascular disease and some malignancies.

The treatment of obesity aims to:
1 Reduce body mass index (BMI) and fat mass;
2 Normalize glucose tolerance, plasma lipid concentrations, 
hepatic and renal function and blood pressure; and
3 Prevent or reverse acute and chronic co-morbidities.
These objectives can sometimes be achieved through lifestyle 
intervention (caloric restriction and exercise). Pharmacologic 
agents or surgical intervention may reinforce the effects of diet 
and exercise and reduce the risk of, or even reverse, complica-
tions. In all cases, the social milieu functions as a critical deter-
minant of therapeutic success.

Fat deposition in health and illness

The accumulation of fat in normal weight individuals follows a 
predictable pattern. Body fat content is low in the fetus until 30 
weeks’ gestation but then increases markedly to a peak of 14–15% 
at birth. Fat increases after birth to 25% at 6 months of age, 

declining thereafter to age 5–8 years before rising again. Adiposity 
rebound is of greater magnitude and occurs earlier in children 
destined to become obese in later childhood and adolescence 
[4–8]. Before and during the early puberty, fat mass increases 
in both boys and girls; after mid-puberty, body fat content 
continues to rise in girls but declines in boys in parallel with a 
sharp increase in lean body mass.

Excess fat deposition in childhood or adulthood refl ects an 
imbalance (Fig. 20.1) between energy intake (food ingestion and 
gastrointestinal absorption) and energy expenditure, which com-
prises basal (resting) metabolism (determined largely by lean 
body mass), physical activity (purposeful and otherwise) and the 
thermogenic responses to feeding and cold exposure (which 
account for approximately 10% of total daily energy expendi-
ture). An increase in energy intake and/or a decline in energy 
expenditure limit lipolysis and stimulate lipogenesis, thereby pro-
moting fat storage (Fig. 20.2). The effects of chronic energy surfeit 
are mediated partly by increases in insulin production but a fall 
in growth hormone secretion may contribute. Nutrients may also 
have direct metabolic actions that promote weight gain: in the 
presence of carbohydrate, saturated fat limits triglyceride break-
down; concentrated glucose and fructose on the other hand are 
lipogenic.

Defi ning obesity

Obesity means an excess of fat relative to lean body mass. In the 
absence of standardized measures of body fatness, BMI (weight 
in kilograms divided by the square of the height in meters) serves 
as a useful surrogate, is easily obtained in clinic settings and cor-
relates strongly with percent body fat and risks of co-morbidities 
in obese subjects. Age- and gender-dependent BMI (e.g. www.
cdc.gov/nccdphp/dnpa/bmi/calc-bmi.htm) and BMI Z standards 
(http://stokes.chop.edu/web/zscore/) are now widely available. 
Children with BMI in the 85–95th centiles for age and gender are 
considered overweight, while those with BMI exceeding 30  kg/m2 
>95th centile for age and gender are termed obese. Increases in 
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lean body muscle mass in adolescent boys may raise BMI without 
an increase in fat deposition but virtually all children and teenag-
ers considered obese by BMI standards have excess fat. Weight-
for-recumbent length centiles are used for infants and toddlers; 
those with values over 95th centile are considered overweight.

The relationship between BMI and body fat varies with race 
and ethnicity so that, at any given BMI, Mexican-American and 
Asian children have relatively more fat and African-American 
children less fat than White children [9,10]. These differences 
may have important implications for the risk of type 2 diabetes 
and cardiovascular disease.

Measures other than BMI may correlate as well or better 
with percent body fat and co-morbidities. For example, skinfold 

thickness correlates with total body fat and with blood pressure, 
lipid concentrations and insulin sensitivity. Measuring skinfolds 
is not easy and impossible in the very obese. Waist circumference 
measurements in children correlate with systolic and diastolic 
blood pressure, fasting insulin and markers of dyslipidemia and 
are related inversely to adiponectin concentrations and insulin 
sensitivity [11]. Waist circumference, which provides an estimate 
of visceral fat mass and varies with age, gender and ethnicity 
(Fig. 20.3) [12], may be a better predictor of childhood blood 
pressure, high density lipoprotein (HDL) and low density lipo-
protein (LDL) concentrations than BMI [13]. BMI and skinfold 
thickness are better measures of subcutaneous adipose tissue 
stores.

Causes of obesity

Roles of genetics and environment
Genetic factors contribute to the risk of childhood obesity [14–
17] and a number of deactivating genetic mutations have been 
identifi ed in children with early-onset progressive weight gain. 
These monogenic obesity syndromes are described in detail in 
Chapter 22 but a variety of other complex genetic syndromes 
are associated with weight gain in early or mid-childhood 
(Table 20.1).

The roles of genetic variation in the development of non-
syndromic “exogenous” or polygenic obesity in childhood are 
poorly understood. Family congruence and racial or ethnic dif-
ferences in weight gain are often assumed to refl ect inborn genetic 
traits; the high rates of overweight and obesity among African-
American, Latino and American-Indian children are well docu-
mented [18] but work with the Pima Indians in Mexico and the 
USA suggests that the development of obesity and type 2 diabetes 
in genetically prone populations are determined, at least partly, 
by environmental factors [19]. Obesity is 10 times more common 

ENERGY INTAKE ENERGY EXPENDITURE

Food intake
GI absorption

Basal metabolism
Physical activity
Thermogenesis
∑ dietary
∑ cold-induced

↓ ENERGY EXPENDITURE ↑ ENERGY INTAKE

Lipolysis Lipogenesis

↑ Insulin

↓ GH

Saturated fat Glucose
Fructose

Figure 20.1 Energy balance. GI, gastrointestinal.

Figure 20.2 Pathogenesis of fat deposition. GH, growth hormone.
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Figure 20.3 Waist circumference measurements in 
various ethnic groups. (a) Boys. (b) Girls. Redrawn 
from Fernandez et al. [12] with permission.
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Table 20.1 Complex syndromes associated with obesity [18–20].

Syndrome Characteristics of obesity Key clinical features Genetic marker

Prader–Willi syndrome Early childhood onset (6 
months to 6 years), 
voracious appetite

Neonatal hypotonia and failure to thrive, mental retardation, 
developmental delay, short stature, cryptorchidism, 
hypogonadism, obsessive compulsive behavior, paradoxical 
hyperghrelinemia, relative hyperadiponectinemia

Paternally derived 15q11–q13 
deletion or maternal UPD 15

(OMIM 176270)

Albright hereditary 
osteodystrophy

Moderate obesity Short stature, mental defi ciency, short metacarpals and 
metatarsals, variable hypocalcemia and hyperphosphatemia 
with elevated PTH levels, primary hypothyroidism and 
hypogonadism 

Mutations GNAS1 at 20q13.2, 
autosomal dominant

(OMIM 103580)

Fragile X syndrome Early onset Moderate to severe mental retardation, macroorchidism, 
macrocephaly, prominent jaw, high-pitched jocular speech

FMR1 gene
(OMIM 309550)

Lawrence–Moon–Bardet–
Biedl

Obesity beginning toddler or 
late childhood 

Mental defi ciency (mild to moderate), retinal dystrophy, 
polydactyly, renal cysts/disease, hypogonadism, anosmia

Multiple loci, recessive transmission
(OMIM 245880/209900)

Alström Mild truncal obesity develops 
in childhood

Retinopathy, sensorineural hearing loss, type 2 diabetes mellitus, 
nephropathy, dilated cardiomyopathy, late-onset short stature, 
variable hypothyroidism, hypogonadism, and hepatic fi brosis 

Autosomal recessive ALMS1 at 2p13
(OMIM 203800)

WAGR Early onset, persistent 
hyperphagia

Wilms tumour, aniridia, genitourinary anomalies, mental 
retardation, obesity in patients with BDNF haploinsuffi ciency

Heterozygous deletions of 11p13 
with haploinsuffi ciency of WT1, 
PAX6; 11p14 deletions lead to 
BDNF haploinsuffi ciency

Borjeson–Forssman–
Lehman

School-age onset, moderate 
obesity

Hypotonia, developmental delay, mental defi ciency, short stature, 
large ears, hypogonadism and gynecomastia

Mutations PHF6 at Xq26–27
(OMIM 301900)

Killian/Teschler–Nicola 
syndrome

(Pallister Killian syndrome)

Postnatal obesity Mental retardation, seizures, hypotonia Tetrasomy 12p, mosaic 
isochromosome 12p syndrome

(OMIM 601803)

Cohen syndrome Mild truncal obesity mid-
childhood onset

Hypotonia, short stature, prominent incisors, microcephaly, mild 
psychomotor retardation, joint laxity, variable neutropenia, 
retinochoroidal dystrophy

Autosomal recessive, COH1 at 
8q22–q23

(OMIM 216550)

Carpenter syndrome Late childhood onset obesity Acrocephaly, syndactyly, polydactyly, mental retardation, 
hypogonadism

Autosomal recessive
(OMIM 201000)

SIM 1 defi ciency Early onset Hyperphagia and increased linear growth SIM 1 deletion resulting translocation 
of 1p22.1 and 6q16.2

Down syndrome Increased weight, particularly 
in adolescence

Hypotonia, mental retardation, developmental delay Trisomy 21
(OMIM 190685)

BDNF, brain-induced neurotropic factor; OMIM, Online Mendelian Inheritance in Man (available at: http://www.ncbi.nlm.nih.gov/omim/); PTH, parathyroid hormone.

in US Pima men and three times more frequent in US Pima 
women than in their Mexican counterparts, even though the 
Mexican and American Pima populations are genetically similar 
(as determined by tree analysis of 309 DNA markers). Type 2 
diabetes is fi ve times more common in US Pima Indians than in 
Mexican Pima Indians.

A study in monozygotic and dizygotic twins suggested that 
household environment accounts for 50% of the variation in 
adolescent overweight while genetic effects account for 32% 
[15]. A few genetic variants have been reproducibly associated 

with non-syndromic obesity or treatment response: for example, 
single nucleotide polymorphisms in the FTO (fat mass and 
obesity associated or “fatso”) gene were associated with obesity 
(odds ratio 1.20–1.67) and fat deposition in Caucasian and 
African-American children and adults although not in children 
of Chinese or Oceanic origin [20–22].

The FTO gene is expressed in adipose tissue and in the arcuate 
nucleus and is downregulated by fasting and exposure to cold. A 
deletion of the chromosomal region containing the FTO gene 
was accompanied by obesity, mental retardation and digital 
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anomalies in a single individual. This and other genetic associa-
tions explain only some of the variation in rates of childhood 
obesity or co-morbidities [23]. More importantly, the worldwide 
increase in childhood obesity during the past generation 
cannot be ascribed to genetic factors alone. It is clear that envi-
ronmental infl uences interact powerfully with genetic factors 
in the development of childhood and adult obesity and its 
complications.

Roles of environmental and perinatal infl uences
A variety of societal and environmental factors have contributed 
to the rise in childhood obesity in the general population:
1 Widespread availability of low-cost energy-dense fast food and 
sugary drinks and the relatively high cost of nutrient-dense 
(protein/vitamin) “healthy” foods;
2 Increasing adoption of sedentary lifestyles associated with 
higher screen (television, computer, cell phone) times, cutbacks 
on school physical activity, reductions in outdoor play (resulting 
from concerns about neighborhood safety) and the “profession-
alization” of childhood sports; and

3 Stress and/or time constraints on parents and children with 
family/meal disruption and reductions in sleep duration, which 
correlate with obesity rates [24,25].

There is also increasing evidence that the metabolic milieu of 
pregnancy and the perinatal period plays a critical part in the 
pathogenesis of childhood obesity and its complications. Chil-
dren born to obese mothers or to women with gestational diabe-
tes have two- to threefold increased risks for developing obesity 
and type 2 diabetes in adolescence and adulthood [26–30]. This 
facilitates a vicious cycle among women in which obesity and type 
2 diabetes can be transmitted across generations (Fig. 20.4).

Children born prematurely or growth retarded in utero also 
have increased risks of obesity and type 2 diabetes if they show 
rapid and excessive catch-up growth during early childhood [4–8, 
31–33]. Pathogenic mechanisms in the latter case (Fig. 20.5) 
include precocious induction of hepatic gluconeogenesis (GNG), 
inadequate muscle development and β-cell hypoplasia.

A number of environmental infl uences preferentially target 
high-risk racial or ethnic groups (Table 20.2) [26–30,33–47]: dis-
proportionate rates of poverty and educational failure, high rates 
of maternal obesity and gestational diabetes, premature birth and 
intra-uterine growth failure, low rates of breastfeeding, excessive 
intake of fast food and higher rates of sleep deprivation. Thus, 
race and ethnicity may sometimes serve as markers for environ-
mental or socio-economic status rather than for biologic or 
genetic risk.

Metabolic and hormonal disorders
Hormonal disorders commonly associated with weight gain 
and increases in the ratio of fat to lean body mass (Fig. 20.6) 
include growth hormone (GH) defi ciency, hypothyroidism, 

Adolescent/adult obesity

Maternal obesity Large for gestational age

Childhood obesity 

Figure 20.4 A transgenerational cycle of obesity in women.

IUGR

Malnutrition, maternal smoking, toxemia,
hypertension, ? stress

Sarcopenia Catch-up
fat deposition

Beta cell
hypoplasia 

↑ Fat mass
↓ Lean body mass

 ↓ Compensatory insulin
production

Insulin
resistance 

IGT, Type 2 Diabetes, CVD

Hepatic GNG

↑ Hepatic glucose production

Fetal nutrient deficit     Glucocorticoid excess

Figure 20.5 Pathogenesis of glucose intolerance 
and cardiovascular disease in subjects born small for 
gestational age. CVD, cardiovascular disease; GNG, 
gluconeogenesis; IGT, impaired glucose tolerance; 
IUGR, intra-uterine growth retardation.
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Table 20.2 Socio-economic and “environmental” risk factors that may contribute to racial/ethnic differences in rates of childhood obesity.

Factor Racial difference

Socio-economic status (SES)/
income and educational 
attainment

 [34,35]

Poverty and low educational status predict overweight and obesity in Westernized countries. The strength of this correlation in 
adolescents varies among races, particularly in girls. Conversely, among adult females in developing nations, rates of overweight 
correlate positively with SES

In the USA the prevalence of overweight decreases with increasing SES/educational level among White (–19.5%) and Latina (–14.2%) 
females. Prevalence decreases in African-American girls with increasing SES/educational level (–5.9%), but still exceeds that of 
Caucasian and Hispanic females of the same SES. Obesity rates do not decline with increasing SES in Latino (+2.1%) or African-
American males (+5.8%)

Maternal obesity
 [27–29,36–38]

Maternal obesity increases by 2.5- to 5-fold the rate of GDM and by 3-fold the rate of childhood overweight by age 7. 63% of obese 
pregnant women are Latino, 23% African-American and 14% White

Maternal gestational 
diabetes mellitus (GDM) 
[26,30,36–38]

Maternal GDM increases by 3-fold the risk of being overweight in adolescence and increases sharply the risk of type 2 diabetes in 
adolescence and adulthood. African-American (OR 1.17), Latino (OR 1.44), and Asian/Pacifi c Islander (OR 2.05) women are more 
likely to develop GDM than White women

Prematurity/low birthweight
 [27,33,40]

Low birthweight with rapid catch-up growth increases risks for obesity and type 2 diabetes. Rates of preterm birth and low birthweight 
are higher in African-Americans (12.6–15.3%) than in Whites (6.3–8.4%). Mean birthweight in subcontinental Indian children is only 
2700  g, refl ecting their mothers’ low caloric intake and body fat content

Breastfeeding
 [41–43]

Breastfeeding may protect against childhood obesity. 60% of White, 54% of Latino, and 26% of African-American children are ever 
breastfed. African-Americans have consistently lower breastfeeding rates than Whites, regardless of SES (difference of 17.6–30.7% 
depending on education/income)

Diet quality
 [44,45]

Low cost diets are typically energy dense and nutrient poor; protein/micronutrient/vitamin-rich diets are expensive. Low income in 
Western countries favors intake of low-cost fast foods, snacks and sweets. African-American teens have the highest consumption of 
energy-dense diets

Sleep duration
 [24,25,46]

Sleep duration may vary inversely with the risk of childhood obesity. Mean sleep duration is ~3  h/week less in African-American children 
than in White children

Neighborhood safety
 [47]

Parental perception of home neighborhood as unsafe was associated with an increased risk of overweight at the age of 7 years. African-
American parents more likely than Whites to describe home neighborhoods as unsafe

Ovarian
androgens/

PCOS 

Medications

Glucocort
excess
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puberty

Hypothal
damage/
disease 
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hypothyroid
? hyperprol

Excess
fat

stores

Figure 20.6 Hormonal causes of excess weight gain. GH, growth hormone; 
Glucort, glucorticoid; Hyperprol, hyperprolactinemia; Hypothal, hypothalamic; 
PCOS, polycystic ovary syndrome.

glucocorticoid excess and the polycystic ovarian syndrome 
(PCOS). Pathogenic mechanisms (Table 20.3) include hyperpha-
gia, increased rates of lipogenesis and decreased lipolysis (owing 
in part to increases in insulin production and adipose insulin 
sensitivity), sarcopenia and/or reductions in total body energy 
expenditure. Ovarian hyperandrogenism may be a consequence 
rather than a cause of obesity, given the ability of insulin to 
stimulate ovarian androgen production (see below). Obesity also 
reduces GH secretion but does not cause true GH defi ciency 
because linear growth is preserved and in some cases enhanced. 
Centripetal weight gain is often but not always marked in gluco-
corticoid excess but abdominal fat increase is also noted in hypo-
thyroidism, PCOS and GH defi ciency. The latter may be related 
in part to induction of 11β-hydroxysteroid dehydrogenase 1 in 
visceral or abdominal fat, resulting in local overproduction of 
cortisol [48].

Hyperprolactinemia has been associated with weight gain in 
men and women with prolactinomas [49]; hypogonadism prob-
ably plays an important part but direct effects of prolactin on 
food intake and adipogenesis may also contribute. The relation 
between prolactin and weight gain in children is less clear but, 
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among 50 pediatric patients with prolactinomas, 50% were 
overweight and 4% were obese [56].

Hyperprolactinemia may result from hypothalamic damage or 
disease. Damage to the ventromedial hypothalamus following 
surgery for craniopharynigioma often produces insatiable appe-
tite and progressive weight gain [51–55]. Reductions in basal 
metabolic rate and physical activity contribute to hypothalamic 
obesity [55]. These in turn predispose to glucose intolerance and 
hepatic steatohepatitis, which in some cases progresses to cirrho-
sis. Defi ciencies of GH, thyroid hormone and glucocorticoids are 
common in this setting; many patients have diabetes insipidus 
and some have precocious puberty, which can promote fat depo-
sition, particularly in girls. The insatiable appetite and obesity 
probably result from central leptin resistance and heightened 
vagal tone with hyperinsulinemia. Associated hormonal abnor-
malities, as well as the use of high dose glucocorticoids around 
surgery facilitate the weight gain.

Role of drugs and medications
Many medications are associated with weight gain and dysli-
pidemia (Table 20.4) [56]. Clinicians should begin aggressive 

lifestyle intervention before or immediately after surgery when 
hypothalamic damage or long-term use of glucocorticoids or 
other high-risk medications are anticipated.

Screening for genetic and hormonal causes
Genetic screening should be considered for children with exces-
sive weight gain beginning in infancy and for obese children with 
dysmorphic features and/or developmental delay. Commercial 
screening is now available for measurements of plasma leptin and 
for detection of mutations in the melanocortin 4 receptor and 
GNAS 1 genes and deletions or methylation abnormalities of 
chromosome 15 characteristic of Prader–Willi syndrome. With 
the very rare exception of primary leptin defi ciency, there is cur-
rently no specifi c therapy for the hyperphagia characteristic of 
these disorders. Nevertheless, the identifi cation of genetic muta-
tions provides an explanation for the child’s phenotype and 
insight into the probable course of the disease. The family may 
benefi t from advice regarding risks in current and future family 
members.

The medical history, physical examination and growth chart 
should provide important clues regarding the likelihood of a 
hormonal or neurologic disorder which might explain the child’s 
weight gain. In general, hormonal disorders are less likely. Bone 
age X-rays must be interpreted with caution because marked 
weight gain alone will advance bone maturation; conversely, bone 
age may not be advanced or delayed in children whose hormonal 
disorders are of recent onset.

Table 20.3 Mechanisms of weight gain in hormonal disorders.

Hormonal disorder Major mechanisms

GH defi ciency Increased insulin sensitivity
Increased lipogenesis, decreased lipolysis
Increased 11β-HSD-1 in abdominal/viceral 

fat
Sarcopenia and decreased resting energy 

expenditure

Hypothyroidism Reduced resting energy expenditure
Decreased exercise
? Sarcopenia

Glucocorticoid excess Hyperphagia
Increased adipogenesis
Sarcopenia

PCOS/ovarian hyperandrogenism ? Hyperinsulinemia

Hyperprolactinemia (variable) Hypogonadism
? Increased food intake
? Increased adipogenesis

“Hypothalamic obesity” Central leptin resistance with hyperphagia
Heightened vagal tone with 

hyperinsulinemia
GH defi ciency, hypothyroidism, +/− 

precocious puberty
Glucocorticoid excess (surgical and 

postop periods)

GH, growth hormone; HSD, hydroxysteroid dehydrogenase; PCOS, polycystic 
ovarian syndrome.

Table 20.4 Medications commonly associated with weight gain and/or 
dyslipidemia [62].

Weight gain
Atypical antipsychotics
Glucocorticoids (including high-dose inhaled)
Sex steroids: medroxyprogesterone, oral contraceptives
Hypoglycemic agents: insulin, sulfonylureas and thiazolidinediones
Tricyclic antidepressants
Anti-epileptics: valproate, gabapentin

Dyslipidemia

Medication Triglycerides HDL

Estrogens Increased Increased
Androgens Increased Decreased
Progestins Decreased Decreased
Glucocorticoids Increased Increased
Thiazides Increased Decreased
Beta-blockers Increased Decreased
Valproic acid Increased Decreased
Isotretinoin Increased Decreased
Ciclosporin Increased Increased
Tacrolimus Increased Increased
Protease inhibitors Increased –



CHAPTER 20

536

Metabolic adaptations to weight gain and the 
development of insulin resistance

Clinical investigations and studies in experimental animals 
suggest that excess energy intake and fat deposition are accompa-
nied in the short term by increases in plasma insulin, leptin and 
triiodothyronine (T3) and reductions in insulin sensitivity and 
plasma ghrelin, an orexigenic hormone produced by the stomach. 
These adaptations serve to attenuate food intake and increase 
energy expenditure, thereby limiting the rate of weight gain (Fig. 
20.7). However, in the face of chronic caloric excess and obesity, 
the effects of insulin and leptin on appetite appear to be blunted 
although not abolished [57–60]. 

In peripheral tissues, leptin and adiponectin increase insulin 
sensitivity so the development of leptin resistance and the fall in 

plasma adiponectin concentrations contribute to the develop-
ment of insulin resistance in obesity. The pathogenesis of the 
condition is complex (Fig. 20.8) [61–63].

A critical role is postulated for adipokines [interleukin 6 (IL-6), 
plasminogen activator inhibitor-1 (PAI-1), retinol binding 
protein-4 (RBP-4) and monocyte chemoattractant protein-1 
(MCP-1)] and infl ammatory cytokines [tumor necrosis factor α 
(TNF-α) and resistin] produced by white adipose tissue and infi l-
trating macrophages. In concert with hypoadiponectinemia and 
leptin resistance, the adipokines and infl ammatory cytokines 
attenuate fatty acid oxidation in liver and skeletal muscle, thereby 
promoting the accumulation of diacylglycerol, ceramides and 
triglyceride in myocytes and hepatocytes.

These in turn impair mitochondrial function and endoplasmic 
reticulum protein-processing and raise the intracellular concen-
trations of reactive oxygen species, which in combination activate 
serine kinases that induce serine phosphorylation of insulin 
receptor substrate 1 (IRS-1), a major intracellular mediator of 
insulin action. The resulting resistance to insulin action impairs 
hepatic insulin clearance, increases hepatic glucose production, 
reduces skeletal muscle glucose and amino acid uptake and utili-
zation and increases lipolysis in white adipose tissue. These in 
turn raise peripheral concentrations of glucose, free fatty acids 
and branched chain amino acids, thereby completing a vicious 
cycle.

In blocking the lipogenic effects of insulin in adipose tissue, 
the emergence of insulin resistance may limit further weight gain 
but insulin resistance has deleterious effects on metabolic 
function.

Metabolic complications

Impaired glucose tolerance and type 2 diabetes mellitus
Type 2 diabetes, which was nearly unknown in children 20 years 
ago, now accounts for 15% or more of all cases of diabetes in 

Adaptive (compensatory) response to weight gain
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↑ SNS activity
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endoplasmic reticulum stress 

Serine phosphorylation of IRS-1

Impaired insulin action (IR)
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Figure 20.7 Adaptive response to weight gain. REE, resting energy 
expenditure; SNS, sympathetic nervous system; T3, triiodothyronine.

Figure 20.8 Pathogenesis of insulin resistance in 
obesity. AA, amino acids; DAG, diacylglycerol; FFA, 
free fatty acids; IRS-1, insulin receptor substrate 1.
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American children aged 10–19 years [64]. The great majority of 
children with type 2 diabetes are obese but poorly defi ned famil-
ial/racial/genetic factors also have important roles in diabetogen-
esis. The disease occurs more commonly in African-Americans, 
Hispanic-Americans, American-Indians, Pacifi c Islanders and 
South Asians than in Caucasians (relative incidence per 100 000 
person-years: American-Indian children 25.3 in 10- to 14-year-
olds, 49.4 in 15- to 19-year-olds; African-American 22.3; 19.4; 
Asian/Pacifi c Islander 11.8; 22.7; Hispanic 8.9; 17.0; Whites 3.0; 
5.6) and is far more prevalent in those with a family history [65–
68]. The prevalence of diabetes increases markedly after the onset 
of puberty, owing to growth hormone- and sex steroid-antago-
nism of insulin action.

Risk is modifi ed by events that occur before or immediately 
after birth: the disease occurs more frequently in children whose 
mothers were obese or diabetic during pregnancy [26–30,68] and 
in children born small for gestational age, particularly if there is 
rapid catch-up growth in early childhood [31–33,69–71]. Rates 
of type 2 diabetes mellitus are higher in girls (1.7-fold) than boys. 
Teenage girls and young women with ovarian hyperandrogenism 
or PCOS are at high risk; prepubertal girls with adrenarche also 
appear to be vulnerable as they develop [72,73].

The pathogenesis of glucose intolerance is complex and con-
troversial [61–63,74–76]. Most evidence suggests that metabolic 
dysfunction commences with resistance to insulin action (Fig. 
20.9). Accumulation of abdominal subcutaneous and visceral fat, 
which appear to have heightened sensitivity to the lipolytic effects 
of catecholamines, associates strongly with insulin resistance, 
while insulin sensitivity correlates less well with stores of femoral 
and gluteal subcutaneous fat [75–76]. Plasma insulin concentra-
tions are elevated, a consequence of nutrient, hormone and vagal 
dependent increases in insulin synthesis and secretion and 

reduced hepatic insulin clearance. The acute insulin secretory 
response to glucose may be blunted in those destined to develop 
glucose intolerance.

Progression from insulin resistance with hyperinsulinemia to 
impaired fasting glucose (IFG) and impaired glucose tolerance 
(IGT or prediabetes) is modulated by genetic, perinatal, nutri-
tional and infl ammatory factors, which induce β-cell mitochon-
drial dysfunction and oxidative and endoplasmic reticulum stress 
in susceptible people. Cellular function is further compromised 
by toxic effects exerted by free fatty acids in the presence of 
hyperglycemia (glucolipotoxicity), islet infl ammation and O-
linked glycosylation of proteins. These factors together cause β-
cell dysfunction and apoptosis with dysregulation of basal insulin 
secretion, loss of fi rst-phase glucose-dependent insulin secretion 
and altered insulin processing, revealed as an increase in the 
circulating ratio of proinsulin to insulin [63].

Overt glucose intolerance and type 2 diabetes are characterized 
by a decline in total insulin production, relative or absolute hypo-
insulinemia, a reduction in β-cell mass and, in some but not all 
cases, deposition of amyloid in the pancreatic islets.

Various auxologic and metabolic factors predict the risk of type 
2 diabetes in adolescents and children. Longitudinal studies 
[66,77,78] in the Pima Indians found that the strongest predictors 
of diabetes before the age of 30 years were intra-uterine exposure 
to diabetes (5.9-fold increase), parental history of diabetes (3.6-
fold increase), childhood waist circumference, BMI and the 2-h 
glucose concentration during an oral glucose tolerance test. Lower 
plasma HDL concentrations and higher fasting glucose and 
insulin concentrations also predicted diabetes risk. A website that 
employs these fi ndings can be used to assess (imperfectly) a child’s 
risk of developing type 2 diabetes (http://intramural.niddk.nih.
gov/research/T2Diabetescalc/startPage.shtml).
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Figure 20.9 Pathogenesis of glucose intolerance 
in obesity and insulin resistance. ER, endoplasmic 
reticulum; GLP-1, glucagons-like peptide 1; IGF, 
insulin-like growth factor; IGT, impaired glucose 
tolerance.
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In a mixed ethnic group of markedly obese adolescents followed 
for 20 months, the best predictors of type 2 diabetes were pre-exist-
ing impaired glucose tolerance, BMI Z score, rate of weight gain, 
disposition index (a measure of insulin secretion relative to insulin 
sensitivity) and ethnicity; African-American children were at 
highest risk [79]. Their predilection to childhood type 2 diabetes 
is thought to refl ect a lower hepatic insulin sensitivity and an inad-
equate insulin secretory response to insulin resistance [80–82]. 
When matched for BMI and total body fat, obese African-Ameri-
can children and adolescents have more severe insulin resistance 
despite lesser visceral and hepatic adipose stores than obese Cau-
casian children [80,82]. It is currently unclear if racial or ethnic 
differences in fat distribution and diabetes prevalence refl ect 
genetic variations or environmental infl uences such as diet, physi-
cal activity, stress or the intra-uterine milieu.

Dyslipidemia
Abnormalities in plasma lipids [reductions in plasma HDL con-
centrations and increases in plasma very low density lipoprotein 
(VLDL) cholesterol] are detected in 12–17% of overweight and 
obese children [83–87]. Triglyceride (TG) concentrations are 
elevated more commonly in obese White than in obese African-
American children and adolescents. The reduction in plasma 
HDL results from exchange of VLDL-TG for cholesterol esters in 
HDL which increases renal HDL clearance. Hypertriglyeridemia 
refl ects impaired TG clearance because of downregulation of 
lipoprotein lipase as well as heightened hepatic VLDL-TG pro-
duction. Serum cholesterol and LDL are usually normal or mod-
erately increased.

The lipid profi le changes with sexual maturation: plasma cho-
lesterol and LDL concentrations in normal weight subjects decline 
approximately 15% in boys and 5% in girls during puberty, while 
TG concentrations rise. Conversely, HDL concentrations fall in 
pubertal boys but not girls. In obese boys, puberty reduces total 
cholesterol, LDL and HDL concentrations but not TG concentra-
tions. Similar changes of lesser magnitude are noted in pubertal 
girls.

Hepatic steatosis/steatohepatitis
Severe obesity in adults and children predisposes to liver fat depo-
sition (steatosis), hepatic infl ammation (steatohepatitis) and ele-
vations in serum alanine and aspartate aminotransferase (ALT 
and AST) concentrations [88–93]. A subset of adults and children 
with fatty liver disease progresses to hepatic fi brosis and cirrhosis, 
which increase the long-term risks of hepatocellular carcinoma 
and hepatic failure [94,95].

The pathogenesis of hepatocellular dysfunction in obesity is 
beginning to emerge [96,97]. Free fatty acids (FFA) diverted or 
released in excess (as a consequence of insulin resistance) from 
visceral and subcutaneous fat are utilized for triglyceride synthe-
sis, begetting the fatty liver common in obese subjects. Dietary 
fructose and fat and de novo lipogenesis may also contribute to 
hepatic fat accumulation. Lipid storage is facilitated by a resis-
tance to or a relative defi ciency of leptin and adiponectin, which 

normally stimulate tissue fatty acid oxidation and inhibit lipogen-
esis [61,62]. In combination with infl ammatory cytokines includ-
ing TNF-α, MCP-1, IL-1β and IL-6, which block hepatic fatty acid 
oxidation, the accumulation of FFA and lipid metabolites may 
impair mitochondrial function, leading to oxidative and endo-
plasmic reticulum stress, hepatic infl ammation and hepatocyte 
necrosis.

In severe cases, hepatic fi brosis may be facilitated by fi brogenic 
factors released by infl ammatory cells and by leptin and angio-
tensin II, which promote fi brogenesis. Hepatic insulin resistance 
derives from induction of serine kinases that phosphorylate 
insulin signaling molecules like IRS-1. This explains why hepatic 
steatosis and increases in serum aminotransferase concentrations 
are commonly accompanied by insulin resistance and glucose 
intolerance [88–93]. Hypertension, dyspipidemia and increases in 
carotid intimal medial thickness are more common in obese ado-
lescents with fatty liver disease than in obese adolescents without 
hepatic steatosis.

Factors predisposing to hepatic steatosis, aminotransferase 
elevations, steatohepatitis and cirrhosis in adults include visceral 
adiposity and insulin resistance, type 2 diabetes, excessive alcohol 
intake, increasing age, male gender and Hispanic or Asian ethnic-
ity. Insulin resistance and type 2 diabetes predispose to hepatic 
steatosis in children as well as adults: among 127 obese adoles-
cents with mean BMI 35.2, 23% had serum ALT concentrations 
exceeding 40  U/L [89,90].

An autopsy study [90] of 742 children between 2 and 19 years 
of age found that 38% of obese subjects had fatty liver. ALT 
concentrations and rates of hepatic fat accumulation are higher 
in obese boys than in girls and in Hispanics and Caucasians than 
in African-Americans. For example, elevated ALT concentrations 
(>40  U/L) were detected 50% more frequently in Caucasian 
teenagers and 2.5 times more frequently in Hispanic teenagers 
than in African-American teens and fatty liver disease was fi ve 
times more common in Hispanics and 2.7 times more common 
in Caucasian children than in African-American children 
[88,89].

Hypertension
Systolic hypertension is 3.3 times more common in obese chil-
dren than in normal weight children; 30–50% of obese teenagers 
are affected, boys more frequently than girls [98]. Diastolic hyper-
tension is less common than systolic hypertension. The disorder 
may manifest fi rst as a loss of the normal blood pressure decline 
during sleep. Subsequently, the rise in pressure is detected 
throughout the day. Hypertension in obesity appears to result 
from vasoconstriction and sodium and water retention (Fig. 
20.10) [99–101]. These are the consequence of:
1 Leptin-dependent activation of the sympathetic nervous system 
(SNS), which induces vasoconstriction through catecholamine 
secretion;
2 Hypoadiponectinemia, which reduces insulin sensitivity and 
endothelial nitric oxide synthesis and thereby limits vasodilata-
tion; and
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3 Activation of the renin-angiotensin system and a rise in angio-
tensin II production, which reduces adiponectin secretion, pro-
motes vasoconstriction, enhances aldosterone production and, 
in combination with hyperinsulinemia, increases salt and water 
retention.

Metabolic syndrome
The constellation of abdominal adiposity, dyslipidemia, glucose 
intolerance and hypertension has been termed the metabolic syn-
drome. Many but not all studies suggest that the combination of 
factors identifi es individuals at high risk of type 2 diabetes and 
cardiovascular disease more effectively than any of the individual 
factors alone [68,102–105].

An expert task force of the International Diabetes Federation 
[106] proposed the following criteria for metabolic syndrome in 
children aged 10–16 years:
• Abdominal adiposity manifest as waist circumference >90th 
centile (alternatively, many investigators have used BMI >95th 
centile) for age, gender and ethnicity, plus two or more of the 
following:
• Triglycerides ≥1.7  mmol (150  mg%);
• HDL <1.03  mmol (40  mg%);
• Blood pressure ≥130  mmHg systolic or ≥85  mmHg diastolic;
• Fasting glucose ≥5.6  mmol (100  mg%) or known type 2 
diabetes.

For adolescents over the age of 16 years the task force recom-
mended use of the existing adult criteria, which specify absolute 
gender- and ethnicity-dependent waist circumference measure-
ments as well as a cutoff of 50  mg% for HDL in women.

Studies in mixed groups of obese White, Black and Latino 
children and adolescents report the prevalence of the metabolic 
syndrome increasing markedly with the severity of obesity; in one 

study, each 0.5  unit increase in BMI Z score was associated with 
a 55% increase in risk [102]. A 25–30 year follow-up study of 
Black (28%) and White (72%) Americans found that the meta-
bolic syndrome in childhood (age 5–19 years) predicts a 9.4-fold 
increase in the odds of metabolic syndrome and an 11.5-fold 
increased risk of type 2 diabetes in adulthood [105].

Linear growth and bone maturation
Rates of linear growth and bone maturation are often increased 
in obese prepubertal children despite marked reductions in basal 
and stimulated GH concentrations and a reduction in circulating 
GH half-life [107]. The reduction in GH secretion has been 
ascribed to negative feedback by FFA, a reduction in plasma 
ghrelin (a GH secretagog) and nutrient-stimulated increases in 
IGF-1 production.

Total IGF-1 and IGF binding protein 3 (IGFBP-3) concentra-
tions in obese subjects are typically normal or only mildly 
elevated; this may refl ect in part the production of IGF-1 and 
IGFBP-3 by white adipose tissue [108,109] and/or an increase in 
hepatic GH sensitivity resulting from induction of hepatic GH 
receptors by hyperinsulinemia. Induction of GH receptor expres-
sion in obesity is suggested by an increase in concentrations of 
GH binding protein [110], the circulating form of the extracel-
lular GH receptor domain, and by heightened production of IGF-
1 following a single dose of GH [111].

Total IGF-2 concentrations were elevated in obese 
adults in two studies but were normal in a study of obese adoles-
cents [112]. In some investigations, serum IGFBP-1 and IGFBP-2 
concentrations are reduced. This is postulated to increase the 
bioavailability of IGF-1, which may thereby maintain or increase 
linear growth in obesity despite diminished GH secretion. Free 
IGF-1 concentrations have been found to be elevated in some 
studies of obese adults [113,114] but technical diffi culties 
with the assay currently limit the applicability of free IGF 
measurements.

By promoting IGF action, a reduction in plasma IGFBP-1 or 
IGFBP-2 concentrations in obese subjects may facilitate further 
weight gain. Overexpression of IGFBP-1 or IGFBP-2 in trans-
genic mice reduces adipogenesis and prevents diet-induced 
obesity. IGFBP-1 excess reduces insulin sensitivity but IGFBP-2 
excess improves glucose tolerance [115,116].

The effects of IGF-1 on growth and bone maturation in obese 
subjects may be potentiated by hyperleptinemia. Circulating 
leptin concentrations rise in proportion to body (particularly 
subcutaneous) fat stores and are higher in girls than in boys. 
Leptin stimulates proliferation of isolated mouse and rat osteo-
blasts and increases the width of the chondroprogenitor zone of 
the mouse mandible in vivo. In leptin-defi cient ob/ob mice, leptin 
increases femoral length, bone area and bone mineral content 
[117]. The effects of leptin may be exerted in concert with IGF-1 
because leptin increases IGF-1 receptor expression in mouse 
chondrocytes [118]. Nevertheless, linear growth is normal in 
patients with congenital defi ciencies of leptin or the leptin 
receptor [119,120].
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Figure 20.10 Pathogenesis of hypertension in obesity. Angio, angiotensin; NO, 
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Thyroid function
Plasma T4 and TSH concentrations generally fall within the 
normal range in obese subjects but T3 concentrations are 
mildly elevated, a consequence of nutrient-dependent thyroxine 
(T4) to T3 conversion [107]. The elevation of T3 increases 
resting energy expenditure and may thereby limit further 
weight gain. Caloric restriction and weight loss, on the other 
hand, decrease total and free T4 and T3 concentrations, 
reducing energy expenditure and thereby facilitating weight 
regain.

Gonadal function and pubertal development, ovarian 
hyperandrogenism and gynecomastia
Obesity in early childhood (age 36–54 months) and excessive 
weight gain between 3 and 9 years of age increases the risks of 
precocious thelarche and may reduce the age of menarche [121]. 
Because leptin promotes gonadotropin secretion and rises tran-
siently before the onset of puberty in normal weight children, it 
is possible that the hyperleptinemia of obesity promotes early 
sexual maturation, at least in girls.

More commonly, obese girls and boys develop precocious 
adrenarche without true puberty and teenage obese girls are 
prone to ovarian hyperandrogenism with mild hirsutism, acne, 
anovulation and menstrual irregularity.

The pathogenesis of ovarian hyperandrogenism remains poorly 
understood but insulin and IGF-1 in excess act in synergy with 
adrenocorticotropic hormone (ACTH) and luteinizing hormone 
(LH) to stimulate the production of androgens 
from adrenocortical cells and ovarian theca cells, respectively. 
These effects are mediated through induction of P450c 17α-
hydroxylase activity. The biologic availability of ovarian and 
adrenal androgens is increased because insulin suppresses hepatic 
sex hormone binding globulin (SHBG) expression and reduces 
plasma SHBG concentrations. Free androgens increase the 
frequency of gonadotropin-releasing hormone (GnRH) pulses 
and the ratio of LH to follicle-stimulating hormone (FSH), 
thereby exacerbating thecal androgen production. The 
increase in free androgens may induce precocious adrenarche in 
prepubertal girls and boys and may cause anovulation and hirsut-
ism in adolescent girls and young women (Fig. 20.11) 
[122,123].

Free and total testosterone concentrations are generally normal 
in obese boys but may decline with dramatic weight 
gain in association with a fall in gonadotropin concentrations. 
These changes can reverse with weight loss. Aromatization of 
androstenedione in adipose tissue increases plasma estrone con-
centrations, causing gynecomastia in adolescent boys.

In rare cases, the gynecomastia and ovarian hyperandrogenism 
in obese children derives from hyperprolactinemia. Prolactin 
concentrations are typically normal or low in obese children or 
adults but hyperprolactinemia deriving from a pituitary tumor 
may be associated with weight gain in children as well as in adults 
[49,50].
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↑ Free IGF-1?↓ SHBG         ↑ Ovarian and adrenal
androgen production
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Figure 20.11 Pathogenesis of ovarian hyperandrogenism and gynecomastia in 
obesity. FSH, follicle stimulating hormone; GHBP, growth hormone binding 
protein; IGFBP, insulin-like growth factor binding protein; LH, lutenizing 
hormone; SHBG, sex hormone binding globulin.

Adrenal function
The abdominal weight gain, striae, hirsutism and menstrual 
irregularity that may accompany obesity are often confused with 
Cushing syndrome. In contrast to exogenous obesity, Cushing 
syndrome is typically associated with linear growth failure and 
delayed bone maturation (unless a primary adrenal tumor pro-
duces excess androgens as well as glucocorticoids) as well as hem-
orrhagic or violaceous, rather than pink, striae. Basal plasma, 
salivary and urinary free cortisol concentrations and basal ACTH 
concentrations in obese non-Cushingoid children generally fall 
within the normal range and diurnal variation and the response 
to dexamethasone are maintained [124]. However, body fat mass 
correlates with total excretion of glucocorticoid metabolites, 
suggesting that obesity is accompanied by increased cortisol 
secretion and turnover.

Changes in tissue glucocorticoid metabolism may modulate fat 
distribution and peripheral insulin sensitivity [125]. For example, 
polymorphisms in the glucocorticoid receptor have been associ-
ated with obesity, hypertension and insulin resistance in some 
studies in adults. Additional investigations suggest that overex-
pression of 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) 
in visceral adipose tissue may exacerbate weight gain by increas-
ing local production of cortisol from inactive cortisone. In con-
trast, other studies fi nd lower expression of 11βHSD1 in 
pre-adipocytes of obese non-diabetic adults [126]; the expected 
reduction in tissue cortisol concentrations is postulated to coun-
teract the insulin resistance and weight gain in obese patients. An 
increase in 11βHSD1 expression after weight loss may facilitate 
adipose cortisol production, adipogenesis and weight rebound.

Calcium homeostasis and bone mineralization
Adolescents and adults with severe obesity, particularly those 
with dark skin, may have reduced 25-hydroxyvitamin D (25-
OHD) concentrations and secondary hyperparathyroidism [127]; 
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1,25-dihydroxy vitamin D concentrations have been elevated in 
obese subjects in some studies and reduced in others. These 
abnormalities might be explained by a reduction in cutaneous 
synthesis of vitamin D3 or by decreased bioavailability of vitamin 
D3 owing to deposition in adipose tissue; they are reversed with 
weight loss.

Some studies show variable decreases in bone mineral content 
in obese subjects; others fi nd that overweight and obese children 
have normal or increased bone mass compared with lean 
children. Physical activity probably plays a determining part; 
highly active adolescents accrue more bone than their inactive 
counterparts.

Renal dysfunction
Renal effects of obesity include increased renal blood fl ow and 
glomerular fi ltration rate, renal hypertrophy and proteinuria. 
Microalbuminuria, detected in 10% of obese insulin-resistant 
adolescents [128], correlates with the degree of insulin resistance 
and 2-h glucose concentrations. Renal biopsies in obese subjects 
may demonstrate histological features of focal segmental glo-
merulosclerosis, mesangial proliferation and hypertrophy and 
glomerulomegaly [129,130]. The glomerulopathy associated with 
obesity differs in some ways from idiopathic focal segmental 
glomerulosclerosis, which is more commonly associated with 
nephrotic syndrome and progression to end-stage renal disease. 
Factors contributing to obesity-related glomerulopathy include 
hypertension, hyperinsulinemia, hyperlipidemia and, possibly, 
increases in free IGF-1 concentrations.

Cholecystitis, pancreatitis and pseudotumor cerebri
Cholecystitis, pancreatitis and pseudotumor cerebri occur more 
frequently in obese than in normal weight children. Among 123 
children (mean age 7.8 years) with cholelithiasis, 12 were obese 
and four had hypercholesterolemia. In another study, gallstones 
were found in 2% of obese children and only 0.6% of non-obese 
children [131]. Gallstone formation is thought to result from an 
increased rate of biliary cholesterol excretion relative to that of 
bile acid or phospholipids. Interestingly, rapid weight loss also 
predisposes to gallbladder disease.

Obesity may place teenage girls at higher risk of idiopathic 
pancreatitis. The hypertriglyceridemia of obesity/insulin resis-
tance probably has a pathogenic role.

Overweight and obesity increase by 15-fold the risk of pseudo-
tumor cerebri [132]. The pathogenesis of pseudotumor in obesity 
remains obscure. Increases in intra-abdominal pressure may 
increase central venous and intrathoracic pressures and thereby 
raise intracranial pressure.

Obstructive sleep apnea and sleep deprivation
Obstructive sleep apnea is characterized by recurrent episodes of 
upper airway obstruction accompanied by intermittent hypox-
emia and hypercapnia. The disorder is caused by narrowing of 
the upper airway during sleep; in young children this results most 
commonly from upper airway infl ammation and tonsillar hyper-

trophy; in older adolescents and adults the obstruction appears 
to result from excessive adipose deposition in the neck and para-
pharyngeal fat pads. Thus, the risk of obstructive sleep apnea 
correlates more strongly with obesity in adolescents and adults 
than in prepubertal children; rates of sleep apnea are increased 
four- to ninefold in obese teenagers [133]. African-American and 
Hispanic children are at particularly high risk and Asians may 
have higher rates at any given BMI.

Sleep apnea is associated with sleep deprivation, cognitive dys-
function, behavioral disorders, hypertension and the panoply of 
biochemical changes associated with the metabolic syndrome. It 
is currently unclear whether the latter are caused by the sleep 
apnea or the obesity that underlies the condition and it is not 
known whether sleep deprivation, which is associated with 
daytime sleepiness and childhood weight gain, is a cause as well 
as a consequence of obesity. Studies in adults [134,135] suggest 
that sleep deprivation may reduce plasma leptin (anorexigenic) 
and increase plasma ghrelin (orexigenic) and thereby increase 
daytime food intake.

The usual treatment of obstructive sleep apnea in children is 
tonsillectomy and adenoidectomy. Although this may improve 
mood and cognitive function in theory, the reversal of airway 
obstruction may reduce the energy costs of breathing and facili-
tate food intake and may thereby increase body weight [136].

Identifi cation and screening for 
metabolic complications

The goals of metabolic screening are:
1 To identify (and treat) existing co-morbidities not apparent 
from clinical history and physical examination; and
2 To identify patients who are at particularly high risk for co-
morbidities and who could therefore benefi t most from intensive 
intervention.
For example, most children and adolescents with impaired 
glucose tolerance and a subset of those with established type 2 
diabetes lack classic symptoms such as polyuria and polydipsia. 
Moreover, dyslipidemia and hepatic and renal dysfunction would 
go undetected without investigation.

Patients with marked weight gain, abdominal adiposity, severe 
insulin resistance and strong family histories of type 2 diabetes, 
gestational diabetes and/or cardiovascular disease are at highest 
risk for co-morbidities. Thus, metabolic screening of obese chil-
dren and of overweight children who have one or more of the 
risk factors listed in Table 20.5 is recommended. Given the strong 
association of PCOS with insulin resistance, all girls with ovarian 
hyperandrogenism should be screened, regardless of BMI.

Minimal screening should include measurements of blood 
pressure, fasting glucose, insulin, lipids and ALT, as well as HbA1c 
and/or plasma glucose and insulin concentrations following oral 
glucose or a mixed meal. Urinalysis should be performed to 
detect glycosuria or microalbuminuria. Measurements of serum 
leptin and adiponectin may also prove clinically useful.
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Analysis of insulin sensitivity and secretion
Insulin sensitivity has generally been assessed using hyperinsulin-
emic, euglycemic clamps or intravenous infusion of glucose with 
frequent blood sampling for plasma insulin and glucose concen-
trations (“minimal model”). These techniques have been applied 
successfully in research studies but have little use clinically. Esti-
mates of insulin sensitivity based on glucose and insulin concen-
trations obtained under fasting conditions or following the 
administration of glucose or a mixed meal correlate reasonably 
well with clamp and minimal model studies and are therefore 
clinically useful. Several calculated values have been applied in a 
variety of clinical investigations; these include:
1 The homeostasis model of insulin resistance (HOMA-IR), cal-
culated as the fasting glucose (in mg%) multiplied by the fasting 
insulin concentration (in μU/mL) divided by 405 or [fasting 
glucose (mmol) × insulin (μU/mL)/22.5]
2 QUICKI = 1/[log fasting insulin (μU/mL) + log fasting glucose 
(mg%)]
3 Modifi ed QUICKI = 1/[log fasting insulin (μU/mL) + log 
fasting glucose (mg%) + log free fatty acids (mmol)], which may 
be more useful for detection of insulin resistance in non-obese 
subjects.
4 Whole body insulin sensitivity index [141] (WBISI, Matsuda 
index) = 10 000 divided by the square root of [fasting glucose × 
fasting insulin × mean fasting glucose × mean fasting insulin 
concentrations obtained during an oral glucose tolerance test]. 
Multiplication of the square root of the WBISI by the “insulino-
genic index” (the ratio of increments in insulin and glucose con-
centrations during the fi rst 30 minutes after glucose ingestion) 

provides a disposition index, which provides a measure of insulin 
secretion at a given level of insulin sensitivity.

Insulin action in normal weight and obese subjects is modu-
lated by GH, glucocorticoids and sex steroids. Consequently, the 
metabolic response to insulin is gender-dependent and changes 
with age and state of sexual maturation. Insulin sensitivity declines 
during mid to late puberty, refl ecting an increase in growth 
hormone secretion and, in girls, progesterone production and the 
accumulation of body fat. Insulin sensitivity increases thereafter 
but falls again during aging.

No single insulin assay has been standardized and adopted for 
general use. Consequently, measurements of insulin sensitivity 
obtained in one laboratory may not replicate measurements 
obtained at a different site. Nevertheless, a broad-based study of 
insulin sensitivity (assessed with an insulin radioimmunoassay) 
in 4092 American adolescents [138] found that the 97.5th centile 
for HOMA-IR values was 4.39; at this level, 52% of obese, 16% 
of overweight and 3–4% of normal-weight adolescents would be 
considered insulin-resistant. Fasting insulin concentrations 
exceeding 24.1  μU/ml and HOMA-IR values greater than 5.63 
exceeded the 95th centile for all obese adolescents, suggesting that 
these concentrations indicate severe insulin resistance. Children 
with severe insulin resistance are at the highest risk for metabolic 
complications and warrant additional investigation, intervention 
and follow-up. Marked elevations in serum ALT and/or plasma 
lipids should prompt consultations with other pediatric 
subspecialists.

Long-term risks

Adult obesity
Childhood obesity predisposes to obesity in adolescence and 
adulthood. In general, the correlation between childhood and 
adult obesity increases with the age of the child; the probability 
that an obese child will be obese at age 35 years increases from 
0.15–0.24 at age 3 years to 0.98–0.99 at age 20 years (Fig. 20.12) 
[139]; until age 17, the risk for obese girls exceeds the risk for 
obese boys. The odds that an obese child will remain obese as a 
young adult increase from 1.3 at the age of 1–2 years to 20.3 at 
the age of 15–17 years [17]. The persistence of obesity into adult-
hood has ominous implications; severe obesity increases 40 times 
the rates of type 2 diabetes in adult women and by 2–3 times the 
risks of gestational diabetes. Microvascular complications, includ-
ing neuropathy, retinopathy and microalbuminuria, all occur 
with increased frequency in adults with impaired glucose 
tolerance as well as diabetes and rates of myocardial infarction 
and stroke are increased two- to fi vefold [140–143].

Cardiovascular disease
Childhood obesity itself appears to predispose to development 
and progression of cardiovascular disease even early in life. 
Severe obesity in 9- to 11-year-old children is associated with 
increased stiffness of the carotid arteries and obesity, hypoadipo-

Table 20.5 Screening for glucose intolerance and metabolic complications in 
obese children and adolescents.

Populations to be screened
1 Obese children and adolescents with BMI ≥95th percentile for age and 
gender or waist circumference >90th percentile for age, gender or ethnicity
2 Overweight children (BMI 85–95th percentile) with one or more of the 
following:

(a) Acanthosis nigricans (a marker of insulin resistance in Whites, Latinos and 
Asians and of obesity and/or insulin resistance in Blacks); and/or
(b) Hypertension; and/or
(c) Precocious adrenarche; and/or
(d) Membership in a high-risk ethnic group and /or family history of type 2 
diabetes, gestational diabetes, or early (age <50 years) cardiovascular disease

3 Teenage girls with ovarian hyperandrogenism with or without 
obesity

Screening procedures
1 Blood pressure
2 Fasting glucose, insulin, lipids, and alanine aminotransferase
3 HbA1c and/or glucose and insulin concentrations following oral glucose 
(OGTT) or mixed meal
4 Urinalysis and urine microalbumin and creatinine

BMI, body mass index; OGTT, oral glucose tolerance test.
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women and men, the extent of fatty streaks correlated with 
glycated hemoglobin concentrations.

In a study of 276 385 subjects followed from 7–13 years of age 
to 25–60 years, a one unit increase in BMI Z score (BMI + 1 SDS, 
equivalent to the 88th centile in American BMI charts) at age 13 
years was associated with a 12–17% increase in the risk of fatal 
and non-fatal cardiac events resulting from coronary heart disease 
(Fig. 20.13) [149], so even modest increases in body fat deposition 
during the early years of life have grave implications for adult 
cardiovascular health.

Malignancy
The prevalence of endometrial cancer, cervical cancer and renal 
cell carcinoma in women increases in proportion to BMI, while 
rates of liver cancer (and to a lesser extent gastrointestinal malig-
nancies) are increased markedly in obese men (Fig. 20.14) 
[150,151]. It is not known whether childhood obesity predisposes 
to childhood or adult malignancy, although a retrospective study 
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Figure 20.13 A one unit increase in BMI Z score 
in childhood increases the risk of adult coronary 
heart disease. (a) Boys. (b) Girls. Reprinted from 
Calle et al. [154] with permission.

nectinemia, and insulin resistance. Impaired glucose tolerance in 
adolescence is associated with increases in carotid intimal media 
thickness [144–146], which may be reduced in adult life by 
weight loss.

Among 93 subjects who underwent autopsy at age 2–39 years, 
the prevalence of fatty streaks and fi brous plaques in the aorta 
and coronary arteries increased with age and correlated positively 
with standard deviation (Z) scores for BMI, serum triglycerides, 
cholesterol and blood pressure [151]. The combination of mul-
tiple risk factors increased exponentially the extent of arterial 
intimal surface involvement. Postmortem analysis of more than 
3000 subjects who died of natural causes at 15–34 years of age 
(Pathological Determinants of Atherosclerosis in Youth [148]) 
showed that obesity and impaired glucose tolerance were associ-
ated with progression of atheromatous lesions in adolescents and 
young adults. In young men, BMI and abdominal fat mass cor-
related with the number and size of fatty streaks and raised lesions 
in the right and left anterior descending coronary arteries. In both 
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[152] revealed a 9.1 times (range 1.1–77.5) increase in the inci-
dence of colon cancer among elderly men (not women) who had 
been obese as adolescents.

Management of obesity and its co-morbidities

Lifestyle intervention
General considerations
The overall success of lifestyle intervention in children and ado-
lescents has been limited and variable. Intervention has been 
most successful in homogeneous populations of prepubertal 
children whose mothers have received intensive dietary and 
behavioral counseling. Parental counseling alone may be 
as or more effective than counseling of the young child and 
parent(s).

Behavior modifi cation forms the basis of current clinical 
practice. Ten-year outcome data show that 34% of participants 
decreased percentage overweight by 20% or more and 30% were 
no longer obese [153]. No racial breakdown for participants 
has been provided but the great majority of subjects were Cauca-
sian. All were pre-adolescent (6–12 years old at study onset), of 
middle to high socio-economic status and none was massively 
obese. The intervention had little or no effect in children with at 
least one obese parent, which limits the generalizability of these 
studies.

However, some investigations do shed light on the effi cacy of 
lifestyle intervention in ethnically diverse groups of children. A 
mixed group of 7- to 12-year-old African-Americans, Whites and 
Latinos was studied to assess the effects of weight maintenance 
behavioral therapy delivered for 4 months after the completion 
of a structured weight loss program focusing on diet, activity and 
self-monitoring [154]. Those who received maintenance therapy 
had a mean decrease in BMI Z score of 0.04 compared with an 
increase of 0.05 in the control group but treatment effi cacy 
declined over the subsequent 2-year follow-up. The study did not 
control for frequency of health-care contacts or pubertal stage 
and severely overweight children were excluded.

The success of lifestyle intervention in adolescence has been 
disappointing but a year-long intensive family-based interven-
tion [155], which employed nutrition education, behavior 
modifi cation and supervised exercise sessions, reduced BMI by 
1.7  kg/m2 and improved insulin sensitivity in a mixed ethnic 
group of American teenagers, although only 53% of the 
participants completed the study. Drop-out rate was even 
higher (83%) in a substudy that recommended a structured meal 
plan.

Dietary intervention: macro- and micronutrients
Mild caloric restriction can be safe and effective when obese chil-
dren and their families are highly motivated and encouraged to 
change feeding behaviors. Signifi cant reductions in weight are 
unusual and often transient unless caloric restriction is accompa-
nied by increased energy expenditure. Diets severely restricted in 

calories produce more dramatic weight loss but cannot be sus-
tained under free-living conditions. Very-low-calorie low-protein 
diets are potentially dangerous and may precipitate recurrent and 
futile cycles of dieting and binge eating.

The role of dietary macronutrients in the pathogenesis of 
obesity, insulin resistance and type 2 diabetes is highly controver-
sial. The majority of studies in humans and animals suggest that 
insulin sensitivity correlates inversely with the saturated fat 
content of the diet [156,157]. Replacement of saturated fat with 
polyunsaturated fat and long-chain omega-3 fatty acid can reduce 
total energy intake, improve insulin sensitivity and, in combina-
tion with exercise, reduce the risks of type 2 diabetes and cardio-
vascular disease in adults with IGT.

Nevertheless, obese men and women lost more weight during 
short-term trials (6 months) and had more signifi cant reductions 
in plasma TG concentrations on low-carbohydrate diets than on 
conventional low-fat diets [158,159]. The relative benefi ts of a low 
carbohydrate diet were lost by 12 months and long-term compli-
ance with the regimen was variable [160,161].

It is possible that the nature or quality of ingested carbohydrate 
may modulate weight gain. The insulin-secretory response to 
foods containing rapidly absorbed, concentrated carbohydrates 
(high glycemic index) exceeds the response to foods containing 
protein, fat and fi ber. The rapid rise and subsequent fall in blood 
glucose following ingestion of sucrose may precipitate hunger 
and fructose is lipogenic and delays the oxidation of fatty acids, 
facilitating fat storage [162,163]. Substitution of low for high 
glycemic carbohydrates had no effect on energy intake or body 
weight in overweight or obese women [164].

Studies of the effects of glycemic index on weight gain in chil-
dren are inconclusive. A 19-month study of school children 
found a positive correlation between BMI and the consumption 
of sugar-sweetened drinks: a modifi ed low-glycemic diet (45–
50% carbohydrate, 30–35% fat) reduced BMI Z score and fat 
mass in a pilot study of seven obese adolescents [165]. However, 
a systematic review [166] concluded that caloric restriction is as 
or more effective in reducing BMI than selective restriction of fat 
or carbohydrate. Anecdotal evidence suggests that elimination of 
concentrated soft drinks and reduction of high density starches 
can reduce caloric intake in some obese adolescents by as much 
as 500–1000  kcal/day and thereby facilitate weight reduction.

Other macronutrients, vitamins and trace elements may con-
tribute to the risk of diabetes. Intake of fi ber, particularly whole 
grains and cereal, correlates inversely with the risks of type 2 
diabetes and cardiovascular disease [167]. Insoluble and soluble 
fi ber may limit fat absorption and thereby improve glucose toler-
ance. The intake of magnesium from whole grains, nuts and green 
leafy vegetables and dairy products containing vitamin D and 
calcium may also correlate inversely with diabetes risk in young 
adults [168,169].

Exercise
A sedentary lifestyle increases the risk of diabetes, while exercise, 
in combination with caloric and fat restriction, reduces the rate 
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of progression to diabetes in adults with IGT. Lifestyle interven-
tion can reduce the rate of progression to diabetes in adults with 
IGT between 63% [170] and 36% [171].

The Finnish Diabetes Prevention Study [172] randomized 
individuals with IGT and BMI >25  kg/m2 to a control or to an 
intervention group counseled to reduce total and saturated fat 
intake, increase fi ber intake, reduce body weight and increase 
physical activity. No subjects who achieved target goals developed 
diabetes but one-third of those who failed to reach a single target 
developed diabetes. The primary determinant of diabetes preven-
tion was an increase in insulin sensitivity associated with weight 
loss. The Diabetes Prevention Program (DPP) [173] compared 
intensive with standard lifestyle recommendations. Intensive 
lifestyle changes, which included weight reduction, a decrease in 
saturated fat intake and regular exercise (150  min/week), were 
accompanied by a 58% relative risk reduction in the prevalence 
of diabetes during a 3-year period.

The mechanisms by which exercise improves insulin sensitiv-
ity and glucose tolerance are complex, involving metabolic adap-
tations in adipose tissue, liver and skeletal muscle (Fig. 20.15) 
[174]. Exercise has benefi cial effects on fat storage and distribu-
tion, with losses of visceral fat depots exceeding those of subcu-
taneous fat stores. Lean body mass increases, thereby augmenting 
resting energy expenditure. A reduction in visceral fat mass 
increases adipose tissue sensitivity to insulin which partly 
explains the reductions in fasting and post-prandial FFA, LDL 
and TG concentrations and the increase in plasma HDL concen-
trations in adults who adhere to a rigorous diet and exercise 
regimen. The effect of exercise on plasma TG is mediated 
through induction of lipoprotein lipase and reduction in TG 
production.

Exercise increases hepatic glucose uptake and glycogen 
synthesis and decreases hepatic glucose production, thereby 
reducing fasting glucose and insulin concentrations. In skeletal 
muscle, exercise stimulates insulin-dependent glucose 
uptake and thereby reduces post-prandial glucose concentra-
tions; this action is mediated by increases in muscle GLUT-4 
synthesis and induction of GLUT-4 translocation from intra-

cellular pools to the plasma membrane [178]. The induction of 
GLUT-4 activity may be mediated in turn by an increase in 
cellular concentrations of AMP-activated protein kinase (AMPK) 
[175]. Activation of AMPK promotes increased cycling 
of existing GLUT-4 transporters in skeletal muscle as well as 
enhanced expression of hexokinase II and mitochondrial 
enzymes.

Several studies suggest that insulin action is related to the oxi-
dative capacity of skeletal muscle. Insulin-resistant individuals, 
including those with type 2 diabetes, have reduced activities of 
muscle oxidative enzymes; aerobic training increases muscle oxi-
dative enzyme activity and improves insulin sensitivity by 26–
46%. The effect of exercise on oxidative enzyme activity may 
refl ect in part an increase in mitochondrial size [176]. Weight loss 
alone may improve insulin sensitivity but does not alter fasting 
rates of lipid oxidation, while weight loss coupled with exercise 
increases fat oxidation.

Few studies have assessed the effects of exercise on insulin 
resistance in children. A randomized modifi ed cross-over study 
of 79 obese children (aged 7–11 years) demonstrated that 4 
months of exercise training (40  min of activity on 5 days a week) 
decreased fasting insulin (10%), TG (17%) concentrations and 
percentage body fat (5%), even in the absence of dietary interven-
tion [177]. The effects on plasma insulin and body fat were 
reversed when training was discontinued.

An 8-week trial of cycle ergometry and resistance training in 
obese adolescents reduced abdominal (7.0%) and trunk (3.7%) 
fat mass and normalized fl ow-mediated dilation of the brachial 
artery [178,179].

Although preliminary, these fi ndings suggest that exercise has 
benefi cial effects in obese children as well as adults but exercise 
alone is unlikely to induce weight loss in obese patients in the 
absence of caloric restriction [180]. The capacity for voluntary 
exercise declines as BMI rises so it is critical to begin regular 
exercise before the child becomes morbidly obese and function-
ally immobile.

Benefi ts from lifestyle intervention are most likely when diet 
and exercise programs are coordinated with individual and family 
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counseling and behavior modifi cation. School-based programs, 
supported by community groups and by state and federal agen-
cies, may assist families and reduce the child’s sense of isolation, 
frustration and guilt. Pilot investigations suggest that school-
based physical education programs may reduce body fat and 
blood pressure in children and young teenagers but have negli-
gible effects on BMI [180]; such fi ndings might implicate increases 
in lean body mass, which in theory may improve long-term 
cardiovascular health.

The long-term success of lifestyle intervention alone has been 
disappointing. Rates of obesity and insulin resistance in children 
and adults continue to increase, despite widespread recognition 
of the dangers of dietary indiscretion and a sedentary existence. 
This may refl ect the resistance of complex feeding and activity 
behaviors to change as well as the power of social and economic 
forces that shape lifestyles. Metabolic and hormonal adaptations 
to initial weight loss may also create barriers to long-term success; 
for example, reductions in food intake and body weight decrease 
the circulating concentrations of T3 and leptin and increase cir-
culating concentrations of adiponectin and ghrelin (Fig. 20.16) 
[181]. The fall in T3 and leptin concentrations limits energy 
expenditure and sympathetic nervous system activity and may 
facilitate rebound food intake. Hunger may be intensifi ed by the 
rise in plasma ghrelin and adiponectin, which stimulate food 
intake [182,183]. Food restriction also causes a secondary resis-
tance to GH action, which in combination with a rise in insulin 
sensitivity may reduce rates of lipolysis and fat breakdown 
[124,181]. These adaptations facilitate weight regain, the major 
barrier to long-term treatment success [184].

Pharmacotherapy
The obstacles to success with lifestyle intervention have stimu-
lated interest in pharmacologic approaches to the treatment of 
obesity and the prevention of diabetes and other metabolic 
complications.

Anorectic agents
Among pharmacologic agents used for weight loss, anorectic 
drugs are the most powerful [181]. Unfortunately, many of 
these drugs initially considered safe for the treatment of obesity 
(e.g. amphetamines, diethylpropion, fenfl uramine, ephedra and 
phenylpropanolamine) have been withdrawn because of life-
threatening complications. The only anorexic agent currently 
approved for use in obese adolescents (>age 16 years) is sibutra-
mine, a non-selective inhibitor of neuronal reuptake of serotonin, 
norepinephrine and dopamine.

This drug reduces hunger, increases satiety and promotes ther-
mogenesis in brown adipose tissue, increasing energy expenditure 
(Fig. 20.17) [182]. In combination with caloric restriction and a 
comprehensive family-based behavioral program [185,186], 
sibutramine reduced BMI by 8.5 ± 6.8% in 43 obese adolescents 
during an initial 6-month period; 39 placebo-treated subjects had 
a 4.0 ± 5.4% reduction in BMI. No additional weight loss occurred 
during a subsequent 6 months of therapy. There were no changes 
in fasting glucose, insulin or lipid concentrations.

Nineteen of the 43 subjects developed mild hypertension and 
tachycardia, necessitating reduction in drug dosage and fi ve had 
sustained elevations in blood pressure that required discontinu-
ation of the drug. A subsequent randomized controlled trial 
excluded subjects with baseline blood pressure >130/85  mmHg 
and/or pulse >95 and, following a 12-month period, sibutramine 
and behavior therapy combined reduced BMI (−2.9  kg/m2, 9.4%), 
waist circumference, triglycerides (−24  mg/dL), insulin (−7.6  μU/
mL) and HOMA-IR. Blood pressure and pulse rate were margin-
ally higher in treated subjects.

Other potential adverse effects of the drug include insomnia, 
anxiety, headache and depression. There is a heightened risk of 
the serotonin syndrome [187] if sibutramine is used in combina-
tion with monoamine oxidase inhibitors, buspirone, lithium, 
meperidine) or selective serotonin reuptake inhibitors (such 
as fl uoxetine), triptans, dextromethorphan, ergot alkaloids or 
fentanyl.

Rimonabant is a specifi c inhibitor of cannabinoid receptor 1. 
It reduces food intake through actions on the hypothalamus, 
mesolimbic system and vagus nerve and stimulates directly the 
expression of adiponectin in white adipose tissue [181]. Its 
effects have not been studied in children but the drug reduced 
BMI with a potency comparable to that of sibutramine in obese 
adults and, with higher doses, increased HDL and reduced TG. 
Unfortunately, it also caused an excess (5.6%) of “psychiatric 
and nervous system disorders” including anxiety, depression 
and insomnia [181]. Such fi ndings are of concern given the 
prevalence of eating and mood disorders in severely obese 
children.

Anorectic agents should complement and never replace a diet 
and exercise program. Responses to treatment vary considerably 
among individuals: most weight loss is achieved within the 
fi rst 4–6 months and regain of weight is the norm unless drug 
therapy is maintained. Close monitoring for adverse effects is 
essential.
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Figure 20.17 Mechanisms of action of 
pharmacologic agents used in the treatment of 
obesity. FFA, free fatty acids; HGP, hepatic glucose 
production. The relative size of the drug name 
correlates with the magnitude of its effect. Reprinted 
from Freemark [181] with permission.

Drugs that limit absorption
Orlistat (approved for treatment of obese children over the age 
of 12 years) inhibits pancreatic lipase and thereby increases fecal 
losses of TG. The drug reduces body weight and total and LDL 
cholesterol concentrations and reduces the risk of type 2 diabetes 
in adults with IGT (Fig. 20.18) [188]. Serum cholesterol and LDL 
concentrations are also reduced in adults and the LDL : HDL ratio 
declines slightly. In a year-long study of obese adolescents, orlistat 
reduced weight by 2.6  kg and BMI by 0.86  kg/m2 but had no effect 
on blood glucose, insulin or lipid concentrations [189]. There was 
considerable variability in response and the high drop-out rates 
(33% or more) suggest that long-term fat restriction is a problem 
for teenagers; dietary non-compliance results in fl atulence and 
diarrhea that ultimately prove unacceptable.

Side effects are tolerable as long as subjects reduce fat intake but 
vitamin A, D and E concentrations may decline and a multivitamin 
may help to prevent osteopenia. Seven of 357 children who took 
orlistat for a single year developed new gallbladder disease [189], 
of whom one required cholecystectomy. Among the 182 placebo-
treated patients, only one developed new gallbladder disease. 
Because cholecystitis occurs more commonly even in untreated 
obese people [124,131], it is unclear if orlistat increases the risk of 
gallbladder disease or if long-term use of the drug should be dis-
couraged for patients with pre-existing gallstones.

Insulin suppressors and sensitizers
The synthesis and storage of TG in adipose tissue is stimulated 
by insulin so increases in nutrient-dependent insulin production 

and/or fasting hyperinsulinemia may contribute to fat storage 
and limit fat mobilization. By reducing fasting or post-prandial 
insulin concentrations, pharmacologic agents may be useful for 
the treatment of obese children and adults.

Metformin is a bisubstituted, short-chain hydrophilic guani-
dine derivative. Its major site of action is the liver: through activa-
tion of AMP protein kinase [190], the drug increases hepatic 
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glucose uptake and fatty acid oxidation, decreases gluconeogene-
sis and reduces hepatic glucose production [181]. Metformin 
increases insulin receptor binding but has variable effects on 
peripheral insulin sensitivity; in contrast to the thizolidinediones, 
there is no induction of skeletal muscle glucose uptake or plasma 
adiponectin concentrations [191,192].

Major advantages of the medication include reductions in food 
intake and fat deposition (subcutaneous > visceral) and improved 
lipid profi les [181,193,194]. A meta-analysis [195] of 31 trials 
with 4570 high-risk subjects followed for a total of 8267 patient-
years showed that metformin reduces BMI (−5.3%), fasting 
insulin concentrations (−14.4%), calculated insulin resistance (−
22.6%), triglycerides (−5.3%) and LDL (−5.6%) and raises HDL 
concentrations (+5%). The drug reduced the incidence of new-
onset diabetes by 40% (odds ratio 0.6) during a mean of 1.8 years 
[195] and may limit cardiovascular morbidity and mortality in 
diabetic adults [196].

There have been at least six randomized double-blind placebo-
controlled studies of metformin in obese adolescents with insulin 
resistance and normal glucose tolerance. In the fi rst trial (n = 29), 
which lasted 6 months, metformin reduced BMI Z score 0.12 SDS 
(−3.6% relative to placebo controls), plasma leptin and fasting 
glucose (−9.8  mg%) and insulin (−12  μU/mL) concentrations, 
even in the absence of dietary intervention [197]. Because 
increases in BMI and fasting glucose and insulin concentrations 
predict the development of type 2 diabetes in target populations, 
these fi ndings suggested that metformin might prove useful in the 
prevention of glucose intolerance in high-risk adolescents.

Subsequent studies [198–200] confi rmed these fi ndings: in 
each case metformin caused small but signifi cant reductions in 
BMI (0.9–1.26  kg/m2) and fasting insulin concentrations and 
increased insulin sensitivity. Stores of deep abdominal subcutane-
ous fat, which may function metabolically like visceral fat, were 
selectively reduced [199,200].

A 3-month trial (n = 24) found that the combination of a low-
calorie diet (1500–1800 calories/day for girls and boys, respec-
tively) and metformin reduced weight by 6.5%; diet alone caused 
a 3.8% weight loss [198]. Patients treated with metformin had 
greater decline in body fat (−6% versus −2.7% in the placebo 
group), a decrease in plasma leptin concentrations, a 50% decrease 
in plasma insulin concentrations and increased insulin sensitivity 
as determined by fasting and 2-h glucose and insulin concentra-
tions. Plasma cholesterol and TG concentrations also declined by 
22% and 39%, respectively. These fi ndings suggested that met-
formin and diet may act synergistically to limit weight gain and 
increase glucose tolerance in obese insulin-resistant adolescents. 
Finally, metformin prevented weight gain and increased insulin 
sensitivity in children treated for 4 months with atypical anti-
psychotic agents [201].

Effects on long-term metabolic complications have been 
demonstrated most convincingly in studies of adults with IGT. 
The DPP [173] and the Indian Diabetes Prevention Programme 
[202] showed that metformin decreased body weight and reduced 
the rates of type 2 diabetes in high-risk adults by 26–31% 

(Fig. 20.18). Intensive lifestyle intervention was more potent 
(58% reduction in diabetes rates) than metformin alone but the 
drug was as effective as lifestyle change in the youngest patients 
studied and in those with highest BMI. After the fi rst year of the 
study, fasting blood glucose concentrations, HbA1c concentra-
tions and rates of diabetes increased in both the intensive lifestyle 
and the metformin groups in parallel with those in the placebo 
group (standard lifestyle counseling). This suggests that the inter-
ventions may delay rather than prevent the development of type 
2 diabetes [203].

No studies have examined the effects of lifestyle intervention 
or pharmacotherapy on rates of type 2 diabetes in obese adoles-
cents but metformin has been shown to reduce rates of other 
complications in high-risk teenagers. For example, it reduces 
central obesity, free testosterone concentrations and hirsutism 
scores and increases ovulation rates in adolescents and adults with 
PCOS [195,204–206], most of whom are overweight or obese. 
Preliminary evidence suggests that it may also reduce the serum 
concentrations of ALT, a marker of hepatic dysfunction, in obese 
insulinresistant adolescents [207,208].

Heart rate recovery after submaximal exercise, which 
may predict cardiovascular mortality in adults, may be improved 
in obese adolescents by metformin [200]. Two studies suggest that 
it may reduce the rates of cardiovascular disease in high 
risk adults: in the UKPDS study of adults with new onset type 2 
diabetes, metformin reduced the incidence of various diabetes-
related endpoints including death by 32–42% [196]. In adults 
with type 2 diabetes and coronary artery disease, metformin 
reduced the rates of myocardial infarction and deaths by 28% 
compared with patients treated with sulfonylureas or 
insulin [209]. There are no comparable data on sibutramine or 
orlistat.

The thiazolidinedione (TZD) rosiglitazone may be more potent 
in reducing rates of development of type 2 diabetes in obese 
adults with IGT than metformin [210,211]. Pioglitazone reduces 
liver fat stores and hepatic infl ammation in glucose-intolerant 
and diabetic adults with non-alcoholic steatohepatitis [212]. 
TZDs may cause weight gain, edema, heart failure and bone loss 
and are therefore less suitable for treatment of obese adolescents 
[213].

Metformin is generally well tolerated by the majority of sub-
jects, although many have transient abdominal discomfort which 
can be minimized by taking the medication with food. A reduc-
tion in dosage may also relieve gastrointestinal distress. Reversible 
hepatic dysfunction with cholestasis can develop in rare cases. 
The drug should not be administered to patients with acute or 
chronic organ failure and should be discontinued for radiologic 
contrast studies. Because metformin reduces absorption of B vita-
mins, a daily vitamin supplement containing vitamins B6 and B12 
should be included during treatment.

Octreotide binds to the somatostatin-5 receptor and thereby 
impairs closure of the β-cell calcium channel, reducing glucose-
dependent insulin secretion. Unfortunately, the cost of the medi-
cation, the need for parenteral administration and the drug’s side 
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effects, which include gastrointestinal distress, edema, 
gallstones, suppression of GH and TSH secretion and cardiac 
dysfunction, limit its potential applicability to patients with 
intractable obesity from hypothalamic injury [214].

Selection of pediatric candidates for 
pharmacotherapy

The use of pharmacologic agents in the treatment of obese chil-
dren is highly controversial. It can be warranted in carefully 
selected subjects, at the proper time and with appropriate safe-
guards. In general, pharmacotherapy should be reserved for 
obese, rather than overweight, children. Pharmacologic agents 
may (not necessarily should) be considered when obesity and co-
morbidities persist despite formal counseling and a good faith 
effort at diet and exercise. Relevant co-morbidities include:
• Impaired fasting glucose (≥100  mg%), IGT (random or 2-h 
glucose 140–199  mg%) or HbA1c >5.9%;
• Severe insulin resistance manifested by:

� Plasma triglycerides >150  mg% and/or blood pressure 2 SD 
above the mean for age and sex;
� HDL concentrations <40  mg%;
� Fasting insulin >24  μU/mL or HOMA-IR >5.6 (both >95th 
centile for obese adolescents, NHANES 1999–2002 [138]);
� Increased serum ALT (in absence of liver disease other than 
fatty liver);

• Ovarian hyperandrogenism/PCOS.
The case for pharmacologic intervention is strengthened by the 

persistence of more than one of these co-morbidities, particularly 
if there is a strong family history of type 2 diabetes or early car-
diovascular disease. Prominent abdominal adiposity warrants 
special concern.

Timing of pharmacologic intervention

If pharmacotherapy is initiated early in the course of obesity, it 
may be possible to prevent severe weight gain and metabolic 
complications but early intervention inevitably results in some 
unnecessary treatment, raises the rate of side effects and increases 
costs. If medication is begun later, it is possible to treat existing 
complications but this approach runs the risk of run-away weight 
gain and long-term morbidity.

A way to reconcile these diffi culties is to act aggressively with 
lifestyle intervention to prevent severe obesity and to consider 
pharmacotherapy when the risk of complications is extremely 
high or soon after complications have begun to emerge (dotted 
line in Fig. 20.19). Therapy could be started slightly sooner if the 
family history for a major co-morbidity, say type 2 diabetes, is 
particularly strong but lifestyle intervention should always precede 
pharmacotherapy and be maintained during it.

Medication selection and therapeutic objectives

Drug selection should be tailored to the individual patient, with 
strong attention paid to the family history. The goal of preventing 
or treating complications supersedes the goal of reducing body 
weight per se. The benefi ts of any drug used to treat childhood 
obesity should clearly outweigh its risks.

Metformin is a valuable adjunct to the treatment of obese 
adolescents with severe insulin resistance, IFG, IGT or PCOS. 
Dyslipidemic patients might also benefi t from orlistat or metfor-
min, which reduce LDL concentrations and the LDL : HDL ratio 
in adults.

Sibutramine remains an experimental approach for the treat-
ment of obesity in children because of its tendency to raise blood 
pressure and pulse and the lack of information regarding its 
long-term safety. It should not be used in children with 
poorly controlled hypertension or cardiovascular disease of any 
sort and neither sibutramine nor rimonabant should be used in 
children with a history of psychiatric disease or mood 
disorders.

The goals of pharmacological treatment are similar to those of 
lifestyle intervention: reduction in BMI Z score (≥10%) and pre-
vention and/or treatment of co-morbidities with normalization 
of blood pressure, plasma lipids and hepatic and renal function. 
Additional goals in PCOS include reduction in hirsutism scores 
and restoration of ovulatory menses.

Lifestyle intervention

Pharmacotherapy

BMI Z

Insulin resistance

IGT/co-morbidities

Intervene EARLY Intervene LATE

Prevent severe obesity
Prevent complications
Excess patients treated
Unwarranted side effects
Individual/societal costs

Treat emergent complications
Progressive untreated obesity
Risk of long-term morbidity

Figure 20.19 Approach to lifestyle intervention and pharmacotherapy in obese 
children. From Freemark [181] with permission.
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Duration of pharmacologic treatment

In the Rimonabant In Obesity-North America (RIO-NA) trial 
[215], discontinuation of the drug was associated with nearly 
complete regain of weight lost within 1 year. Likewise, withdrawal 
of metformin in the DPP [203] partly reversed its protective 
effects on the development of diabetes. Thus, adults may require 
long-term pharmacotherapy for long-lasting benefi t.

It is not clear if this is true for children. If therapeutic goals are 
achieved, it may be possible to reduce the dosage of the medica-
tion or discontinue the drug entirely. Nevertheless, it is essential 
that lifestyle intervention be maintained throughout or a rebound 
in body weight and a relapse of co-morbidities is inevitable. If 
co-morbidities such as glucose intolerance persist despite compli-
ance with the medical/pharmacologic regimen, it may be neces-
sary to intensify lifestyle intervention and/or to increase the 
dosage of medication. If glucose tolerance declines or the patient 
develops overt diabetes, it may be necessary to add insulin or 
another pharmacologic agent to the therapeutic regimen.

Bariatric surgery
General considerations
Lifestyle intervention and pharmacotherapy in subjects with 
severe (or “morbid”) obesity has been disappointing. Marked 
weight loss is unusual and rarely sustained, and metabolic and 
vascular complications are common, although not invariable. 
Bariatric surgery may be indicated in selected subjects with 
extreme obesity and serious co-morbidities.

A prospective controlled trial demonstrated that surgical inter-
vention (gastric banding, vertical banded gastroplasty and gastric 
bypass) reduced body weight in obese adults by 23.4% at 2 years 
follow-up and 16.1% at 10 years, whereas body weight increased 
1.6% in matched controls [216]. Bariatric surgery reduced energy 
intake, increased physical activity and reduced signifi cantly the 
prevalence of diabetes, hypertension, hypertriglyceridemia, HDL 
cholesterol and hyperuricemia. Another randomized controlled 
trial showed that laparoscopic adjustable gastric banding reduced 
body weight by 20% and reversed type 2 diabetes in 73% of obese 
adults during a 2-year follow-up period; remission was achieved 
in only 13% of a matched group using conventional diabetic 
therapy [217].

Bariatric surgery is now employed increasingly in older adoles-
cents with severe obesity and co-morbidities using either the 
laparoscopic gastric banding procedure or the Roux-en-Y gastric 
bypass.

Laparoscopic adjustable gastric banding
This procedure utilizes a prosthetic band to encircle the proximal 
stomach (Fig. 20.20). The ability to adjust band tension as 
stomach volume changes and the reversibility of the procedure 
provide important theoretical advantages. A meta-analysis (http://
www.hta.hca.wa.gov/past_materials.html) of treatment of 179 
adolescents with pretreatment mean BMI ranging 45.2–50.5  kg/

Proximal pouch
of stomach

‘Short’ intestinal
Roux limb

Pylorus

Duodenum

Bypassed portion
of stomachEsophagus

(a)

(b)

Small stomach
pouch

Gastric band

Larger stomach 
portion

Port

Figure 20.20 (a) Laparoscopic gastric banding and (b) Roux-en-Y bypass 
surgical procedures.

m2 found that laparoscopic adjustable gastric banding (LAGB) 
reduced BMI by 8.3–14  kg/m2 during a 1.7–3.3 year follow-up 
period, eliminated diabetes in 8 of 12 patients and hypertension 
and sleep apnea in the majority with pre-existing disease. No 
deaths were reported, the major complication being band slip-
page, necessitating re-operation in 7.9% of subjects. Gastric 
banding may also cause esophageal dilatation, achalasia and exac-
erbate gastroesophageal refl ux. Other potential complications 
include port-site malfunction, balloon rupture and infection. 
Weight regain over time is common because high caloric intake 
can be maintained by ingestion of sugary drinks.

Roux-en-Y gastric bypass
Roux-en-Y gastric bypass (RYGB) involves the creation of a small 
stomach pouch into which a distal segment of jejunum is inserted 
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(Fig. 20.20). This combines the restrictive nature of gastrectomy 
with the consequences of dumping physiology as a negative con-
ditioning response when high-calorie liquid meals are ingested. 
Food intake may decline as stomach-derived ghrelin concentra-
tions fall [218].

Pilot studies report favorable results in morbidly obese adoles-
cents who failed to respond to lifestyle intervention and/or phar-
macotherapy. In a total of 125 patients (BMI range 47–56.5), 
some of whom had Prader–Willi syndrome, gastric bypass 
reduced BMI by 15–24  kg/m2 during follow-up periods ranging 
1–6.3 years. Diabetes was reversed in three of six patients and 
hypertension and sleep apnea in most of those with pre-existing 
disease (http://www.hta.hca.wa.gov/past_materials.html). The 
relatively low rates of type 2 diabetes in this population probably 
refl ect the predominance of Caucasian patients.

Overall mortality rates for RYGB in adults range 0.5–2%, 
mostly from pulmonary embolus, sepsis and Clostridium diffi cile 
colitis [219]. Risk factors include older age, higher BMI, pre-
existing co-morbidities and hypoventilation. Mortality rates are 
lower (0.35%) in specialized centers with experienced surgeons 
and a multispecialty team approach. One postoperative death of 
a child was reported 9 months following gastric bypass. Other 
complications include iron defi ciency anemia (50%), folate defi -
ciency (30%), cholecystitis (20%), wound infections and dehis-
cence (10%), small bowel or stomach obstruction (5–10%), 
atelectasis and pneumonia (12%) and incisional hernia (10%). 
Prophylactic tracheostomy may be required to maintain airway 
patency and to correct preoperative hypercapnia. Other possible 
complications include leaks at the junction of stomach and small 
intestine requiring re-anastomosis, acute gastric dilatation, which 
may arise spontaneously or secondary to intestinal obstruction or 
narrowing of the stoma, and dumping syndrome.

Defi ciencies of vitamin B12, iron, calcium and thiamine are 
common following bypass surgery. It is recommended that sub-
jects receive a multivitamin containing ≥400  U vitamin D and 
400–1000  μg folate, as well as supplements of vitamin B12 (500  μg) 
and calcium citrate (1200–1500  mg) [220]. Menstruating girls 
also require iron supplements and are expected to use contracep-
tion for at least 12–18 months postoperatively. The diet should 
consist of frequent small meals containing fi ber but no simple 
sugars, fruit juices or sugary drinks. Fish is preferred to red 
meat.

Selection of pediatric patients
Bariatric surgery should be considered for late-pubertal or post-
pubertal adolescents with BMI >40 when severe obesity and 
co-morbidities persist despite a formal program of lifestyle modi-
fi cation and/or pharmacotherapy. Given its reversibility and 
lower incidence of severe complications, gastric banding is pre-
ferred to gastric bypass in children. An experienced surgeon is 
mandatory and psychological evaluation must confi rm the stabil-
ity and competence of the family unit. A multidisciplinary team 
of specialists in pediatric endocrinology, gastroenterology and 
nutrition, cardiology, pulmonology and orthopedics is essential.

Presurgical assessment of psychological function and postop-
erative psychological and nutritional counseling of the surgical 
patient are obligatory. The patient and family should demon-
strate the ability (or at least the willingness) to adhere to the 
principles of healthy dietary and activity habits before surgery so 
bariatric surgery is not favored for patients with unresolved eating 
disorders, untreated psychiatric disorders, substance abuse or 
Prader–Willi syndrome.

Prevention of complications

The major causes of death in adults with IGT and type 2 diabetes 
are myocardial infarction and stroke. Although cardiovascular 
risk in patients with IGT and type 2 diabetes varies with glycemic 
control, other factors have equal or more important roles. These 
include obesity, hypertension, smoking, dyslipidemia, ethnic 
background and family history. In theory, aggressive lifestyle 
intervention in children and adolescents must include smoking 
avoidance, treatment of hypertension, microalbuminuria and 
dyslipidemia, as well as reduction in BMI Z score.

A combined approach of dietary counseling, statins, angioten-
sin-converting enzyme inhibitors and low-dose aspirin reduced 
the long-term (8 year) risks of nephropathy, retinopathy, auto-
nomic neuropathy and cardiovascular endpoints (myocardial 
disease and stroke and amputation) in diabetic adults with 
microalbuminuria by 50–60% [221]. Such an approach may be 
necessary in the management of obese, insulin-resistant and 
glucose-intolerant adolescents, who are commonly hypertensive 
and hyperlipidemic. The timing and intensity of intervention will 
depend upon the family history of cardiovascular disease and the 
severity of the teenager’s metabolic disease.

Prevention of childhood obesity

Obesity can be prevented, even in those genetically prone to 
weight gain, by the adoption of a nutritious diet and regular 
exercise. The fi rst step in this process is breastfeeding, which some 
but not all studies suggest may limit weight gain in children and 
reduce the risk of type 2 diabetes [222–224].

The stability and consistency of the home environment, the 
selection of food for meals and snacks and the modeling behavior 
of the parents have central roles in preventing adiposity in child-
hood and adolescence; peer interactions are also highly relevant 
[225].

Later in life the health of a woman before, during and after 
pregnancy assumes critical importance in reducing the risk of 
obesity in her child.

From a global perspective, the epidemic of obesity derives from 
the widespread availability of low-cost energy-dense fast food, the 
high cost of nutrient-dense (protein and vitamin) healthy foods, 
the increasing adoption of sedentary lifestyles and the stress and 
time constraints of modern life. In these respects, the prevention 
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of obesity necessitates collaboration between the medical and lay 
communities to address societal conditions that nurture and 
sustain childhood weight gain and the development of type 2 
diabetes.

For example, ongoing efforts to eliminate soda and candy from 
school cafeterias and vending machines should be supported 
enthusiastically. Schools should require periods of exercise for 
children of all ages, with facilities to make that exercise participa-
tory and exciting. Communities should expand opportunities for 
exercise and energy expenditure through development of bike 
and hiking trails, open and park space, pedestrian walkways and 
public transportation.

Thus far, attempts to prevent obesity through such community 
initiatives have been only marginally successful; a meta-analysis 
of informational, cognitive, behavioral and environmental inter-
ventions showed small but statistically signifi cant reductions in 
sedentary and unhealthy dietary behaviors but no effect on BMI 
[186]. A major barrier to success is probably the cost of nutritious 
food [226] and children at highest risk for obesity tend to come 
from low income communities.

Economic incentives to healthy eating, including subsidization 
of the costs of fruits, vegetables, nuts, low fat meats and milk 
should be considered (Table 20.6) [44]. This effort should coin-
cide with federal and local public relation campaigns that publi-
cize the risks of type 2 diabetes in minority populations, the 
hazards of excessive weight gain in childhood and the short- and 
long-term benefi ts of breastfeeding and daily exercise.
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21 Polycystic Ovarian Syndrome

M. Isabel Hernandez & Verónica Mericq
Institute of Maternal and Child Research, Faculty of Medicine, University of Chile, Santiago, Chile

Polycystic ovarian syndrome (PCOS) is one of the most common 
endocrinopathies, affecting 6–10% of women of reproductive age 
[1]. Its pathogenesis is unknown. A heterogeneous disorder, its 
defi nition remains controversial. It is characterized by clinical 
and/or biochemical hyperandrogenism of ovarian and usually 
also adrenal origins, menstrual irregularities, variable insulin 
resistance and polycystic ovaries. PCOS, a lifelong disorder, often 
presents during late adolescence but manifests itself in some cases 
with signs of adrenarche [2].

PCOS appears to be inherited but many factors are associated 
with its development, including androgen exposure in utero, pos-
sibly low birthweight and, later, exogenous insulin. Because the 
symptoms emerge insidiously and are coincident with changes 
that accompany normal puberty, early subtle features may be 
missed, which delays treatment. Identifying girls at risk for PCOS 
and implementing treatment early may prevent some of the long-
term complications.

Normal menstrual cycles

Menarche occurs 2–3 years after thelarche, at Tanner stage IV of 
breast development at a median age of 12–13 years, which has 
remained stable over the past 30 years. Although Black girls start 
to mature earlier than non-Hispanic White and Hispanic girls, 
US females complete secondary sexual development at approxi-
mately the same age. An increased body mass index (BMI) during 
childhood is related to earlier onset of puberty which may affect 
the age of menarche.

Early postmenarcheal menstrual cycles are often irregular and 
anovulatory. The frequency of ovulation is related to the time 
since menarche and the age at menarche, which means that early 
menarche is associated with earlier onset of ovulatory cycles. Girls 

with later onset menarche may take 8–12 years to attain ovulatory 
cycles.

The length of a menstrual cycle ranges from 21 to 45 days. An 
individual’s cycle length is established around the sixth year after 
menarche, if it started within the normal age range. During the 
early postmenarcheal years, cycles may be long because of 
anovulation.

Defi nitions

PCOS is the most frequent cause of oligo-ovulatory infertility [3] 
but a precise and universal defi nition of the syndrome is lacking. 
A relatively invariable characteristic is androgen excess [4] and 
two other features, often considered fundamental to diagnosis, 
are ovulatory dysfunction and polycystic ovarian morphology. 
There are three major consensuses of the diagnostic criteria 
(Table 21.1).
1 National Institutes of Health (NIH) 1990 criteria [5] 
included:

(a) Hyperandrogenism and/or hyperandrogenemia;
(b) Oligo-anovulation; and
(c) Exclusion of related known disorders such as hyperprolac-
tinemia, thyroid disorders, congenital adrenal hyperplasia 
(CAH) and Cushing syndrome.

The ultrasound demonstration of polycystic ovaries was 
considered suggestive but not diagnostic.
2 The Rotterdam 2003 consensus required two of the following 
criteria:

(a) Oligo- or anovulation;
(b) Clinical and/or biochemical signs of hyperandrogenism; 
and
(c) Polycystic ovaries on ultrasound [6,7]).

The Rotterdam criteria are relatively vague in adolescents [8].
3 Based on the previous considerations, the Androgen Excess 
Society (AES) charged a taskforce to review all available data and 
recommend an evidence-based defi nition for PCOS. The AES 
2006 conclusion was that PCOS should be considered a disorder 
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of androgen excess or hyperandrogenism. The absence of hyper-
androgenism makes a diagnosis of PCOS less certain [9]. The AES 
agreed there should be acceptance of the NIH criteria with some 
modifi cations expressed in the Rotterdam conference. The AES 
criteria for the diagnosis of PCOS should include the following 
criteria:

(a) Hyperandrogenism (hirsutism and/or hyperandrogenemia);
(b) Ovarian dysfunction (oligo-anovulation and/or polycy-
stic ovaries); and
(c) Exclusion of other androgen excess or related disorders.

The inclusion of ovulatory dysfunction, hirsutism, hyperandro-
genemia and polycystic ovaries resulted in the taskforce identify-
ing nine different phenotypes as being included in a diagnosis of 
PCOS. The presence of obesity, insulin resistance, hyperinsulin-
ism and increased luteinizing hormone (LH) concentrations, 
although observed in many patients, should not be considered as 
part of the defi nition of PCOS [9].

Epidemiology

The prevalence of PCOS has been studied in different popula-
tions, as has the incidence of metabolic consequences in PCOS 
women, but clearly the prevalence of PCOS depends on the cri-
teria used to defi ne the disorder, the population studied and the 
selection bias [1,10]. Studies in different populations have sug-
gested prevalence of 6–8% in reproductive-age women using the 
1990 NIH criteria.

In 277 unselected women (148 Black and 129 White) of repro-
ductive age examined at the time of their pre-employment physi-
cal examination at a university in the south-eastern USA, the 
overall prevalence of PCOS diagnosed by the NIH 1990 criteria 
was 4.0% (3.4% among Black and 4.7% among White, NS) [11]. 
The same investigators repeated the evaluation in a group of 400 
unselected women seeking a pre-employment physical at the Uni-
versity of Alabama at Birmingham, USA. The estimated 
prevalence was 6.6% (Black 8.0% and White 4.8%, NS).

Among the diagnosed patients, 86% of women presenting with 
menstrual dysfunction and hirsutism had PCOS, 75% were 
hirsute and 42% were obese [1]). This rate is very similar to those 
reported from Greece, the UK and Spain [12–14], although in the 
UK study the prevalence of PCOS using the NIH criteria was 8% 
but rose to 26% using the Rotterdam criteria [13].

Predisposing factors

Several conditions have been associated with an increased 
prevalence of PCOS, including obesity, insulin resistance and 
the metabolic syndrome, although the last two conditions may 
be complications associated with the development of PCOS 
(Table 21.2) [3,15].

Other predisposing factors
Prenatal exposure to androgens
PCOS may originate very early in development: according to this 
hypothesis, fetal exposure to androgen excess can induce changes 

Table 21.1 Diagnostic criteria for the diagnosis of polycystic ovarian syndrome (PCOS).

NIH 1990 (NICDH) Rotterdam Criteria 2003 (ESHRE/ASRM) Androgen Excess Society 2006 (AES)

Oligo-ovulation Oligo-or anovulation Clinical and/or biochemical hyperandrogenism
Clinical and/or biochemical hyperandrogenism Clinical and/or biochemical hyperandrogenism

Polycystic ovaries (US)
Ovarian dysfunction: oligoanovulation and/or Polycystic 

ovaries (US)
Both criteria must be present Two of the three criteria must be present Both criteria must be present

Exclusion
Congenital adrenal hyperplasia
Androgen-secreting tumors
Cushing syndrome
Hyperprolactinemia

Congenital adrenal hyperplasia, Androgen secreting 
tumors, Cushing syndrome

Congenital adrenal hyperplasia, Androgen-secreting 
tumors, Androgenic/anabolic drug

Cushing syndrome
Syndromes of severe insulin resistance
Thyroid dysfunction
Hyperprolactinemia

Table 21.2 Predisposing factors to develop polycystic ovarian syndrome 
(PCOS).

1 Prenatal exposure to androgens
 Non-controlled congenital adrenal hyperplasia
 PCOS
 Drugs
 Tumors
2 Low birthweight?
3 Premature pubarche
4 Epilepsy and anti-epileptic drugs (valproate)
5 Type 1 diabetes mellitus
6 Obesity – insulin resistance
7 Heritability



Polycystic Ovarian Syndrome

561

in differentiating tissues leading to PCOS phenotype in adult life 
[16]. Experiments in rats and sheep provide evidence that 
exposure to androgen excess may cause anovulatory sterility and 
polycystic ovaries [17,18]. Prenatally androgenized female rhesus 
monkeys exhibit all three main features required for the diagnosis 
of PCOS [16,19].

Pregnant PCOS women have slightly higher concentrations of 
androgens than pregnant women without PCOS. The origin 
of the androgen excess is uncertain but higher concentrations of 
insulin may inhibit aromatase activity in humans and stimulate 
3β-hydroxysteroid dehydrogenase activity [20,21]. Increased 
androgen concentration during pregnancy has been also associ-
ated with lower birthweight of offspring [20].

Low birthweight
This is associated with an increased risk of developing the meta-
bolic syndrome, comprising central obesity, insulin resistance, 
type 2 diabetes and hypertension and this has been associated 
with an increased risk in the development of a pattern of ovarian 
function resembling PCOS, fertility problems and other meta-
bolic diseases. It should be noted that these observations have 
been made only in a selected population [22,23].

The generally accepted hypothesis explaining the development 
of these long-term alterations relates to an adaptive response to 
intra-uterine malnutrition, developmental plasticity. This hypoth-
esis includes the additional contribution of growth patterns and 
environmental factors in infancy and childhood. The adaptation 
of the fetus to conditions of undernutrition in utero involves an 
alteration in the endocrine setpoint of insulin, insulin-like growth 
factor, growth hormone pathways and probably the pituitary–
gonadal axes. Transition from low birthweight to normal or 
increased weight during childhood is commonly associated with 
the development of precocious pubarche, exaggerated adrenarche 
and an increased risk for subsequent PCOS and hyperinsulinemia 
[24]. A common path to the abnormal ovarian function reported 
in these girls is decreased insulin sensitivity, which has been docu-
mented in children with a history of low birthweight [25]. These 
fi ndings have not been confi rmed by others.

In a preliminary report from a sample of lean healthy girls, 
studied at the age of puberty, recruited from the community born 
either small for gestational age (SGA) or appropriate for gesta-
tional age (AGA) at the beginning of puberty, no differences in the 
presence of pubic hair, axillary hair or apocrine odor were found. 
Androgen concentrations were within the normal range and the 
groups of girls did not show differences in the concentrations of 
dehydroepiandrosterone sulfate (DHEAS) [26]. However, after 2 
years, low birthweight girls displayed a different gonadotropin 
pattern with higher LH : FSH ratio and higher estradiol and 17-OH 
progesterone (17-OHP) than AGA girls. These differences may 
allow a faster transition throughout puberty and an androgenic 
gonadal steroid pattern later. Follow-up of these girls has not been 
completed so defi nitive conclusions may be premature [27]. At this 
time, there are too few data to support ovarian dysfunction, 
reduced fertility or early menopause in girls born SGA.

Premature pubarche
This indicates the appearance of pubic hair, which may be accom-
panied by axillary hair. This process is considered premature if it 
occurs before age 8 years in girls. Pubertal girls with a history of 
premature pubarche have been reported to show a distinct pattern 
of ovarian maturation characterized by increased ovarian andro-
gen synthesis throughout puberty, based on both peak after 
gonadotropin releasing hormone (GnRH) test and incremental 
increases of 17-pregnenolone and DHEA throughout puberty 
and of 17-OHP and androstenedione in late puberty which were 
signifi cantly higher in premature pubarche girls than in controls 
in a selected population [28].

The same team studying the postpubertal outcome in 35 girls 
diagnosed with premature pubarche during childhood found hir-
sutism, acne and PCOS as a form of functional ovarian hyperan-
drogenism in 45% of the girls. It was proposed that precocious 
pubarche in childhood is followed after puberty by functional 
ovarian hyperandrogenism, together with the metabolic syn-
drome [29]. Another study failed to demonstrate evidence of 
ovarian hyperandrogenism in prepubertal girls with precocious 
pubarche but found an association with functional adrenal hyper-
androgenism [30].

In a study in Turkey of 16 patients with a history of premature 
pubarche, 40.7% had evidence of ovarian hyperandrogenism in 
response to a GnRH test, three also had PCO morphology on 
pelvic ultrasound examination [31]. Therefore, premature 
pubarche may be a risk factor for the development of PCOS in 
the latest stages of puberty and later in life.

Epilepsy and anti-epileptic drugs
Epileptic seizures have been associated with the development of 
PCOS and hypersecretion of LH and reproductive endocrine dis-
orders such as PCOS, hypothalamic amenorrhea, premature 
menopause and hyperprolactinemia. All have been reported to be 
more common in women with epilepsy than in the general female 
population [32]. The prevalence reported by different authors in 
women with temporal lobe epilepsy is 20–25% and the syndrome 
has been observed in women not treated with anti-epileptic 
drugs. PCOS was associated with predominantly left-sided 
lateralization of inter-ictal epileptic discharges [33].

In 15% of women with primary generalized epilepsy, epilepsy 
itself has been suggested to be responsible for the development 
of reproductive endocrine disorders.

In addition to epilepsy, anti-epileptic drugs can alter endocrine 
function. Therapy with valproate affects both metabolic and 
endocrine function and has been related to weight gain during 
treatment [34]. PCOS and hyperandrogenism have been observed 
in 60% of women receiving valproate as a monotherapy and were 
particularly common if the treatment was started before 20 years 
of age [35,36]. It was suggested that obesity, hyerinsulinemia 
and low serum insulin-like growth factor binding protein 1 
(IGFBP-1) concentrations may have a role in the development of 
PCOS. Replacement of valproate with lamotrigine resulted in 
normalization of endocrine function. Carbamazepine has not 
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been related with the development of PCOS and could be consid-
ered a safe drug in women with epilepsy and hyperandrogenism 
because it is associated with low serum testosterone concentrations 
and low free androgen index.

Type 1 diabetes mellitus
After insulin became widely available for the treatment of type 1 
diabetes mellitus (DM), it became apparent that menstrual dis-
turbances were common, irrespective of metabolic control, and 
that increased serum androgen concentrations found in some of 
these women could play a part in these abnormalities. The 
reported prevalence of PCOS in adult women with type 1 DM is 
12–18% using NIH criteria and 31–40% using the Rotterdam 
criteria [14,36]. Mild hirsutism and biochemical hyperandrogen-
ism are present in 30% and 20%, respectively, in some popula-
tions, but in less than 10% in others [14,36,37]. Menstrual 
abnormalities are observed in 20% of adult women with type 1 
DM and polycystic ovarian morphology has been reported in up 
to 50% [36,37].

Puberty is a critical period for women with DM and it seems 
to be involved in the pathogenesis of hyperandrogenism. The 
onset of type 1 DM before menarche in an adolescent receiving 
intensive insulin therapy has been found as the only factor associ-
ated with the development of PCOS [37]. It has been suggested 
that exogenous hyperinsulinism at the onset of ovarian function 
during puberty reprograms ovarian function towards increased 
androgen secretion, leading to hyperandrogenism [38].

Obesity and insulin resistance
The association between PCOS and type 2 DM has long been rec-
ognized. Obesity in children and adolescents is well known to be 
associated with high androgenic activity, increased androgen pro-
duction, precocious puberty and accelerated bone age with rela-
tively tall stature and also with premature adrenarche and PCOS 
[39]. Obese women with increased androgens are more prone to 
metabolic syndrome. Studies in prepubertal and pubertal obese 
girls reported higher concentrations of testosterone and also 
DHEAS than in lean girls [40]. Moreover, studies in obese prepu-
bertal and adolescents girls and also in obese women have shown a 
normalization of hyperandrogenemia and metabolic disturbances 
after weight loss [40]. In obese individuals with insulin resistance, 
hyperinsulinemia acts in conjunction with LH to increase andro-
gen production by ovarian theca cells: additionally, insulin sup-
presses hepatic production of sexual hormone binding globulin 
(SHBG) leading to a marked elevation of free or unbound plasma 
testosterone [41]. The marked increase in obesity in adolescent 
girls is associated with increased hyperandrogenemia that could be 
a genetic marker for the propensity to develop PCOS [42].

Genetics of PCOS

PCOS is a complex genetic disorder with a multifactorial etiology, 
in which a variety of predisposing genes interact with environ-

mental factors to produce elements characteristic of the disease. 
Family studies demonstrate that PCOS is signifi cantly more prev-
alent among family members than in the general population.

Heritability
The fi rst genetic study in 1968 reported the families of 18 
Caucasian patients with Stein–Leventhal syndrome compared 
with the families of 18 paired control women. The incidence of 
oligomenorrhea, hirsutism and enlarged ovaries was much 
more common in sisters of affected subjects than in sisters of 
controls [43].

Subsequently, a series of 81 families with patients presenting 
with hirsutism and either polycystic or bilaterally enlarged ovaries 
were studied, indicating that PCOS could be inherited in an X-
linked dominant fashion with familial aggregation of hyperan-
drogenic symptoms and metabolic disorders [44]. In a study of 
fi rst-degree relatives of 381 patients with hirsutism, with or 
without enlarged ovaries and/or oligomenorrhea, patients had a 
higher prevalence of oligomenorrhea and infertility and their 
fi rst-degree relatives had higher incidence of hirsutism than a 
control group of 179 women [45]. Among fi rst- degree relatives 
with hirsutism and enlarged ovaries, the presence of oligomenor-
rhea and infertility was more prevalent than in fi rst-degree rela-
tives lacking these characteristics. Similar data demonstrating 
that the prevalence of PCOS among female relatives (mothers and 
sisters) of PCOS patients is signifi cantly higher than in the general 
population have been published [46–49].

Not only is PCOS itself an heritable condition, insulin resis-
tance, insulin secretion and metabolic syndrome appear also to 
be under genetic control. In a study of families of 15 patients with 
PCOS, 73% of sisters had polycystic ovaries on ultrasound and 
87% had elevated testosterone concentrations. Hyperinsulinemia 
was present in 69% and hypertriglyceridemia in 56% of family 
members, making hyperinsulinemia a genetic marker for subjects 
who may be carriers of a familial tendency for PCOS [50].

In 115 sisters of 80 women with PCOS following the NIH cri-
teria, 22% had the criteria for PCOS, 24% had hyperandrogen-
emia plus regular menstrual cycles and their sisters with PCOS or 
hyperandrogenemia had elevated serum LH concentrations com-
pared to control women [51]. Of these sisters of women with 
PCOS, those with PCOS or hyperandrogenism had signifi cantly 
elevated fasting insulin concentrations and decreased fasting 
insulin : glucose ratio suggestive of insulin resistance. Markers of 
insulin resistance were associated with hyperandrogenemia but 
not with menstrual irregularity. PCOS sisters also demonstrate 
decreased concentrations of SHBG and higher incidence of 
obesity [52].

Relatives may be at higher risk for type 2 diabetes, glucose 
intolerance and insulin resistance [53–56]. Metabolic syndrome 
has also been associated with the PCOS phenotype: in an evalua-
tion of parents of girls with PCOS, a higher prevalence of meta-
bolic syndrome was found, particularly in fathers (79%) [57].

Studies of daughters of PCOS women are scarce. In a study of 
53 prepubertal and 22 pubertal daughters of PCOS women, 
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higher concentrations of insulin and lower concentrations of adi-
ponectin were observed in prepubertal girls than in controls. 
During mid-puberty, higher concentrations of testosterone, 2-h 
insulin and triglycerides were detected. SHBG was lower in both 
groups of daughter from PCOS women, suggesting some of the 
metabolic features of PCOS may be present in daughters of PCOS 
women before the onset of hyperandrogenism [58].

In a cohort of 40 girls (8–14 years) who have at least one female 
fi rst-degree relative with PCOS, signifi cant changes in insulin 
sensitivity during maturation from Tanner stage 1 to 3 have been 
demonstrated. These changes appear dependent on both the 
glucose tolerance of the PCOS proband and the relationship 
between proband and subject (daughters versus younger sisters). 
Subjects whose PCOS proband is glucose tolerant are more 
insulin-sensitive at Tanner stage 1 than subjects whose PCOS 
proband is glucose intolerant, both in cross-sectional and longi-
tudinal analyses. These data suggest that the family history of 
PCOS-associated glucose intolerance may exert a signifi cant 
effect on the fl ux of insulin sensitivity during pubertal maturation 
and the ability of the female fi rst-degree relative to resolve puber-
tal insulin resistance [59].

There are a few data regarding PCOS in twins [60,61].
Finally, premature balding and increased hirsutism in male 

relatives were found in 19.7% of PCOS relatives of patients 
compared with only 6.5% of control relatives. Abnormalities in 
plasma LH and DHEAS concentrations in PCOS brothers, insulin 
resistance in PCOS fathers and brothers and different responses 
to leuprolide test in PCOS brothers have also been shown.

Candidate genes
The genetic mechanisms underlying PCOS remain largely 
unknown. The elucidation of the molecular genetic basis has been 
complicated by the heterogeneity in the diagnostic criteria to 
defi ne PCOS and, despite many positive results, no gene or 
genes have clearly emerged as most important. Candidate genes 
evaluated so far were selected from pathways affecting single 

components of PCOS and to date no genome-wide analysis has 
been published for PCOS.

Candidate genes (Table 21.3) [42] have generally targeted loci 
regulating:
1 Androgen biosynthesis, transport and action;
2 Regulation of androgen biosynthesis (gonadotropic action);
3 Insulin secretion and action and associated disorders;
4 Proinfl ammatory genotypes; and
5 Others.

Phenotypes and special characteristic in adolescent girls
Most women with PCOS date the onset of symptoms to the 
peripubertal or early adolescent periods. Symptoms of PCOS 
emerge insidiously contemporaneously with normal pubertal 
development (Figs 21.1 & 21.2).

Hirsutism and hyperandrogenism
“Hyperandrogenism” is a term used to describe the most common 
clinical signs in women with higher concentrations of androgrens 
and comprise hirsutism, acne and alopecia. “Hirsutism” is defi ned 
as excessive hair growth in women in anatomic areas where the 
hair follicles are most androgen-sensitive. About 60% of PCOS 
women have hirsutism and this sign is considered the most char-
acteristic clinical feature [9] but there are important inter-racial 
and inter-individual differences in the appearance of hirsutism 
which seem to be caused by individual variability in piloseba-
ceous unit sensitivity to androgens. East Asians tend to be less 
hairy than Euro-Americans, even with the same concentrations 
of testosterone.

In girls, increased hair (especially facial) is noted at or soon 
after puberty. The appearance of hair is diffi cult at fi rst to distin-
guish from hair growth resulting from normal adrenarche. Ini-
tially, the hair is lightly pigmented and thin but, in the 
presence of persistent elevated concentrations of androgens, 
it becomes more abundant, darkly pigmented and thick and is 
localized in a male pattern.

Table 21.3 Candidate genes for polycystic ovarian syndrome (PCOS).

Androgen biosynthesis 
transport and action

Gonadotropic action 
and regulation

Insulin secretion, metabolism and 
associated disorders

Proinfl ammatory 
genotypes

Others

CYP17 LH-β subunit Insulin receptor gene TNF-α Follistatine
CYP11B2 FSH-β subunit* IRS 1 and 2 TNFRSF1B Microsomal epoxide hydrolase
CYP11A Dopamine D3 receptor* Insulin IL-6 Bone morphogenetic proteins
CYP21* IGF-2 gp130

CYP19* IGF-1R IL-6Rα*

SHBG PPAR-γ2 Paraoxane*

Androgen receptor PON1 Pal-1

H6PD (Hexose-6-phosphate 
dehydrogenase)*

SORBS1
Calpain-10

Matrix metalloproteinase-1*
Factor V*
Adiponectine

*Positive result only one report.
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Hirsutism is commonly graded according to the Ferriman–
Gallwey system in which a score <8 is considered normal in 
adults. The degree of facial and body terminal hair growth in 
women represents a continuum and most investigators have used 
the 95th centile of controls as the upper limit, which corresponds 
to a score of 6–8 in the White or Black population [62].

Other signs of hyperandrogenism include acne, seborrhea and 
alopecia, which typically begins in the frontoparietal area and is 
fairly diffuse compared to males. The AES task force noted that 
these clinical signs could not be used as reliable indicators of 
hyperandrogenism in the diagnosis of PCOS [9]. Rapid onset of 
hirsutism and very high androgen concentrations should alert the 
clinician to the possibility of an adrenal or ovarian neoplasm.

Menstrual irregularities
In a large series of patients diagnosed with PCOS, 75% have clini-
cally evident menstrual dysfunction [9]. In adolescents with 
PCOS, menstrual irregularity is found in about two-thirds [63] 
but, because the duration of the menstrual cycle and the physio-
logic irregularity that accompanies normal puberty may be vari-
able, the irregular bleeding patterns among adolescent girls with 
PCOS and postmenarcheal girls are indistinguishable and the 
diagnosis of PCOS based purely on menstrual history is not advis-
able in young girls. Most early postmenarcheal cycles are anovu-
latory but the diagnosis of PCOS may be suspected in girls, 
especially those 2 years after menarche, who present with:
1 Oligomenorrhea: menstrual bleeding that occurs at intervals 
over 40 days or fewer than 9 periods per year.
2 Primary amenorrhea: absence of menarche by 16 years of age.

3 Secondary amenorrhea: absence of menses for at least 3 
months.
4 Dysfunctional uterine bleeding: excessive and irregular vaginal 
bleeding.
The diagnosis of PCOS can be made after ruling out the differ-
ential diagnosis of menstrual disturbances (Fig. 21.3).

In a study of 58 adolescents with regular menstrual cycles, 50 
with irregular menstrual cycles and 29 with oligomenorrhea, the 
prevalence of polycystic ovaries (PCO) increased signifi cantly 
with the irregularity of the menstrual cycle pattern (45% in 
oligomenorrheic girls compared with 9% and 28% in girls with 
regular cycles and irregular cycles, respectively). Higher concen-
trations of LH and androgens in the PCO group were also 
reported [64].

Ovarian morphology
The relevance of adult polycystic ovary criteria to adolescents is 
unclear. Polycystic ovaries detected by transvaginal ultrasonogra-
phy may be found in approximately 75% of women with a clinical 
diagnosis of PCOS. The most common criteria to defi ne PCOS 
include 12 or more follicles measuring 2–9  mm in diameter or 
increased ovarian volume (>10  cm3) (Fig. 21.4) [65].

The usefulness of ultrasonography in young girls is commonly 
limited by the necessity of abdominal scanning and the diffi culty 
of getting adequate imaging in obese girls. In addition, the 
number of large antral follicles is at its maximum around the time 
of menarche [66] and it is suggested that polycystic ovarian mor-
phology in asymptomatic adolescents may be a normal variant 
[67]. Ovarian morphology in adolescent girls must be interpreted 

Figure 21.1 A 16-year-old girl diagnosed with polycystic ovarian syndrome 
(PCOS): history of hirsutism and menstrual irregularities.

Figure 21.2 Severe acne in an adolescent with insulinoma.



Polycystic Ovarian Syndrome

565

Oligo/amenorrhea

Clinical hyperandrogenism (hirsutism)

Yes

TT, FT, SHBG, DHEAS
17OHP, PRL, TSH, FSH, LH

17OHOP N
TT > 200ng/dl, FT ↑
Or DHEAS >7ug/ml

Evaluate neoplasm

N PRL,TSH,FSH,LH,

17OHOP >1.6ng/ml
TT , FT mildly ↑
Or DHEAS 5–7ug/ml

Evaluate late onset
CAH

N PRL,TSH,FSH

17OHOP N
TT , FT N or mildly ↑
LH N or ↑   

PCOS

↑TSH,
N PRL
N FSH, LH
N androgens

1º hypothyroidism

↑PRL,
N TSH
N FSH, LH
N androgens

Hyperprolactinemia

↑FSH,
N TSH
N PRL
N LH
N androgens

Gonadal failure

NO

Systemic diseases
YesNO

Nutritional
Psychiatric
Neurological
Drugs
Renal
Cardiac
GI
Immunological

Figure 21.3 Flow diagram for the laboratory evaluation of oligo-/amenorrhea and hyperandrogenism.

Figure 21.4 Ultrasound with polycystic ovarian (PCO) morphology.

with caution because of the limitations exposed above and the 
normal maturation of the reproductive axis.

Insulin resistance, obesity and metabolic syndrome
The National Health and Nutritional Examination Survey 
(NHANES) indicates a marked increase in obesity over the past 
30 years in children and adolescents (Fig. 21.5). Coincident with 
the increase in obesity, there has also been a marked increase in 
the recognition of the prevalence of type 2 DM and metabolic 
syndrome in this age group [68]. The prevalence of obesity in 
PCOS adult women is approximately 50–70%, with a fat distribu-
tion characterized by increased central adiposity. A 43% preva-
lence of metabolic syndrome in PCOS women, nearly twofold 
higher than that reported for age-matched women in the general 
population has been reported [68].

Figure 21.5 The same girl as shown in Fig. 21.4: severe obesity and 
acanthosis nigricans.

Studies in adolescents with PCOS, both lean and obese, have 
demonstrated increased risk for impaired glucose tolerance and 
DM which was attributed to the presence of a defect in insulin 
action and pancreatic β-cell dysfunction.

In 36 PCOS girls aged 12–19 years, a 27.8% prevalence of 
metabolic syndrome was found, threefold greater than expected 
for obesity status [57] and a prevalence of 37% of metabolic 
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syndrome in 49 adolescent girls compared with 5% of NHANES 
girls has been reported; in this group, hyperandrogenemia 
was a risk factor independent of obesity and insulin resistance 
[69].

A high prevalence of early asymptomatic coronary atheroscle-
rosis in young obese women with PCOS compared with obese 
controls has been reported and it is suggested that this increased 
risk is independent of traditional cardiovascular risk factors [70]. 
The AES considers that, although obesity, insulin resistance and 
hyperinsulinism are observed in a signifi cant fraction of patients 
and are important features in the follow-up of these patients, 
they should not be used as a part of the defi nition of PCOS [9], 
although others disagree [71].

Approaches to the diagnosis of PCOS in 
adolescents

PCOS should be suspected in adolescents with signs of hyperan-
drogenism with or without menstrual irregularities and early 
recognition is important. The following points are relevant to 
consider:
1 Family history Infertility, menstrual disorders and hirsutism 
in female relatives. Early baldness in male relatives. History of 
metabolic syndrome in the family.
2 Past medical history History of maternal androgen excess during 
pregnancy, low birthweight or a high birthweight, precocious 
pubarche/adrenarche, epilepsy and anti-epileptic drugs. Obesity 
or metabolic disorders.
3 Physical examination Severity and distribution of hirsutism 
according to Ferriman–Gallwey score. Weight, BMI, general body 
habitus (gynecoid versus android), fat distribution, presence of 
acanthosis nigricans and blood pressure that suggest the presence 
of metabolic syndrome. Genital examination to assess Tanner 
stage and signs of virilization. The presence of severe virilization 
should alert to the possibility of a virilizing tumor or CAH. Purple 
striae with a decreased muscle mass suggest Cushing syndrome.

Endocrine evaluation
Blood should be drawn during the early follicular phase and must 
exclude other conditions that may increase androgens, alter men-
strual cycle or induce anovulation (Table 21.4). The following 
observations may be relevant.
• Total testosterone concentrations higher than 90  ng/dL 
(3120  pmol/L) are clear evidence of androgen excess and concen-
trations above 200  ng/dL (6935  pmol/L) suggest tumor. Most of 
manual and automated immunoassays tests lack accuracy to 
measure total testosterone in females and prepubertal children, 
except in certain situations when testosterone concentrations are 
elevated.
• Free testosterone measurement by equilibrium dialysis is con-
sidered the gold standard; a plasma free testosterone level above 
the normal adult range, as determined by a reliable laboratory, is 
the preferred screening test. However, because it is technically 

more demanding, time-consuming and expensive, these assays 
are not used by most clinical laboratories, although available 
from reference laboratories. The most widely used assays for 
measurement of free T in clinical laboratories are direct radio 
immunoassay tests performed either manually or on automated 
platforms. Alternatively, some laboratories and investigators have 
measured total T and SHBG and used the ratio T : SHBG, the so-
called free androgen index (FAI), as a surrogate or estimate for 
free T. Both free and bioavailable T may be calculated by measur-
ing total T, SHBG and albumin concentrations and using the 
equilibrium binding constants of T to the latter binding proteins 
in published equations. It is important to note that calculated free 
and bioavailable testosterone concentrations using less sensitive 
and precise direct immunoassays would be inaccurate in women 
and children. An FAI > 4.5 suggests hyperandrogenemia.
• Sex hormone binding globulin
• Androstenedione. Recently published guidelines for the diag-
nosis of PCOS consider that the value of measuring androstene-
dione is unclear but it may increase the number of subjects 
identifi ed as hyperandrogenism by approximately 10% [9].
• 17-OHP basal and after adrenocorticotropic hormone (ACTH) 
test. A basal value of 17-OHP above 1.6  ng/mL (4841  pmol/L) 
suggests adrenal hyperandrogenism.
• DHEAS.
• FSH : LH.
• Prolactin.
• Thyroid function.
• Urinary free cortisol (if suggested by history and physical 
examination).
• Oral glucose tolerance test to rule out glucose intolerance or 
DM.
• IGFBP-1 as a marker of insulin resistance.
• Lipid profi le.

Table 21.4 Expected hormonal profi le in adolescents suspicious of polycystic 
ovarian syndrome (PCOS).

Laboratory test Expected

Total testosterone ➔

Free testosterone ➔

SHBG

➔

Androstenedione ➔ or normal
DHEAS ➔ slightly
LH ➔ or normal
FSH Normal
Insulin ➔ or normal
Glicemia ➔ or normal
IGFBP-1

➔

 or normal

DHEAS, dehydroepiandrosterone sulfate; FSH, follicle stimulating hormone; 
IGFBP-1, insulin-like growth factor binding protein-1; LH, luteizing hormone; 
SHBG, sexual hormone binding globulin.
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Imaging
There is no agreement on the necessity of obtaining pelvic ultra-
sound unless a tumor is suspected.

Treatment

The goals of the treatment in PCOS are:
1 Reduce hyperandrogenism in order to improve hirsutism and 
acne;
2 Restore regular ovulatory cycles; and
3 Correct the metabolic syndrome.

Several treatment options are available and also combined 
therapies but the treatment depends on the severity of the symp-
toms and the specifi c goals to be achieved.

Treatment of clinical hyperandrogenism
Cosmetic and dermatologic
Usually includes depilation (e.g. shaving or chemical depilato-
ries), epilation (e.g. waxing), inhibition of local hair growth (e.g. 
efl ornithine hydrochloride cream, Vaniqua®). Consider that 
hair grows back after discontinuation of these treatments. Laser 
treatment was approved by the Food and Drug administration 
(FDA) for permanent hair reduction.

Oral contraceptive pill
The oral contraceptive pill (OCP) is the fi rst-line endocrine 
treatment for adolescents with regular sexual activity with der-
matological or menstrual abnormalities of PCOS. Oral contra-
ceptives with non-androgenic progestin to suppress ovarian 
function restore regular menstrual cycles and normalize andro-
gen concentrations by suppressing plasma androgens, particu-
larly free testosterone, within the fi rst month of therapy. They 
also raise SHBG and modestly lower DHEAS concentrations. 
The fourth-generation OCP ethinyl estradiol/drospirenone 
(Yasmin®) has a particularly anti-androgenic progesterone com-
ponent. It is similar in structure to spironolactone, and has some 
antimineralocorticoid properties. Benefi ts or risks in terms of 
metabolic derangement or embolism have been recently assessed 
and appear not to be increased [72]. Patients should be reviewed 
every 3 months of therapy to assess the effi cacy of the treatment 
and the normalization of androgen concentrations. OCP therapy 
should be continued until gynecological maturity is reached 
(5 years postmenarche) or substantial loss of weight is achieved. 
After that period it is recommended to withhold treatment for a 
few months and assess the function of the pituitary–gonadal axis 
again.

Anti-androgens
These agents are used to improve the hirsutism score. They act 
as competitive antagonist of steroid binding to the androgen 
receptor and reverse the androgen-induced transformation of 
vellus to terminal hair. Sexual hair follicles have long growth 
cycles therefore the effect of anti-androgens is appreciated usually 

after 9–12 months of treatment. They must be used in combina-
tion with OCP because of the risk of feminization of the male 
fetus.

The following anti-androgens are available:
• Spironolactone, an aldosterone agonist, is most commonly used 
in adolescents in the USA. It is recommended to start with 100  mg 
twice a day until the maximal effect has been achieved and then 
to reduce to 50  mg twice a day for maintenance therapy. Electro-
lytes should be monitored. The anti-androgenic effect of spirono-
lactone includes an additional effect of inhibition of ovarian and 
adrenal androgen production, blockade of dihydrotestosterone 
binding to skin androgen receptors, elevation of SHBG 
concentrations, increased testosterone clearance and decreased 
5α-reductase activity.
• Flutamide is a potent non-steroidal anti-androgen that blocks 
androgen binding at the level of the nuclear receptor. It use has 
been limited by the potential risk for hepatocellular toxicity 
which in low doses appears to be minimal. The recommended 
dose is 62.5–250  mg once a day.
• Cyproterone acetate is a progestin with anti-androgen 
activity competitively inhibiting binding of testosterone and 
5α-dihydrotestosterone to the androgen receptor. It also has 
weak antiglucocorticoid effects. It is not available in the USA 
but is available in Europe and Canada as a combination oral 
contraceptive containing ethinyl estradiol. There are contro-
versies with regard to worsening triglyceride concentrations and 
an increased risk of venous thrombosis, although this is disputed 
[72].
• Finasteride, a type 1 5α-reductase inhibitor, is less effective than 
other anti-androgens to treat hirsutism.

Treatment of menstrual irregularities
The options include cyclic progestins, OCPs and insulin-lowering 
agents.
• Progestin induces withdrawal bleeding in most patients, permit-
ting the emergence of normal menstrual cyclicity. The effective 
dose with micronized progestin is 100–200  mg/day at bedtime for 
7–10 days a month. Some progestins have more androgenic activ-
ity than others. Desogestrel, gestodene and norgestimate are 
considered to have low androgenic potential and are preferred by 
pediatric endocrinologists. Levonorgestrel and norgestrel have 
high androgenic activity. Perimenarcheal girls who respond well 
to therapy can be maintained at 6-week cycles to permit the 
detection of spontaneous menses.
• Oral contraceptives were discussed in the preceding section and 
are useful in dysfunctional uterine bleeding. OCPs should be used 
with caution and with the lowest possible dose of estrogen in 
patients with migraine. OCPs are not curative for PCOS and the 
long-term consequences on fertility are unknown.

Treatment of obesity and insulin resistance
Treatment of obesity improves ovulation and hyperandrogenism 
in PCOS women who have this feature.



CHAPTER 21

568

Lifestyle modifi cation
Although no studies have isolated the effect of therapeutic life-
style on PCOS adolescents, this is the fi rst line of treatment for 
obese adolescents with PCOS. Unfortunately, it is hardest for 
patients to get a good compliance and maintain it. In obese adult 
women with PCOS, a 5–10% weight reduction yielded lower 
biochemical and clinical hyperandrogenism, lower fasting 
insulinemia and improved ovulation.

Insulin sensitizers
Because of the important role of insulin resistance in PCOS, 
insulin-sensitizing drugs have emerged as the fi rst-choice therapy 
in obese insulin-resistant adolescents. Insulin sensitizers include 
metformin and thiazolinediones. They should be used as an adju-
vant to general lifestyle improvement and do not replace them. 
There are no large-scale double-blind placebo-controlled studies 
in the adolescent age group using metformin. Studies in adult 
women with PCOS show promising results. Metformin acts by 
inhibiting hepatic glucose output and increasing insulin sensitiv-
ity in peripheral tissues. Decreased insulin concentrations lead to 
increased SHBG concentrations, lower free testosterone, improved 
androgen excess and ovulation [73,74]. Therefore, this therapy 
has been linked to improvement in insulin concentrations and 
regularization of the menstrual cycles [75]. The recommended 
starting dose is 500  mg with dinner, with an increase in the dosage 
by 500  mg/week, if needed, to a maximal dose of 2000  mg/day as 
tolerated. A rare complication is lactic acidosis. The presence of 
renal failure is a contraindication. Thiazolinediones act by 
improving insulin action and glucose utilization and are poten-
tially effective in treatment of PCOS.
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22 Weight Regulation and Monogenic Obesity

I. Sadaf Farooqi
University of Cambridge Metabolic Research Laboratories, Addenbrooke’s Hospital, Cambridge, UK

The prevalence of obesity in children is diffi cult to determine 
because there is no defi nition of pathological adiposity. A range 
of methods that estimate total body fat is available but none is 
easily applicable to the clinical situation. Body weight is reason-
ably well correlated with body fat but also highly correlated with 
height, so children of the same weight but different heights can 
have widely differing amounts of fat. Body mass index [BMI: 
weight (kg) divided by height2 (m2)] in adults correlates reason-
ably well with more specifi c measurements of body fat but centile 
charts relating BMI to age are needed to relate BMI to body fat 
in children.

In the 10 years between the National Health and Nutrition 
Examination Survey (NHANES) II (1976–1980) and NHANES 
III (1988–1991), the prevalence of overweight in the USA, based 
on BMI corrected for age and sex, has increased by approximately 
40%, to 11% in the 6- to 11-year age group [1]. Thus, childhood 
obesity is emerging as a global problem. Its immediate adverse 
effects include orthopedic complications, sleep apnea and psy-
chosocial disorders. Because obese children are more likely to 
become obese adults, we can expect profound public health con-
sequences as a result of the emergence in later life of associated 
co-morbidities, such as type 2 diabetes mellitus, ischemic heart 
disease and stroke.

Genetic and environmental factors

The rising prevalence of obesity can be explained partly by the 
availability of an unlimited supply of convenient, palatable, 
energy-dense foods, coupled with a lifestyle typifi ed by low physi-
cal activity but obesity is a multifactorial disease arising from a 
complex mix of behavioral, environmental and genetic factors 

that infl uence individual responses to diet and physical activity. 
The relative importance of particular etiological factors is likely 
to be different when considering mild overweight versus morbid 
obesity so interventions that may make a clinically signifi cant 
impact on the overweight may have negligible effects in a 
morbidly obese person.

Weight, like height, is a heritable trait [2] and data from 
twin and adoption studies are consistent with a genetic contribu-
tion to the variance of BMI of between 40 and 70% [3]. In 
2007, the fi rst common genetic variant associated with an 
increased risk of obesity was identifi ed: individuals who are 
homozygous for the high-risk allele of FTO (fat mass and obesity 
associated gene) weigh on average 3  kg more than those with two 
low-risk alleles, with heterozygotes having an intermediate risk 
[4]. This has been replicated in multiple studies and it seems 
likely that intronic variation in the FTO gene infl uences obesity 
through its effects on some brain process relevant to energy 
balance. Other common variants associated with obesity risk are 
emerging [5].

Clinical approach

Obesity is a complex phenotype and clinical assessment should 
be directed at screening for potentially treatable endocrine condi-
tions and identifying genetic conditions so that appropriate 
genetic counseling and, in some cases, treatment can be instituted 
(Table 22.1).

Patients affected by obesity syndromes have been iden-
tifi ed as a result of their association with mental retardation, 
dysmorphic features and/or other developmental abnormalities 
and several monogenic disorders have been identifi ed. Obesity 
is often the predominant presenting feature but is often 
accompanied by neuroendocrine dysfunction so it remains 
useful to categorize the genetic obesity syndromes as those 
with and without associated developmental delay (Figs 22.1 & 
22.2).

Brook’s Clinical Pediatric Endocrinology, 6th edition. Edited by C. Brook, 

P. Clayton, R. Brown. © 2009 Blackwell Publishing, 

ISBN: 978-1-4051-8080-1.
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Table 22.1 Assessment of the obese child/adult.

History
• Age of onset – use of growth charts and family photographs. Early onset (<5 years of age) suggests a genetic cause

• Duration of obesity – short history suggests endocrine or central cause
• A history of damage to the CNS (e.g. infection, trauma, hemorrhage, radiation therapy, seizures) suggests hypothalamic obesity with or without pituitary growth 
hormone defi ciency or pituitary hypothyroidism. A history of morning headaches, vomiting, visual disturbances and excessive urination or drinking also suggests that the 
obesity may be caused by a tumor or mass in the hypothalamus
• A history of dry skin, constipation, intolerance to cold or fatigue suggests hypothyroidism. Mood disturbance and central obesity suggests Cushing syndrome. Frequent 
infections and fatigue may suggest ACTH defi ciency resulting from POMC mutations
• Hyperphagia – often denied but sympathetic approach needed and specifi c questions, such as waking at night to eat and/or demanding food very soon after a meal, 
suggest hyperphagia. If severe, especially in children, suggests a genetic cause for obesity
• Developmental delay – milestones, educational history, behavioral disorders. Consider craniopharyngioma or structural causes (often relatively short history) and genetic 
causes
• Visual impairment and deafness suggest genetic causes
• Onset and tempo of pubertal development – onset can be early or delayed in children and adolescents. Primary hypogonadotropic hypogonadism or hypogenitalism 
associated with some genetic disorders
• Family history – consanguineous relationships, other children affected, family photographs useful. Severity may differ as a result of environmental effects
• Treatment with certain drugs or medications. Glucocorticoids, sulfonylureas, MAOIs, oral contraceptives, risperidone, clozapine

Examination
• Document weight and height compared with normal centiles. Calculate BMI and WHR (in adults). In children, obtain parental heights and weights where possible
• Head circumference if clinically suggestive
• Short stature or a reduced rate of linear growth in a child with obesity suggests the possibility of growth hormone defi ciency, hypothyroidism, cortisol excess, 
pseudohypoparathyroidism or a genetic syndrome such as Prader–Willi syndrome
• Obese children and adolescents are often tall (on the upper centiles), however, accelerated linear growth (height SDS >2) is a feature of MC4R defi ciency
• Body fat distribution – central distribution with purple striae suggests Cushing syndrome. Selective fat deposition (60%) is a feature of leptin and leptin receptor 
defi ciency
• Dysmorphic features or skeletal dysplasia
• Hair color – red hair (if not familial) may suggest mutations in POMC in white Caucasians
• Pubertal development/secondary sexual characteristics. Most obese adolescents grow at a normal or excessive rate and enter puberty at the appropriate age; many 
mature more quickly than children with normal weight and bone age is commonly advanced. In contrast, growth rate and pubertal development are diminished or delayed 
in growth hormone defi ciency, hypothyroidism, cortisol excess and a variety of genetic syndromes. Conversely, growth rate and pubertal development are accelerated in 
precocious puberty and in some girls with PCOS
• Acanthosis nigricans
• Valgus deformities in severe childhood obesity

Investigations
• Fasting and 2-h post glucose and insulin levels. Proinsulin if PC1 defi ciency considered
• Fasting lipid panel for detection of dyslipidemia
• Thyroid function tests
• Serum leptin if indicated
• Karyotype
• DNA for molecular diagnosis
• Bone age
• Growth hormone secretion and function tests, when indicated
• Assessment of reproductive hormones, when indicated
• Serum calcium, phosphorus and parathyroid hormone levels to evaluate for suspected pseudohypoparathyroidism
• MRI scan of the brain with focus on the hypothalamus and pituitary, when clinically indicated

ACTH, adrenocorticotropic hormone; BMI, body mass index; MAOI, monoamine oxidase inhibitor; MRI, magnetic resonance imaging; POMC, pro-opiomelanocortin; PCOS, 
polycystic ovarian syndrome; SDS, standard deviation score; WHR, weight : height ratio.
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Common obesity
Consider:
Cushing disease, hypothyroidism
GH deficiency

Endocrine testing
Neuroimaging

Suspect syndromal obesity?

History, family history, examination

No Yes

Suspect endocrine disorder Suspect genetic syndrome

Karyotype, methylation studies
(see Fig. 22.2)

YesNo

Figure 22.1 Diagnostic algorithm for childhood obesity.

Obesity with developmental delay

No

Prader–Willi syndrome
Fragile X syndrome

Recessive Dominant

Yes

Karyotype, FISH/methylation studies

NegativePositive

Retinitis, pigmentosa/retinal dystrophy

Yes No

Yes No

Short in stature

AHO BFL syndrome
Wilson–Turner syndrome

Bardet–Biedl syndrome
Polydactyly
Hypogonadism in males
Renal abnormalities
Cohen syndrome
Characteristic facial features
Microcephaly

Photophobia/nystagmus

Yes No

Alström syndrome

Dysmorphia/skeletal abnormalities

NoYes

Ulnar mammary syndrome
Simpson–Golabi–Behmel type 2

Leptin level

MC4R deficiency
PC1 deficiency

Absent Present

Congenital leptin deficiency,
hypogonadotrophic hypogonadism,
frequent infections,
central hypothyroidism

Consider:
Leptin receptor
POMC
MC4R

Figure 22.2 Diagnostic algorithm for childhood obesity with developmental delay. AHO, Albright hereditary osteodystrophy; BFL, Börjesen–Forssman–Lehmann.

Pleiotrophic obesity syndromes

Obesity runs in families, although the majority of cases do not 
segregate with a clear Mendelian pattern of inheritance. There are 
about 30 Mendelian disorders with obesity as a clinical feature, 
frequently associated with mental retardation, dysmorphic 
features and organ-specifi c developmental abnormalities (i.e. 
pleiotrophic syndromes). A number of families with these rare 
syndromes have been studied by linkage analysis and the known 
chromosomal loci for obesity syndromes are summarized in 
Table 22.2. In a number of cases, mutations in genes have been 
identifi ed by positional cloning and the mechanism underlying 
the development of obesity is becoming clear in some instances 
[6].
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Table 22.2 Obesity syndromes.

Syndrome Additional clinical features Locus

Autosomal dominant
Prader–Willi syndrome Hypotonia, mental retardation, short stature hypergonadotrophic hypogonadism Lack of the paternal segment 

15q11.2–q12

Albright hereditary osteodystrophy Short stature, skeletal defects and impaired olfaction 20q13.2
Ulnar–mammary syndrome Ulnar defects, delayed puberty, hypoplastic nipples 12q24.1

Autosomal recessive
Bardet–Biedl syndrome Mental retardation, dysmorphic extremities, retinal dystrophy, or pigmentary 

retinopathy, hypogonadism and structural abnormalities of the kidney or functional 
renal impairment

11q13 (BBS1)
16q21 (BBS2)
3p13 (BBS3)
15q22 (BBS4)
2q31 (BBS5)
20p12 (BBS6)
4q27 (BBS7)
14q32 (BBS8)

Alström syndrome Retinal dystrophy, neurosensory deafness, diabetes 2p13
Cohen syndrome Prominent central incisors, ophthalmopathy, microcephaly 8q22

X-linked
Fragile X syndrome Mental retardation, hyperkinetic behavior, macroorchidism, large ears, prominent jaw, 

high-pitched jocular speech
Xq27.3

Börjeson–Forssman–Lehmann syndrome Mental retardation, hypogonadism, large ears Xq26
Mehmo syndrome Mental retardation, epilepsy, hypogonadism, microcephaly Xp22.13
Simpson–Golabi–Behmel syndrome type 2 Craniofacial defects, skeletal and visceral abnormalities Xp22
Wilson–Turner syndrome Mental retardation, tapering fi ngers, gynecomastia Xp21.2

Molecular mechanisms involved in 
energy homeostasis

In the 1990s, the genes responsible for a number of obesity syn-
dromes in rodents were identifi ed, mostly by positional cloning 
techniques. These observations have given substantial insight into 
the physiological disturbances that can lead to obesity, the meta-
bolic and endocrine abnormalities associated with the obese 
phenotype and the more detailed anatomical and neurochemical 
pathways that regulate energy intake and energy expenditure [7]. 
They provide the framework upon which the understanding of 
the more complex mechanisms in humans can be built.

Leptin–melanocortin pathway

Initial observations in this fi eld were made as a result of positional 
cloning strategies in two strains of severely obese mice (ob/ob and 
db/db). ob/ob mice were found to harbor mutations in the ob 
gene resulting in a complete lack of its protein product leptin [8]. 
Administration of recombinant leptin reduced the food intake 

and body weight of leptin-defi cient ob/ob mice and corrected all 
their neuroendocrine and metabolic abnormalities [6]. The sig-
naling form of the leptin receptor is deleted in db/db mice, which 
are consequently unresponsive to endogenous or exogenous 
leptin [9]. The identifi cation of these two proteins established the 
fi rst components of a nutritional feedback loop from adipose 
tissue to the brain. The physiological role of leptin in humans and 
rodents might be to act as a signal for starvation because, as fat 
mass increases, further rises in leptin have a limited ability to 
suppress food intake and prevent obesity [10].

Considerable attention has focused on deciphering the hypo-
thalamic pathways that coordinate the behavioral and metabolic 
effects downstream of leptin. The fi rst-order neuronal targets of 
leptin action in the brain are anorectic (reducing food intake), 
pro-opiomelanocortin (POMC) and orexigenic (increasing 
food intake) neuropeptide-Y/Agouti-related protein (NPY/AgRP) 
neurons in the hypothalamic arcuate nucleus, where the signaling 
isoform of the leptin receptor is highly expressed. Forty percent 
of POMC neurons in the arcuate nucleus express the mRNA 
for the long form of the leptin receptor and POMC expression 
is positively regulated by leptin. POMC is sequentially cleaved 
by prohormone convertases to yield peptides, including α-
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melanocyte-stimulating hormone (MSH), that have been shown 
to have a role in feeding behavior. There is clear evidence in 
rodents that α-MSH acts as a suppressor of feeding behavior, 
probably through the melanocortin 4 receptor (MC4R). Targeted 
disruption of MC4R in rodents leads to increased food intake, 
obesity, severe early hyperinsulinemia and increased linear 
growth; heterozygotes have an intermediate phenotype compared 
with homozygotes and wild-type mice [11].

Mutations in all the main components of this pathway 
have been found to result in obesity in humans. The phenotypic 
characterization of patients has informed the physiological role of 
the pathway and its interaction with neuroendocrine function.

Human monogenic obesity syndromes

Congenital leptin defi ciency
In 1997, we reported two severely obese children (an 8-year-old 
girl weighing 86  kg and her 2-year-old cousin weighing 29  kg) 
from a highly consanguineous family of Pakistani origin [12]. 
These children had normal developmental milestones, no dys-
morphic features and a normal karyotype. Despite their severe 
obesity, both children had undetectable concentrations of serum 
leptin and were homozygous for a frameshift mutation in the ob 
gene (ΔG133), which resulted in a truncated protein that was not 
secreted.

We have since identifi ed four further affected individuals from 
three other families who are also homozygous for the same muta-
tion in the ob gene. All the families are of Pakistani origin but 
not known to be related over fi ve generations. A large consan-
guineous Turkish family that carries a homozygous missense 
mutation has also been described [13]. All the subjects had intense 
hyperphagia after weaning, waking at night to seek food and 
demanding food immediately after a meal.

The disabling obesity of leptin defi ciency is characterized by 
the selective deposition of fat: children often develop valgus 
deformities of the knees by the age of 5–6 years, sleep apnea 
and high rates of childhood infection and atopic disease 
resulting from abnormalities of T-cell number and function. 
An advanced bone age is a recognized feature with failure to 
undergo pubertal development because of hypogonadotrophic 
hypogonadism.

Response to leptin therapy
Congenital leptin defi ciency, although rare, is amenable to therapy 
[14,15]. Patients treated with once-daily subcutaneous injections 
of recombinant human leptin all lost weight (specifi cally fat), 
often with dramatic clinical benefi t (Fig. 22.3). The major effect 
of leptin was on appetite, with normalization of hyperphagia. The 
administration of leptin permits progression of appropriately 
timed pubertal development and does not cause the early onset 
of puberty.

(a) (b)

Figure 22.3 Response to leptin therapy in a child 
with leptin defi ciency. (a) Before therapy. (b) After 
therapy.
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Free thyroxine and thyroid-stimulating hormone (TSH) con-
centrations, although usually in the normal range before treat-
ment, had consistently increased at the earliest post-treatment 
time point and subsequently stabilized at this elevated level. These 
fi ndings are consistent with evidence from animal models that 
leptin infl uences thyrotrophin-releasing hormone (TRH) release 
from the hypothalamus and from studies illustrating the effect of 
leptin defi ciency on TSH pulsatility in humans.

After approximately 6 weeks of leptin therapy, all subjects 
developed antileptin antibodies, which interfered with interpreta-
tion of serum leptin concentrations and, in some cases, were 
capable of neutralizing leptin in a bioassay and were the likely 
cause of refractory periods occurring during therapy. The fl uctu-
ating nature of the antibodies probably refl ects the fact that leptin 
defi ciency is itself an immunodefi cient state. Administration of 
leptin leads to a change from the secretion of predominantly Th2 
to Th1 cytokines, which may directly infl uence antibody produc-
tion. Thus far, we have been able to regain control of weight loss 
by increasing the dose of leptin.

Although congenital leptin defi ciency is an autosomal recessive 
condition, heterozygotes or carriers for the ob mutation have a 
partial defi ciency that is associated with an increase in body fat.

Leptin receptor defi ciency
Leptin receptor-defi cient subjects were of normal birthweight but 
exhibited rapid weight gain in the fi rst few months of life, with 
severe hyperphagia and aggressive behavior when food was 
denied, as in leptin defi ciency. Basal temperature and resting 
metabolic rate were normal, cortisol concentrations were in the 
normal range and all individuals were normoglycemic with mildly 
elevated plasma insulin concentrations similar to leptin-defi cient 
subjects. Serum leptin levels were not elevated. Several mutations 
in the leptin receptor gene have been reported [16].

Pro-opiomelanocortin (POMC) defi ciency
In 1998, Krude et al. reported two unrelated obese German 
children homozygous or compound heterozygous for mutations 
in POMC and another fi ve children have been reported [17]. 
Because POMC is a precursor of adrenocorticotropic hormone 
(ACTH) in the pituitary, presentation is in the neonatal period 
with adrenal crisis brought about by ACTH defi ciency. The chil-
dren require long-term corticosteroid replacement. They have 
pale skin and red hair because of the lack of MSH function at 
melanocortin 1 receptors in the skin, although this may be less 
obvious in children from different ethnic backgrounds. POMC 
defi ciency results in hyperphagia and early-onset obesity because 
of loss of melanocortin signaling at the MC4R. Although trials of 
treatment have not been performed, selective MC4R agonists 
may become available in the near future.

Prohormone convertase 1 (PC1) defi ciency
In 1997, we identifi ed a defect in prohormone processing in a 
47-year-old woman with severe childhood obesity, abnormal 
glucose homeostasis, very low plasma insulin with elevated con-

centrations of proinsulin, hypogonadotrophic hypogonadism 
and hypocortisolemia associated with increased concentrations 
of POMC. She was found to be a compound heterozygote for 
mutations in prohormone convertase 1 enzyme, which cleaves pro-
hormones at pairs of basic amino acids leaving C-terminal basic 
residues that are excised by carboxypeptidase E (CPE) [18].

We have recently identifi ed a second child with severe early-
onset obesity who was compound heterozygote for complete loss-
of-function mutations in PC1 [19]. As well as a failure to process 
a number of prohormones, such as preprogonadotropin-
releasing hormone (GnRH), preproTRH and POMC, this patient 
had a small bowel enteropathy, possibly resulting from a failure 
to process gut-derived neuropeptides. Although the inability to 
cleave POMC is a probable mechanism for obesity in these 
patients, PC1 cleaves a number of other neuropeptides in the 
hypothalamus, including glucagon-like peptide 1, which may 
infl uence feeding behavior.

MC4R defi ciency
In 1998, two groups in the UK and France reported a dominantly 
inherited obesity from heterozygous mutations in the MC4 recep-
tor [20,21]. Since then, heterozygous mutations in MC4R have 
been reported in obese humans from various ethnic groups with 
an estimated prevalence of 0.5–1% in obese patients, increasing 
to 6% in our cohort of severe early-onset obesity [22]. Thus, 
MC4R defi ciency represents the most common known mono-
genic cause of human obesity. While we found 100% penetrance 
of early-onset obesity in heterozygous probands, others have 
described obligate carriers who were not obese. The maintenance 
of this reasonably high disease frequency is likely to be caused, at 
least partly, by the fact that obesity is expressed in heterozygotes 
and there is no evidence of an effect of the mutations on repro-
ductive function.

Given the large number of potential infl uences on body weight, 
it is perhaps not surprising that genetic and environmental modi-
fi ers have important effects in some pedigrees. Indeed, we have 
now studied six families in whom the probands were homozy-
gotes and they were all more obese than heterozygotes, some of 
whom were not obese. This may refl ect ethnic-specifi c effects 
because all these families were of Indo origin. Taking account of 
all these observations, co-dominance, with modulation of expres-
sivity and penetrance of the phenotype, is the most appropriate 
description of the mode of inheritance.

We have defi ned the phenotype in a large series of patients with 
MC4R defi ciency [23]. Affected subjects were hyperphagic but 
this was not as severe as that seen in leptin defi ciency, although 
it often started in the fi rst year of life. The severity of receptor 
dysfunction seen in in vitro assays predicts the amount of food 
ingested at a test meal by the subject harboring that particular 
mutation. As well as the increase in fat mass, MC4R-defi cient 
subjects have an increase in lean mass not seen in leptin defi ciency 
and an increase in bone mineral density. Thus, they often appear 
“big-boned.” Linear growth is striking, with affected children 
having a height standard deviation score (SDS) of +2, whereas the 
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mean height SDS of other obese children in our cohort is +0.5. 
MC4R-defi cient subjects have higher concentrations of fasting 
insulin than age-, sex- and BMI SDS-matched children. The 
accelerated linear growth does not appear to be a result of dys-
function of the growth hormone (GH) axis and may be a conse-
quence of the disproportionate early hyperinsulinemia and 
impaired suppression of GH secretion compared to that seen in 
common obesity.

Conclusions

Although monogenic obesity syndromes are rare, understanding 
the nature of the inherited component of severe obesity has 
undoubted medical benefi ts and helps dispel the notion that 
obesity represents an individual defect in behavior with no bio-
logical basis. For individuals at highest risk of the complications 
of severe obesity, such fi ndings provide a starting point for ratio-
nal mechanism-based therapies, as has successfully been achieved 
for congenital leptin defi ciency.
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The responsibility to do good and to do no harm and to respect 
autonomy, truth telling, disclosure, confi dentiality and informed 
consent constitute the ethical principles that underpin clinical 
practice. Pediatric endocrinology presents many challenging 
ethical issues, which may include human biological processes, 
such as decisions about the sex of rearing of a child, interventions 
to manipulate growth in a child without a defi ned endocrinopa-
thy or puberty in a disabled young person. Special consideration 
of such issues is vital to protect patients, guide appropriate 
decision-making, justify actions, support good practice, recog-
nize limitations and ensure professional liability. In this chapter, 
three examples have been taken to highlight their individual 
ethical dilemmas.

Disorders of sex development in early life

Disorders of sex development (DSD) include anomalies of the sex 
chromosomes, gonads, reproductive organs and genitalia [1,2]. 
Individuals may present with ambiguous genitalia or a lack 
of congruence between chromosomal and physical aspects. 
The decision about gender assignment requires examination 
and investigations to delineate genital anatomy, hormone physi-
ology, karyotype, diagnosis and likely cosmetic and functional 
outcome as well as honest and sensitive discussion with the 
family.

The process of gender assignment or reassignment in DSD and 
variations in management of such infants over the years has gen-
erated criticism from dissatisfi ed patients and dissent among pro-
fessionals. Prompt assignment of gender by the medical team 
coupled with surgery in early life has been standard practice but 
this approach has been questioned.

Gender assignment
A newborn baby is identifi ed as a girl or a boy from the appear-
ance of the external genitalia. The situation is far from simple for 
infants with DSD. Understanding which gender is the best option 
for an infant with DSD requires careful consideration of geno-
type, phenotype and other issues.

Gender options
Society conforms to the two gender rule and adults with or 
without unusual genital anatomy do not identify with an alterna-
tive gender (“neutral,” “middle,” “third”) [3–6]. Although more 
likely in some DSDs than others, a small minority of individuals 
choose to change gender in later life. Therefore, once assigned, 
gender should not be considered immutable. Failure to assign 
gender can make individuals feel confused, isolated, imperfect 
and ashamed; deferring until the child is old enough to decide is 
diffi cult to justify.

Appearance of the external genitalia
Normal variations in the appearance of external genitalia and 
physiological changes throughout childhood occur, as with all 
physical attributes [7,8]. Conceptualizing male and female 
appearance as a bimodal distribution along a continuum and 
with an overlapping region highlights that biological gender is not 
distinct and permits acceptance of unusual morphology within 
the realms of normal variation (Fig. 23.1) [9].

Knowledge about outcome in some DSD provides helpful 
guidance. Classic congenital adrenal hyperplasia (CAH) is the 
most common cause of 46XX DSD and assignment of female 
gender is recommended by the Joint European Society for Pedi-
atric Endocrinology (ESPE)/Lawson Wilkins Pediatric Endocrine 
Society (LWPES) CAH Working Group [10]. Most patients 
adjust well to being raised as females despite varying degrees of 
virilization, the probability of imprinting of the brain with andro-
gens and masculinized gender role behavior, [11–13]. Rarely do 
they change gender in later life [14,15].

A small penis in an infant is generally defi ned as stretched 
length <2.5  cm [16] but 1.5  cm has also been accepted [17] and 
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does not preclude normal male behavior and sexual function 
[18]. There is now consensus that a small or absent penis alone 
does not justify gender reassignment from male to female, and 
that males with micropenis or cloacal exstrophy and 46XY karyo-
type should be raised as males [19].

Cases of complete androgen insensitivity syndrome (CAIS) 
generally accept female gender. In contrast, individuals with 
partial androgen insensitivity syndrome (PAIS), whether raised 
as male or female, might prefer a different identity in later life to 
the one initially assigned [20].

Determinants of gender identity and psychosexual 
orientation
Gender identity is defi ned as an individual’s self-image as a male 
or female. Psychosexual orientation, preferring hetero-, homo- or 
bisexuality, develops through an individual’s life and is a compo-
nent of gender identity [21]. Interactions between biological 
factors, particularly hormonal milieu and genetic factors (nature), 
as well as the social and cultural environment in which a child is 
brought up (nurture) contribute to the development of gender 
identity [6,19,22–24], but neither can predict stable gender iden-
tity or variations in its outcome for psychosexual orientation 
[3,5,25–29].

Development of gender identity does not require gender-
typical appearance of external genitalia nor does the latter ensure 
that corresponding gender identity will develop [18,30]. The 
majority of children with ambiguous genitalia are capable of 
adopting stable gender identity and are not at greater risk for 
psychosocial problems [18]. Therefore, the traditional view, that 
nurture is more important and that a child can be raised as a girl 

or a boy, provided there is concordance with external genital 
appearance, has been questioned [2].

Biological factors, including the Y chromosome, specifi c genes, 
testes and phallus, are also not considered to be suffi cient on their 
own to determine male identity, as illustrated by individuals 
with CAIS. Although an infl uence of prenatal androgen exposure 
on brain masculinization is recognized, the majority of girls 
with CAH have female-typical gender identity despite moderate 
levels of androgen exposure [31]. A small number have gender 
dysphoria and identify as males and, contrary to expectation, this 
is more likely to occur in simple-virilizing than in salt-wasting 
CAH [32,33]. Because there is no clear association between 
disease severity, degree of virilization and gender identity 
[34–36], gender assignment should not be based on probable 
imprinting of the brain by androgens or genital appearance 
[11,30].

Potential for endocrine, sexual and reproductive function
The potential for endocrine, sexual and reproductive function, 
whether inherent or amenable to hormonal and surgical inter-
ventions, vary according to the nature of the DSD and are impor-
tant outcomes to consider when deciding the appropriate gender. 
Thus, for example, all three aspects are well preserved in 46XX 
CAH babies raised as females but some compromise occurs if 
raised as males. A 46XY individual with a small penis raised as a 
boy may develop when exposed to testosterone and retain poten-
tial for normal sexual and reproductive function but function is 
compromised if raised as a girl. Individuals will have different 
preferences and priorities about potential functional capacity and 
should be empowered to discuss them.

Surgical interventions to support gender assignment
Surgical interventions do not assign gender but offer the oppor-
tunity to align anatomy with the chosen gender. The timing of 
surgery in infancy rather than later in life has generated consider-
able debate.

Traditional practice of early genital surgery and its 
undesirable consequences
A mismatch between the appearance of the external genitalia and 
assigned gender is distressing for parents and the child, was 
believed to hinder appropriate rearing of the child and considered 
incompatible with establishing heterosexual relationships and 
adult sexual function [37]. Cosmetic surgery was intended to 
“normalize” anatomy and foster optimal gender outcome and 
was therefore performed early. Psychological trauma associated 
with the procedure (anesthetic and surgery) was thought to be 
minimal in infancy [38–41]. It was also believed that possession 
of a phallus was more important than of a vagina, an organ for 
accommodating a normal erectile penis, and that making genita-
lia resemble a normal female was easier than constructing a func-
tioning penis [42,43]. Thus, even an otherwise normal boy with 
a small phallus (micropenis) was likely to be subjected to feminiz-
ing surgery and raised as a girl.
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Figure 23.1 Bimodal distribution of male and female morphology along a 
continuum with an overlapping region representing disorders of sex development 
(DSD) [9]. (Reproduced with permission from Wiley-Liss, Inc. Blackless M, 
Charuvastra A, Derryck A, Fausto-Sterling A, Lauzanne K, Lee E. How sexually 
dimorphic are we? Review and Synthesis. Am J Hum Biol 2000; 12: 151–166.



CHAPTER 23

580

Reconstructed genitalia may appear abnormal owing to vari-
able cosmetic results of surgery, and further interventions are 
frequently required [44,45]. If surgery is undertaken early, for 
instance in the 46XX virilized female with CAH, short-term 
success is dependent on the expertise of the surgeon. Complica-
tions associated with feminizing surgery include disruption in 
urinary function, vaginal stenosis, chronic pain, repeated infec-
tions, loss of sensation, poorer sexual function and less sexual 
satisfaction [46]. Surgical procedures are also associated with psy-
chological trauma, described by affected individuals as mutilat-
ing, embarrassing, humiliating, degrading and feeling of failure.

The phenotype of the underlying condition and nature of 
surgery frequently necessitates compromising some aspect 
of cosmetic appearance, potential endocrine function, fertility or 
psychosexual well-being. Non-operative management with psy-
chological support can have the same effect as surgery in relieving 
the family’s distress but has no irrevocable effects and permits 
deferring major decisions until the patient is old enough to par-
ticipate in choosing the nature and timing of surgery. Potentially 
normal gonadal tissue should be removed only with informed 
consent and provided there are good indications, such as high 
tumor risk.

Undue emphasis on the genital abnormality that early surgery 
is attempting to alter is itself an undesirable consequence [47,48]. 
Many professionals and patient groups advocate that early surgery 
is justifi ed only in life-threatening situations, e.g. absent urethral 
opening. They recommend a judicious approach to all other 
genital surgery not imminently essential which can be deferred 
without risk [2,49]. Parents and patients should be informed 
about the meagre evidence for long-term outcomes and the risks 
and undesirable consequences of surgery so that they can balance 
these against the benefi ts [47].

Informed consent and respect for autonomy
Information pertaining to DSD is diffi cult for parents and patients 
to comprehend. The duty to respect the autonomy of children 
and parents and give informed consent requires the presentation 
of information clearly and repeatedly, reviewing understanding, 
enabling active participation in decisions and supporting them 
throughout (Tables 23.1–23.3) [27,50,51].

Informed consent and “proxy consent”
Parents have the authority to consent for infants and young chil-
dren. This is “proxy consent” because it is infl uenced by parents’ 
personal values and preferences, which may differ from the child’s 

Table 23.1 The elements of informed consent [48].

Informed consent comprises:
1 Provision of information
2 Assessment of parents’ and patient’s understanding
3 Assessment of parents’ and patient’s capacity to make decisions
4 Assurance that parents and patient have the freedom to choose treatment 
without coercion or manipulation

Table 23.2 What parents need to understand in order to actively participate in 
decisions and give informed consent [1,2].

Moral obligations of professionals
Parents will be kept fully informed and involved in any decisions
Confi dentiality and privacy assured
The truth – prioritized and selected appropriately
Areas of uncertainty acknowledged

Information about DSD
Unusual appearance of external genitalia compared to what is normally expected
Such unusual appearance is not uncommon and they are not alone
How this came about
The process of diagnosis and management, and anticipated duration
Implications for their baby in the short- and long-term
Treatment options, and potential benefi ts and risks

Involvement of professionals
Experience and roles of the professionals involved
A need to consult various professionals with expertise

Other support for the family
Sources of reliable information
Local peer support from families who have faced the same situation

DSD, disorders of sex development.

Table 23.3 How information should be conveyed to parents [1,2].

At the time of diagnosis, ongoing and repeated according to the family’s needs
With assistance from trained interpreters if professionals do not know parents’ 

primary language
An atmosphere that fosters mutuality and respect, and strengthens doctor–

patient and parent relationships
Interactive process in which information and values are shared
Awareness of parents’ positive and negative feelings, and social, cultural and 

religious beliefs
Attend to emotions and behavior as well as facts and physical aspects
Presence of friends and family, if parents wish
Promote active participation by parents
A calm, supportive and appropriately reassuring manner
Sensitive, thoughtful and non-judgmental approach
Frank, honest and open discussion
Questions invited and answered
Undue anxiety and panic avoided
Stigmatizing labels and terms avoided
Embarrassment, shame, guilt and humiliation avoided and allayed
Confl ict, confusion and misunderstanding avoided
Complexity needs to be presented clearly and in a way in which it is understood 

using appropriate language, e.g. in small chunks, repeated and clarifi ed, with 
diagrams or models

Verbally and supplemented with educational material, e.g. written and 
audiovisual information

[52]. A competent individual, including a child, can give informed 
consent if the decision about elective surgery is deferred to a time 
when the child has suffi cient maturity and ability to understand 
the treatment and its implications. Evaluation of the child’s 
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cognitive ability is a prerequisite to informed consent. Although 
this is generally carried out by pediatricians, a more detailed 
assessment by a clinical psychologist may be required for the 
complex decisions surrounding DSD. In exceptional situations 
when confl ict arises, professionals have a duty to provide care to 
the child based on what is in the child’s best interest and not what 
parents desire. A clinical ethicist can help decide what constitutes 
the child’s best interest [2].

Assent
Children without the capacity to consent but developmentally 
appropriate should be involved in their management and empow-
ered (Table 23.4). This includes obtaining consent for physical 
examination and diagnostic procedures. Ongoing education 
about the DSD needs to be provided so that the child can be 
encouraged to assume responsibility for his/her health and well-
being over time.

Truth and information disclosure
Deception, withholding information and selective telling of the 
truth undermines the patient’s autonomy and invalidates consent 
[53,54]. Reasoning that the lack of disclosure is intended to 
protect patients because the truth would cause unnecessary dis-
tress and would be too confusing for patients is not justifi ed and 
can be harmful [55,56]. No matter how upsetting, telling the 
truth takes precedence over benefi cence. Personal experiences of 
adults with DSD indicate that ignorance and betrayal of trust is 
psychologically more harmful than knowing the truth [48,54,57]. 
Silence, secrecy and ignorance does not erase an individual’s 
experiences about being different nor about the treatment to 
which they were subjected through life [48]. On the contrary, it 
is counterproductive and reinforces a lack of identity and being 
“freakish,” leading to stigma, fear, isolation and shame instead of 
alleviating it [20,58,59]. Inadvertent discovery and fragmented 
information about DSD can be upsetting and may be miscon-
strued as a terrible illness such as cancer [48]. The desire for 
self-knowledge can force individuals to seek information from 
parents, professionals, medical records and libraries but knowl-
edge obtained and shared with others with similar problems is 
likely to bring relief and dignity [48].

Voices of powerful advocates
Adults with DSD with their wealth of personal experience are a 
valuable source of information for patients and professionals. 
They can offer support, advocacy, a social network and individual 
and community empowerment through various organizations 
[e.g. Intersex Society of North America (http://www.isna.org/)]. 
Close collaboration between patient support groups and health 
professionals avoids biased opinions and has resulted in consen-
sus guidelines for the diagnosis and management of DSD [1,2]. 
The emphasis on patient-centered care is grounded in ethical 
practice and focuses on the physical, psychological and sexual 
well-being of patients.

Involvement of patients with DSD in medical education
Patients should be respected as individuals and not viewed as 
medical disorders, fascinations or oddities. Whether patients with 
DSD should be involved in medical education requires consider-
ation about who needs to learn about DSD, what the learner 
needs to know and whether this requires the direct involvement 
of a patient. Without supervision, the educational benefi t of a 
learning session is questionable and the supervising professional 
should be responsible for obtaining consent.

Informed consent is specifi c and a patient’s consent for one 
procedure does not imply consent for other interventions nor for 
medical education. The need for informed consent also applies 
to learning from examining patients when they are asleep or 
anesthetized: consent must have been obtained when the patient 
is conscious so that confi dentiality, privacy and respect for dignity 
are assured.

Professionals need to be aware that patients may consent to 
teaching sessions or repeated unpleasant examination because 
they feel obliged or cannot decline. Language used in the presence 
of the patient, discussion, demonstration, repeated examination, 
measurements of external genitalia and medical photographs can 
inadvertently arouse distress and heighten negative feelings 
[60,61].

Role of research
While the focus of this chapter has been on the ethical viewpoints 
regarding early surgery, the alternative to assign gender in early 
life and defer elective surgery until the child is older, is not yet 
evidence-based. Anecdotal reports provide insight about crucial 
issues but cannot be generalized. Research is required to support 
robust decisions. Knowledge about a number of the DSD condi-
tions offers helpful guidance but more needs to be known about 
the long-term outcomes of psychological, medical and surgical 
interventions regarding gender assignment, gender identity, psy-
chosexual orientation, sexual function, reproductive ability and 
quality of life. Psychosocial adaptation needs to be considered in 
the context of a changing society where attitudes have evolved, 
and which is much more liberal and tolerant about atypical 
attributes.

Table 23.4 The elements of assent [48].

Assent comprises the following elements:
1 Assisting the child to know about his/her condition at a level appropriate for 
age and developmental maturity
2 Telling the child about physical examination, tests and treatment he/she 
requires
3 Assessing the child’s understanding and views in response to this
4 Identifying the child’s willingness to have physical examination, tests and 
treatment
5 Clarifying any physical procedures, tests or treatments which the child requires 
despite his/her objection
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Summary
Ethical standards are the same for all individuals and those with 
DSD are no exception. Gender-typical appearance of external 
genitalia is not a prerequisite for development of gender identity 
and it is infl uenced by nature and nurture. Gender assignment in 
infants with DSD requires evaluation, discussion with the family 
and a sensitive approach. Past practices, such as the obsession and 
urgency to normalize anatomy with surgery in early life, doctors 
withholding information and professionals making decisions for 
patients, are not ethically justifi ed. Meagre evidence of long-term 
outcomes raises considerable uncertainty and what prevails now 
will be subject to future scrutiny. It is essential that beliefs and 
practices are repeatedly and openly questioned and modifi ed on 
the basis of new and changing knowledge.

Growth hormone treatment for idiopathic 
short stature

The availability of unlimited supplies of growth hormone (GH) 
through recombinant technology extended its use from children 
with growth hormone defi ciency (GHD) to other non-GHD 
short stature conditions. GH has been used in children with 
GHD, Turner syndrome (TS), Prader–Willi syndrome, chronic 
renal failure (CRF) and infants born small for gestational age 
(SGA). The use of GH in children with idiopathic short stature 
(ISS) who are GH replete has not been licensed in Europe but 
was approved in the USA by the Food and Drug Administration 
(FDA) in 2003 [62].

In the UK, a 1988 audit estimated that 19.8/100 000 children 
under the age of 16 years were receiving GH and 22% of these 
were for unlicensed indications [63], including SGA, skeletal dys-
plasias and Noonan syndrome, in addition to “short normals.” 
Another audit found a comparable proportion of children treated 
for unlicensed indications (20%) and no escalating trends in GH 
prescribing in 1990–1999 [64]. Following FDA approval in 2003, 
a US survey has revealed that 82% of pediatric endocrinologists 
use GH for ISS [65]. Increasing numbers of otherwise healthy 
children now present to pediatricians because they are short. 
Whether they should be treated with GH raises important ethical 
issues [66–73].

Evaluation of children with idiopathic short stature in 
clinical practice
An understanding of different ethical perspectives requires 
uniform clinical evaluation which includes:
• Clinical assessment to exclude growth hormone defi ciency and 
other recognized causes of short stature;
• Assessing the child’s height in comparison to parents and the 
variations in height in the normal population;
• Identifying the physical and psychosocial cost of short stature 
on the child as experienced or perceived by the child and 
parents;

• Exploring the motives of child and parents for treatment, per-
ceptions about a treatment that entails daily injections for several 
years and expectations about likely outcomes;
• Benefi ts of GH treatment on stature;
• Benefi ts of GH treatment on alleviating or preventing psycho-
social problems;
• Risks to the child; and
• Financial cost.

Motives for treatment and expectations
Children with ISS and their parents may seek GH treatment for 
varied reasons, such as to:
• Enhance fi nal height;
• Enhance growth in height during a specifi c period in life 
(e.g. before starting senior school);
• Prevent and/or ameliorate potential emotional and psychoso-
cial problems related to short stature;
• Ameliorate emotional and psychosocial dysfunction related to 
short stature;
• Optimize future prospects in life for education, career and 
relationships.
• Parental perceptions are frequently at odds with the child’s, and 
while they tend to be especially concerned about psychosocial 
dysfunction and future opportunities, children are more likely to 
focus on current height [74]. These motives and expectations 
of treatment provide a starting point to initiate discussion and 
guidance toward realistic decisions. Wide discrepancies between 
expectations and what might be achieved can be disappointing 
and detrimental to quality of life [75].

The ethical debate
The ethical debate for and against the use of GH in ISS can be 
considered according to the rationale for treatment and probable 
outcomes.

Idiopathic short stature is not a disease
If the aim of health care is to restore health and prevent ill health, 
children with ISS do not require treatment: they are healthy and 
do not have a disease. Short stature (height <2  SD below the 
mean) is one extreme of normal variation. Treatment with GH 
medicalizes such children, labels them as patients and imposes 
the burden of daily injections and hospital visits for many years 
[72,73]. If the aim of GH in ISS is to enhance physical appearance, 
cosmetic treatment is not essential for health [72].

Counter to this is the argument that children with ISS are a 
heterogeneous group and may have pathology that has not yet 
been identifi ed [66,72]. Although the majority are GH replete and 
have normal or high GH concentrations to stimulation tests, 25% 
have low insulin-like growth factor 1 (IGF-1) levels suggestive of 
GH resistance [76]. Future work on the GH–IGF axis is likely to 
unravel the etiology of the short stature in some of these children 
so they cannot strictly be categorized as being healthy and treat-
ment is indicated to restore health [68].
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The value of stature in society
In favor of GH treatment are the physical disability and negative 
impact on psychosocial adjustment in short children, indepen-
dent of underlying pathology. The physical handicap affects daily 
life and necessitates bespoke modifi cations, such as adjustments 
to furniture and car pedal extensions.

Predisposition to problems of psychosocial functioning 
can arise from the short child’s experiences, such as problematic 
peer relationships, bullying, juvenilization and discrimination 
[77,78]. Others are secondary to parental anxiety and 
perceptions, because short children are perceived to be more 
vulnerable and prone to over-protection [79]. Preoccupation 
with this can itself be detrimental for parents and the child. 
Because height gain has the potential to improve quality of life, 
GH treatment is a therapeutic intervention to correct a physical 
abnormality and prevent or alleviate psychosocial problems 
[68,73].

Evaluation of the relationship between adult height in the 
general UK population and aspects of quality of life that affect 
health [health-related quality of life (HRQoL)] shows that height 
is a signifi cant predictor of HRQoL in those who are the shortest 
(height –2.0  SDS or less) [80]. A small increase in height among 
the shortest individuals but not among those with normal height 
is associated with better HRQoL and lends support to the poten-
tial benefi t of growth-promoting treatment in those with the 
most marked short stature.

However, the majority of children who are short experience no 
signifi cant disadvantage on physical functioning [77], perception 
about their appearance, self-esteem, emotional adjustment, 
social functioning (friendship, popularity, reputation), cognitive 
development or academic achievement [66,81–85]. Because 
parental expectation about the change in the child’s appearance 
and behavior may not be achieved, what they desire may not be 
in the best interests of the child [70]. The burden of treatment 
and disappointment if treatment expectations are not met can 
itself have a detrimental effect on psychosocial functioning 
[66,73].

Despite numerous trials on the effects of treatment on height, 
there is paucity of data about the quality of life benefi ts of GH 
treatment and gain in height does not necessarily imply better 
psychosocial function [77,85–88]. Emotional and psychosocial 
adaptation are more strongly related to a child’s satisfaction with 
height and perceived height than actual height or growth itself 
[88]. Some improvement in behavior can occur during GH treat-
ment in children who have signifi cant problems initially but this 
is likely to be a small group referred for specialist treatment 
[89].

Alternative interventions, such as psychological support during 
growth and development, are safer than GH [73]. Many negative 
experiences that children and adults have because of their 
short stature are caused by public prejudices and stereotypes; 
changing this requires enlightening society [69,73]. A focus on 
height overvalues it compared to other characteristics such as 
personality.

Benefi ts of growth hormone on stature
Treatment with GH results in short- and long-term improve-
ments in height [90,91] ranging from 0.6–1.6  SDS over 1 year to 
up to 1.1–2.2  SDS over 2–3 years of treatment. A good initial 
response will generally set the scene for good growth in subse-
quent years. For children treated to near-fi nal height, GH regi-
mens of 0.22–0.3  mg/kg/week over 2–10 years result in a modest 
increase in adult height SDS compared to those not treated (−1.8 
to −1.5  SDS), in estimated gain compared to predicted adult 
height of 3–9  cm and in estimated gain compared to untreated 
controls (2–9  cm) [92–94]. Higher doses (up to 0.4  mg/kg/week) 
result in greater increase in height but the risk of adverse effects 
is also increased [95].

The arguments against GH treatment include the variable 
growth response from no gain in height to a gain of several cen-
timeters in fi nal height. Not all treated children benefi t and it is 
not possible to predict who will gain the most [72,92,93]. How 
much height gain is required to prevent or relieve physical dis-
ability and psychosocial problems is not known. Even in children 
who do respond, treatment rarely results in adult height above 
the 50th centile and does not improve quality of life for the 
majority [66,70]. Factors contributing to poor response include 
non-compliance, inadequate dosage and inherent biological 
infl uences on GH sensitivity. There is also a view that treatment 
cannot be considered benefi cial to society as a whole because the 
increase in height of a GH treated child means that another 
individual will be relatively disadvantaged [66].

Risks of growth hormone treatment
In support of treatment is the wide safety margin demonstrated 
by worldwide pharmaco-surveillance since the availability of 
recombinant GH in 1985. Side effects are infrequent and there is 
reassuring evidence against risk of malignancy. Opposing this is 
that much of this evidence for adverse effects comes from chil-
dren with GHD or the non-licensed indications rather than large 
numbers of children with ISS. Additionally, ongoing monitoring 
is recommended for all children treated with GH to identify 
unknown long-term consequences [96] and the benefi t of treat-
ment does not outweigh the potential risks and burden of daily 
injections [70].

Financial cost of GH treatment
A point to support GH treatment is that children with ISS who 
seek treatment are, like all individuals in society, entitled to it but 
GH is expensive and its use needs to be considered from the 
perspective of distributive justice, equable distribution of health 
resources and offering treatments to those most in need [66,70]. 
Children with ISS are neither most in need nor do they have a 
life-threatening condition. No cost–utility analysis that includes 
quality of life outcome has yet been performed for GH treatment 
in ISS. An economic evaluation in 2002 estimated the incremen-
tal cost for every centimeter gained in fi nal height to be 9400–
18  930  euro [97]. More recently, the incremental cost-effectiveness 
of treatment compared with no treatment in prepubertal boys 
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with ISS has been estimated at $52 000 per 2.54  cm [72]. Cost-
effectiveness is better for a subset of exceptionally short children 
who have a good growth response to GH treatment, and more so 
if physical, mental and psychosocial well-being improves with the 
gain in fi nal height. Such cases are a minority, and it is diffi cult 
to conclude that GH treatment for the majority of children with 
ISS is cost-effective.

Role (if any) of regulatory authorities and 
consensus statements
Before the era of recombinant human GH, 1978–1985, the Health 
Services Human Growth Hormone Committee was responsible 
for recommending, approving and allocating pituitary GH to 
patients in the UK [98]. The committee regulated not only supply 
and demand, but also maintained a database of all treated patients. 
Since the availability of recombinant GH, there has been no such 
central regulatory authority in the UK, treatment decisions rest 
with pediatricians or pediatric endocrinologists and prescriptions 
are provided by general practitioners. For any pediatrician, whose 
foremost duty is to the individual child, consensus guidelines 
from reputed organizations [e.g. National Institute for Health 
and Clinical Excellence (NICE), ESPE, LWPES, American 
Academy of Pediatrics (AAP), Growth Hormone Research Society 
(GRS)] offer reasoned recommendations to support better and 
consistent management decisions while at the same time safe-
guarding the interests of the public [72,99].

Summary
An understanding of the ethical arguments for and against GH 
treatment is essential for clinicians involved in managing children 
with ISS. These are otherwise healthy children for whom short 
stature will not be a handicap for the majority. Discussion about 
parental anxieties and request for GH treatment, about lack of 
tangible benefi ts and limitations of treatment helps reframe un-
realistic perceptions. The decision to treat must be individualized 
and reached after detailed discussion with the child and parents. 
Children with ISS are generally old enough to express views about 
their height as well as treatment, and these must be respected. A 
select group of children who are exceptionally short and at great-
est risk of physical and psychosocial dysfunction are likely to be 
those for whom a growth-promoting treatment would be justi-
fi ed. However, evidence to support this is required to justify the 
high cost of GH treatment.

Manipulating puberty in girls with severe 
learning diffi culties

The onset of puberty and anticipated menarche in girls with 
severe learning diffi culties (SLD) frequently raises anxiety in 
families and caregivers [100]. A number of treatments are avail-
able for suppressing and manipulating pubertal development and 
their use in children with precocious puberty can be justifi ed. 
The problem is not so straightforward when pediatricians are 

approached with a request to manipulate normal puberty in girls 
with SLD. There is a lack of evidence about the level of burden 
imposed on carers of girls with SLD and the benefi ts and risks of 
interventions to manipulate puberty. Practice is therefore based 
on personal experience, anecdotal reports and extrapolation from 
studies in healthy girls. Ethical evaluation requires consideration 
of what is in the best interest of the child and of the caregivers 
who have a pivotal role in the child’s well-being.

Clinical approach
Manipulating puberty, particularly halting relatively early or 
normal puberty, requires consideration of:
• Cognitive and physical abilities of the child;
• Level of support required from caregivers;
• Impact of pubertal development on the patient and the 
carers;
• Reasons for seeking treatment;
• Intervention options to manipulate puberty;
• Benefi ts of interventions to the patient and carers;
• Risks of intervention;
• When interventions might be justifi ed; and
• Who makes the decisions.

Intellectual and physical abilities of the child
Children with severe and profound learning diffi culty can be 
defi ned by intelligence quotients (IQ) <70 and 55, respectively: 
they frequently have diffi culties with mobility, coordination and 
communication. Cognitive and physical potential can vary from 
some ability to understand and acquire self-help skills to no 
verbal communication and total dependence on caregivers for all 
basic needs. Caregivers may view their ward as a perpetual child 
and not expect them to grow, mature physically or become 
sexually active.

Impact of puberty in a girl with SLD
The onset of puberty, age at menarche and frequency of men-
strual abnormalities are no different in girls with SLD from 
healthy peers [101,102] but there is a predisposition to early 
development because of a number of co-morbidities and their 
treatments. Obesity is associated with earlier menarche [103] and 
girls with SLD have an increased tendency to gain excessive 
weight [104–106]. Other problems, such as hypo- and hyperthy-
roidism in Down syndrome [107] and hyperprolactinemia 
secondary to treatment with neuroleptics may contribute to men-
strual irregularities.

The main impact of puberty on a girl with SLD is menstrual 
hygiene, menstrual abnormalities and effects on mood and 
behavior; less frequently carers worry about the child’s vulnera-
bility to sexual abuse and unwanted pregnancy. Periods com-
pound the burden of personal care at home and at school for 
patients who have an inability to self-care, physical disability, 
bowel and bladder incontinence and other coexisting medical 
problems. Irregular, prolonged and heavy periods can disrupt the 
schedule for other essential needs such as feeding, physiotherapy 
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and education [100,108]. Cyclic changes and dysmenorrhea can 
adversely affect mood, behavior, sleep and seizure control. Time, 
effort and patience required to look after the child, lack of control 
and uncertainties about the future contribute to the stress on 
caregivers [109]. Even before menarche, carers anticipate an 
inability to cope and worry about the possibility of not being able 
to continue caring for their child. In reality, it is likely that, with 
support and advice, carers will be able adequately to handle the 
problems that unfold as puberty occurs.

Interventions to manipulate puberty: benefi ts and risks
Puberty can be manipulated by a range of medical and surgical 
options but should generally be indefi nitely postponed because 
of side effects of intervention (Table 23.5) [100,102,108,110–112]. 
The potential benefi ts of suppressing puberty and menses include 
easing the burden of care, freeing time to attend to essential 
needs, allowing families to continue caring for the child at home, 

relieving stress and anxiety in carers, and positive effects on the 
carer and the child’s quality of life [100].

Medical treatments are reversible and relatively non-invasive 
but carry signifi cant adverse effects if used long term. They 
include loss of bone mineral density and fracture risk with use of 
depot medroxyprogesterone acetate (Depo-Provera) for >2 years 
[113], venous thromboembolism with oral contraceptives and 
weight gain with gonadotrophin-releasing hormone analogs. 
Girls with SLD and problems with weight-bearing and mobility, 
fi ts and falls are likely to be at greater risk from these adverse 
effects. Interactions between anticonvulsants and estrogen–
progesterone preparations can reduce effi cacy of treatment.

Surgical procedures are considered in exceptional situations 
and as a last resort when menstruation signifi cantly impacts on 
the quality of life of the patient and caregiver [108,112,114]. They 
are invasive, require anesthesia and have substantial immediate 
risks but, set against the adverse effects of hormonal treatment, 

Table 23.5 Interventions to manipulate puberty in girls with severe learning diffi culties [100,102,108,110–112].

Intervention Method Benefi ts Risks

Non-steroidal anti-infl ammatory 
drugs (e.g. mefenamic acid)

Oral tablets, capsules Relieves dysmenorrhea
May reduce menstrual fl ow

Gastrointestinal bleeding

GnRH analogs Injection every 3–12 weeks Suppresses pubertal development 
and menstruation

Contraceptive effect

Impaired BMD with long-term use

Continuous combined oral 
contraceptives

Oral tablet taken daily for 9 weeks followed by 
7-day withdrawal period or continuous until 
breakthrough bleeding followed by 7 day 
withdrawal period

Supervision required

Reduce frequency of menstruation 
and fl ow

Relieve dysmenorrhea
Contraceptive effect

Effi cacy affected by anticonvulsants 
or antibiotics

Thromboembolism especially in 
immobile girls

Increased risk of breast and cervical 
cancer

Depot medroxyprogesterone 
acetate

Injection every 10–12 weeks Menstruation suppressed
Contraceptive effect

Impaired BMD with long-term use
Weight gain

Levonorgestrel intra-uterine system Requires sedation or anesthetic
Procedure performed by an experienced 

professional
Uterine size must be adequate (minimum cavity 

of 5–6  cm); therefore not suitable in petite 
girls and requires preplacement assessment 
with ultrasound

Reduce menstrual fl ow within 3–
6 months

Suppress menstruation
Contraceptive effect
Effect lasts up to 5 years

Device expulsion
Mastalgia and mood changes for initial 

few months
Functional ovarian cysts which are 

usually asymptomatic and resolve 
spontaneously

Endometrial ablation Requires anesthetic
Procedure performed by a competent professional
Necessitates cervical dilatation which can be 

diffi cult in nulliparous girls

Reduce menstrual fl ow
Suppress menstruation

Possible need to repeat the procedure
Risks lower than hysterectomy

Hysterectomy, vaginal or 
abdominal

Informed consent required
Requires anesthetic
Procedure performed by a competent professional

Relieve intractable menstrual 
problems

Defi nitive option for menstrual 
problems but not perimenstrual 
syndrome

Irreversible
Intra-operative and postoperative risks

BMD, bone mineral density.
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especially if used long term, the irreversible nature of surgical 
intervention can be advantageous. Surgical procedures can be 
justifi ed ethically for girls with profound cognitive impairment 
and high support needs who are unable to express an interest or 
consent to sexual intercourse, are incapable of choosing to 
become pregnant and cannot mother a child [108].

Thorough discussion about treatment options and surgical 
procedures should be carried out by expert professionals. Clini-
cians unfamiliar with the pubertal problems of girls with SLD 
should refer to appropriate specialists.

Who decides?
Children with SLD require individual evaluation when carers seek 
treatment to manipulate puberty. Mental and physical impair-
ment, cognition, medical problems and social context of each 
child will be different. Multidisciplinary assessment by neurodis-
ability specialists and pediatric or adolescent endocrinologists or 
gynecologists together with carers is essential.

Exhaustion, stress and burnout in caregivers threaten the 
welfare of the child and their anxieties must be respected and 
discussed. Advice about coping strategies, social support and 
respite care for the child are essential. It is the unknown and lack 
of control that frequently overwhelms carers and having informa-
tion about possible options if life became too stressful is reassur-
ing. Information about intervention must include the modes of 
administration, potential benefi ts and adverse effects. The dura-
tion of treatment and limitations to how long hormonal treat-
ment might safely be continued require explicit clarifi cation.

The child’s ability to contribute to decision-making must be 
maximized. Parents and legal guardians are appropriate surro-
gates for making shared decisions when the child lacks this capac-
ity but they should act in the best interests of the child and the 
clinician’s duty is to ensure this. Hospital clinical ethics commit-
tees can help in situations when carers’ and professionals’ views 
differ and, exceptionally, approval may need to be sought from 
the Courts.

Summary
While what is in the best interest of the child should be foremost, 
the pivotal role of caregivers in the well-being of girls with SLD 
and high support needs cannot be overlooked. Puberty and men-
struation can interfere adversely with quality of life of some carers 
as well as some girls with SLD. Each case requires individual 
consideration. Carers may sometimes have disparate views and 
may disregard professional advice. In addressing carer’s concerns 
about the impact of puberty and menses on the patient’s health, 
level of care offered and quality of life, benefi ts of treatment must 
outweigh risks, limitations and lack of research evidence. Safer 
alternatives, such as education, counseling and social support, 
should precede medical or surgical intervention. Carers’ percep-
tions about dealing with problems of puberty are frequently dis-
proportionate to their actual ability to cope. Instead of treating 
in anticipation, deferring decisions about intervention until after 
the onset of puberty means that treatment is reserved for those 

who have real problems. Any potential the child has to contribute 
to decisions must be maximized. The interest of the child is best 
safeguarded by multidisciplinary evaluation and shared decision-
making with carers.
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Appendix: Syndrome-specifi c Growth Charts

Growth charts for specifi c growth disorders are depicted here.

Figure A.1 Height centiles for girls with untreated Turner syndrome aged 1–20 
years. The gray-shaded area represents the 3rd to 97th centiles for normal girls. 
Pubertal staging is for normal girls. Adapted from Lyon A, Preece M, Grant D. 
Growth curves for girls with Turner syndrome. Arch Dis Child 1985; 60: 
932–935.

Figure A.2 Height and weight centiles for boys with trisomy 21 syndrome 
aged 3–36 months. Adapted from Cronk C, Crocker A, Peuschel S et al. Growth 
charts for children with Down syndrome. Pediatrics 1988; 81: 102–10.
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Figure A.3 Height and weight centiles for boys with trisomy 21 syndrome 
aged 2–18 years. The gray-shaded areas represent the comparable values for the 
3rd to 97th centiles for normal children. Adapted from Cronk C, Crocker A, 
Peuschel S et al. Growth charts for children with Down syndrome. Pediatrics 
1988; 81: 102–10.

Figure A.4 Height and weight centiles for girls with trisomy 21 syndrome aged 
3–36 months. Adapted from Cronk C, Crocker A, Peuschel S et al. Growth charts 
for children with Down syndrome. Pediatrics 1988; 81: 102–10.
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Figure A.5 Height and weight centiles for girls with trisomy 21 syndrome aged 
2–18 years. The gray-shaded areas represent the comparable values for the 3rd 
to 97th centiles for normal children. Adapted from Cronk C, Crocker A, Peuschel 
S et al. Growth charts for children with Down syndrome. Pediatrics 1988; 81: 
102–10.

Figure A.6 Height centiles for boys with Noonan syndrome aged 0–18 years 
compared with normal values (dashed lines). The data were obtained from 64 
Noonan syndrome males in a collaborative retrospective review. Adapted from 
Witt D, Keena B, Hall J et al. Growth curves for height in Noonan syndrome. Clin 
Genet 1986; 30: 150–3.
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Figure A.7 Height centiles for girls with Noonan syndrome aged 0–18 years 
compared with normal values (dashed lines). The data were obtained from 48 
Noonan syndrome females in a collaborative retrospective review. Adapted from 
Witt D, Keena B, Hall J et al. Growth curves for height in Noonan syndrome. Clin 
Genet 1986; 30: 150–3.

Figure A.8 Height centiles for boys with Silver–Russell syndrome. The gray-
shaded area indicates normal boys ±2 standard deviations (SD). Adapted from 
Wollman H, Kirchner T, Enders H et al. Growth and symptoms in Silver–Russell 
syndrome: review on the basis of 386 patients. Eur J Pediatr 1995; 154: 
958–68.
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Figure A.9 Height centiles for girls with Silver–Russell syndrome. The gray-
shaded area indicates normal girls ±2 standard deviations (SD). Adapted from 
Wollman H, Kirchner T, Enders H et al. Growth and symptoms in Silver–Russell 
syndrome: review on the basis of 386 patients. Eur J Pediatr 1995; 154: 
958–68.

Figure A.10 Height centiles for boys with achondroplasia (mean ± 2  SD) 
compared with normal standard curves (dashed lines). Data derived from 189 
males. Adapted from Horton W, Rotter J, Rimoin D et al. Standard growth curves 
for achondroplasia. J Pediatr 1978; 93: 435–8.
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Figure A.11 Head circumference centiles for boys with achondroplasia 
compared with normal curves (dashed lines). Data derived from 114 males. 
Adapted from Horton W, Rotter J, Rimoin D et al. Standard growth curves for 
achondroplasia. J Pediatr 1978; 93: 435–8.

Figure A.12 Height centiles for girls with achondroplasia (mean ± 2  SD) 
compared with normal standard curves (dashed lines). Data derived from 214 
females. Adapted from Horton W, Rotter J, Rimoin D et al. Standard growth 
curves for achondroplasia. J Pediatr 1978; 93: 435–8.
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Figure A.13 Head circumference centiles for girls with achondroplasia 
compared with normal curves (dashed lines). Data derived from 145 females. 
Adapted from Horton W, Rotter J, Rimoin D et al. Standard growth curves for 
achondroplasia. J Pediatr 1978; 93: 435–8.

Figure A.14 Linear growth in hypocondroplasic boys (solid line). Adapted from 
Appan S, Laurent S, Chapman M et al. Growth and growth hormone therapy in 
hypochondroplasia. Acta Paediatr Scand 1990; 79: 796–803.

Figure A.15 Linear growth in hypocondroplasic girls (solid line). Adapted from 
Appan S, Laurent S, Chapman M et al. Growth and growth hormone therapy in 
hypochondroplasia. Acta Paediatr Scand 1990; 79: 796–803.
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Figure A.16 Standardized curves for height in Prader–Willi syndrome (PWS) in 
male patients (solid line) and healthy individuals (broken line). Adapted from 
Butler MG, Brunschwig A, Miller LK et al. Standards for selected anthropometric 
measurements in Prader–Willi syndrome. Pediatrics 1991; 88: 853–60.

Figure A.17 Standardized curves for height in Prader–Willi syndrome (PWS) in 
female patients (solid line) and healthy individuals (broken line). Adapted from 
Butler MG, Brunschwig A, Miller LK et al. Standards for selected anthropometric 
measurements in Prader–Willi syndrome. Pediatrics 1991; 88: 853–60.

Figure A.18 Standardized curves for weight in Prader–Willi syndrome (PWS) in 
male patients (solid line) and healthy individuals (broken line). Adapted from 
Butler MG, Brunschwig A, Miller LK et al. Standards for selected anthropometric 
measurements in Prader–Willi syndrome. Pediatrics 1991; 88: 853–60.

Figure A.19 Standardized curves for weight in Prader–Willi syndrome (PWS) in 
female patients (solid line) and healthy individuals (broken line). Adapted from 
Butler MG, Brunschwig A, Miller LK et al. Standards for selected anthropometric 
measurements in Prader–Willi syndrome. Pediatrics 1991; 88: 853–60.
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buserelin, precocious puberty 242

C-peptide 469, 515

C-type natriuretic peptide (CNP) 89, 351

C4 genes 305–6, 307

cabergoline 111

Caffey disease 384
CAH see congenital adrenal hyperplasia

calbindins 374

calcifi cation, soft tissue see soft tissue calcifi cation

calciotropic agents/hormones 377–82

interactions between 386

calcitonin (CT) 382, 423

as tumor marker 439, 445, 446

calcitriol see 1,25-dihydroxyvitamin D

calcium (Ca2+) 374–5

cascade 387

daily requirements 344
defi ciency rickets 400

dietary intake 217

intracellular 32–3

plasma ionized 374

calcium carbonate 376, 423

calcium channel blockers 520

calcium gluconate 390

calcium metabolism 374–82

bone metabolism interactions 386

calciotropic agents/hormones 377–82

cations and anions 374–7

disorders of 387, 390–413

drugs used in treatment 421–3

investigations 386–8, 389
short stature 137

see also hypercalcemia; hypocalcemia

fetal and neonatal 386

obesity 540–1

postneonatal 386

calcium-sensing receptors (CaSR) 30, 377

activating mutations 377, 378, 390–5

autoantibodies 331, 409

control of PTH secretion 377, 378

inactivating mutations 377, 378, 406–9

calcium:creatinine (Ca:Cr) ratio 375

caloric restriction 544

cAMP see cyclic adenosine monophosphate

campomelic dysplasia 197

Camurati–Engelmann disease (CED) 418

cancer

genetics 1, 15, 17

GH therapy and risk 156, 177

hypercalcemia 412

obesity-related risk 543–4

offspring of survivors 182

survival rates 169, 170

see also tumor(s); specifi c types of cancer

cancer treatment 169–85

acute effects 171–3

bone health after 182–4

cardiovascular risk 184

effects on growth 147

fertility preservation 181–2

gonadal damage 180–2

hypothalamo-pituitary damage 174–9

late effects 169, 174–85

precocious puberty 226

principles 169–71

specifi c cancers 171

thyroid damage 179–80

see also chemotherapy; radiotherapy

candidiasis, chronic mucocutaneous (CMC) 327–8, 

333

carbamazepine 561–2

carbimazole 264, 277–8

carbohydrates, dietary

counting and exchange lists 480–1

diabetes management 479–81

hypoglycemia treatment 494–5, 508

weight reduction 544

carbonic anhydrase II (CA2) mutations 406, 416–18

carcinoembryonic antigen (CEA) 445, 446

carcinogenesis 17

cardiac failure

hypervolemic hyponatremia 367

transient neonatal hyperthyroidism 270

vitamin D defi ciency 400

cardiovascular disease

cancer survivors 184

childhood obesity 542–3

type 1 diabetes 496, 497
Carney complex

adrenocortical disease 319, 429

pituitary tumors 110, 150–1

testicular tumors 452

carnitine defi ciency 524, 525

carnitine palmitoyltransferase defi ciency (CPT 1 and 

2) 524, 525

Carpenter syndrome 334, 532
cartilage associated protein (CRTAP) 383, 413, 414, 

415

cartilage oligomeric matrix protein (COMP) 383

cat-scratch disease 411

cataracts, diabetic 495

CATCH 22 complex, hypoparathyroidism 378, 395–6

catecholamines, urinary 434

β-catenin 67, 107

cathepsin K (CTSK) gene mutations 386, 417, 418

CD40 gene polymorphisms 275

CDKN1B gene mutations 407, 410

celiac disease 138, 465

cell cycle 6

cell-surface receptors 24–34

internalization 24

protein phosphorylation 25–6

structure 24, 25

tyrosine kinase-linked 26–30

central nervous system see CNS

central pontine myelinolysis 365, 366

cerebellar abnormalities, hypopituitarism with 80

cerebral edema

diabetic ketoacidosis 486, 487, 489

hyponatremia 366

treatment 489

cerebral salt-wasting (CSW) 355, 368

cerebrotendinous xanthomatosis 403
champagne glass appearance 400, 401

chaperone molecules 35

CHARGE syndrome 135
cheiroarthropathy, diabetic 495

chemotherapy

acute effects 171–3
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adrenocortical tumors 431

cancers 171

gonadal damage 180–2

growth effects 147, 176

late effects 169

malignant pheochromocytoma 436

mechanisms of tissue damage 170–1

ovarian tumors 450

testicular tumors 454

Chernobyl disaster (1987) 438

child abuse/neglect 118

childhood

GH treatment 160

growth 124–5

hormone changes 50
thyroid disease 271–9

thyroid function 259–60

children of cancer survivors 182

2-chlorodeoxyadenosine (2-CDA) 115

ChlVPP chemotherapy regimen 181

cholecalciferol 379–80, 421–2

cholecystitis 541, 547

cholelithiasis (gallstones) 329, 541

cholesterol

accumulation in lipoid CAH 299

dietary intake 481

metabolism 286

transport into mitochondria 286–7, 291

uptake and storage 284, 291

cholesterol ester storage disease 315

cholesterol esterase 291

cholesterol side-chain cleavage enzyme see P450scc

chondrocytes 383

chondrodystrophies, GH therapy 163–4

choriocarcinoma 449

chorionic gonadotropin see human chorionic 

gonadotrophin

chromosomal disorders 14–15

numerical 14

short stature 130–3

structural 14–15

tall stature 148

Chromosomal Variation in Man 2
chromosomes 5–6

analysis 7–10, 52–3

chronic illness

delayed puberty 230

osteoporosis 416

see also systemic illness

chronic lymphocytic thyroiditis (CLT) see 

thyroiditis, chronic lymphocytic

CI see cranial irradiation

ciclosporin 463, 465

CIDS2 gene 354

cinacalcet 423

circadian rhythms 49, 50
cirrhosis, hyponatremia 367

claudin 16 (paracellin 1) 374, 375, 394, 399

claudin 19 375–6, 394, 400

CLCN5 gene mutations 404, 419
CLCN7 gene mutations 386, 417, 418

CLCNKB 405
cleft lip and palate 81, 355

cleidocranial dysostosis 385

clitoris

normal size 203

reductoplasty 205

clonidine stimulation test 141, 143–4

cloning 54–5

positional 7, 57

CNS disorders

cerebral salt-wasting 368

SIADH 364

CNS infections

diabetes insipidus 355

hypothalamo-pituitary dysfunction 116–17

CNS tumors see brain tumors

co-activators 4, 6, 35–6

co-repressors 4, 6, 35–6

coarctation of aorta, Turner syndrome 131–3

codons 3–4

Cohen syndrome 532, 574
Cole–Carpenter syndrome 414, 415

collagen 383

gene mutations 383, 384, 413–15

N- or C-terminal telopeptides (NTX-1; CTX-1) 

389

combined pituitary hormone defi ciency (CPHD)

adrenal insuffi ciency 316

cancer survivors 172, 174–5

clinical features 74–5

congenital 74–81

etiology 75–81

idiopathic 75

insulin tolerance test 141, 142

investigations 81–2

isolated GH defi ciency evolving to 69

neonatal presentation 74–5

non-syndromic genetic 76–8

syndromic 78–81

see also hypopituitarism

comparative genomic hybridization 15

complete androgen insensitivity syndrome (CAIS) 

200, 201–3, 579

complex disorders 1, 17–18

confi dence intervals 44

congenital adrenal hyperplasia (CAH) 299–313

ACTH stimulation test 298

adrenocortical tumors 429

ambiguous genitalia 197

clinical presentation 300
cryptic 305

gender assignment 578

gender identity 579

hypertensive form 312

hypoglycemia 523

imaging studies 295

laboratory evaluation 204–5, 230, 300
late-onset 228, 305

lipoid 199, 299–301

mineralocorticoid therapy monitoring 296

precocious puberty 228, 230, 241, 304

pregnancy in 194

prenatal therapy 197, 309

surgical interventions 580

testicular adrenal rest tumors (TART) 452

treatment 205, 244, 300, 322

see also 21-hydroxylase defi ciency

congenital adrenal hypoplasia 315, 522–3

congenital disorders of glycosylation (CDG) 519, 
521

conivaptan 366

Conn syndrome 320–1

conotruncal anomaly facial syndrome (CTAFS) 395

consent, informed and proxy 580–1

constitutional delay of puberty and growth 231

differential diagnosis 72

management 163, 245–6, 247

contigs 4

contiguous gene syndromes 10, 14, 306–7

copeptin 345

copy number variants (CNVs) 5–6, 15

Cornelia de Lange syndrome 135
coronary artery disease 184, 543, 566

corticosteroid-binding globulin (CBG) 294

corticosteroids see adrenal androgens; 

glucocorticoid(s); mineralocorticoid(s)

corticosterone

circulating 294

plasma 296
synthesis 285, 288

corticosterone methyl oxidase (CMO) defi ciency 

312–13

corticotropes 60, 61
corticotropin see adrenocorticotropic hormone

corticotropin-releasing hormone (CRH) 60, 71, 290

diurnal rhythm 291

stimulation test 299

corticotropinomas 109–10, 111

cortisol

circulating 294

defi ciency

hypoglycemia 522–3

see also adrenal insuffi ciency

diurnal rhythms 71, 291–2

metabolism 289–90, 294

mineralocorticoid activity 325

plasma 295, 296
Cushing syndrome 319, 320
GH provocation tests 142, 143

secretory rate 297

synthesis 285, 287

therapy see hydrocortisone

urinary 296–7

cortisone 289–90, 310
congenital adrenal hyperplasia 310

mineralocorticoid activity 325

urinary metabolites 296–7

cosyntropin test 297

counter-regulatory hormones 512, 513

defi ciency 509, 522–3

CpG islands 19–20

CPHD see combined pituitary hormone defi ciency

cranial irradiation (CI)

childhood cancers 171

early/precocious puberty after 175, 178, 226

GH defi ciency after 140, 174, 175–9

growth after 176

late effects 169, 170, 174–9

cardiovascular risk 184

evaluation 177–8

management 178–9
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site of radiation damage 175–6

mechanisms of tissue damage 169–70

craniometaphyseal dysplasia (CMDD) 418

craniopharyngiomas 106–9, 139

adrenal insuffi ciency 316

diabetes insipidus 108, 355

diagnosis 140

genetics 107

histology 106–7

management 109, 110

MRI fi ndings 108

obesity after 535

presentation 107–8

craniospinal irradiation (CSI)

late effects 171, 179, 181

thyroid disease 273

CREB 32

CREB binding protein 36

cretinism, endemic 260, 272

CRH see corticotropin-releasing hormone

crossover 6

unequal 10

CRTAP gene 383, 413, 414, 415

cryptorchidism 207

CSI see craniospinal irradiation

CTLA-4 gene polymorphisms 275, 336

CTNS 405
CTSK see cathepsin K

Cushing disease 109–10, 111, 317–18

diagnosis 319, 320
treatment 318

Cushing syndrome (glucocorticoid excess) 

317–20

causes 317–19

clinical features 294, 317, 318
differential diagnosis 319–20

history 284

iatrogenic 317, 323, 324
investigations 295

obesity 317, 533–4, 535
CXorf6 gene mutations 206

cyclic adenosine monophosphate (cAMP) 32, 33

ACTH action 290, 291

LH action 222, 223

PTH signaling 379

vasopressin action 349

CYP2J2 380, 403
CYP2R1 380, 403
CYP3A4 380, 403
CYP11A see P450scc

CYP11B genes 10, 288, 312–13

products see P450c11AS; P450c11β
CYP17 see P450c17

CYP19 see aromatase

CYP21A see 21-hydroxylase

CYP24A1 403
CYP27A1 380, 403
CYP27B1 see 1α-hydroxylase

CYP27B1 gene 336, 380, 402, 403
cyproheptidine 318

cyproterone acetate 567

cystic fi brosis related diabetes (CFRD) 463

cystinosis 273, 405
cytochrome b5 287–8, 293

cytochrome P450 enzymes

electron transport to 286, 287–8

steroidogenesis 284–5

vitamin D metabolism 380, 381

see also specifi c P450 enzymes

cytokine inducible-Src homology 2 protein (CIS) 85

cytokine receptors 28–30, 82

cytokines, infl ammatory 137–8, 536

Dahlborg & Borer syndrome 392
danazol, prenatal exposure 194

Database of Chromosomal Imbalance and 

Phenotype in Humans using Ensembl 

Resources (DECIPHER) 2, 15

DAX1 gene 66

mutations 72, 315, 522

DAZ mutations 13, 16

dDAVP

central diabetes insipidus 356–7

chemical structure 345

mechanism of action 349

metabolism 348

nephrogenic diabetes insipidus 359, 360

primary polydipsia 360

test 353

ortho, para-DDD see mitotane

De Morsier syndrome see septo-optic dysplasia

dehalogenase (DEHAL1) gene defects 262, 263

dehydration

diabetic ketoacidosis 486–7

hypernatremic 361

hyponatremic 366, 367

dehydroepiandrosterone (DHEA)

adrenal synthesis 285, 287

adrenarche 224

circulating 294

control of secretion 292–3

fetoplacental production 195, 196, 290

plasma 295, 320
sulfation 289

urinary metabolites 297

dehydroepiandrosterone sulfate (DHEAS) 289

control of secretion 292–3

fetoplacental production 195, 290

plasma 295, 320
urinary metabolites 297

deiodinases (D1–D3) 37, 250, 253

gene defects 262, 263

ontogenesis 256

deletions, gene 10, 14–15

Δ5 → Δ4 isomerase 287

demeclocycline 365

Dent disease 404, 405
dental enamel hypoplasia 329, 330

dentin matrix protein 1 (DMP1) 382, 419, 420

dentinogenesis imperfecta 413

Denys–Drash syndrome 197

deoxycorticosterone (DOC)

excess, 11β-hydroxylase defi ciency 312

plasma 296
synthesis 285, 288

deoxycorticosterone (DOC) acetate 310
11-deoxycortisol

11β-hydroxylase defi ciency 312

plasma 299

synthesis 285, 288

urinary metabolites 296–7

depot medroxyprogesterone acetate 585

desamino-d-arginine vasopressin see dDAVP

desferrioxamine (DFO) 117

deslorelin, precocious puberty 242
20,22-desmolase see P450scc

desmopressin see dDAVP

developing countries, adoptees from 226

developmental delay

congenital hypopituitarism 75

obesity with 573

tall stature with 149–50

see also intellectual impairment; mental 

retardation; neurocognitive outcome

dexamethasone 310
adrenal insuffi ciency 322

cancer 172–3

congenital adrenal hyperplasia 310

growth suppressive effects 145

prenatal, for congenital adrenal hyperplasia 197, 

309

dexamethasone suppression test 297, 319–20

DHEA see dehydroepiandrosterone

DHEAS see dehydroepiandrosterone sulfate

di-iodotyrosine (DIT) 250, 251

Diabetes Control and Complications Trial (DCCT) 

465, 472, 494

diabetes insipidus (DI) 351–60

autoimmune 356

brain tumors 108, 355

central (CDI) 74, 353–8

acquired causes 355–6

causes 354–6

congenital 74, 75, 354–5

diagnosis 352–3, 368

genetic causes 13, 74, 354

with hypodipsia or adipsia 357

infants 357–8

treatment 356–8

diagnostic approach 352–3

idiopathic 356

Langerhans cell histiocytosis 115, 355

nephrogenic (NDI) 358–60

autosomal dominant 359

autosomal recessive 350, 359

during cancer therapy 172

causes 358–60

diagnosis 352–3

genetic causes 13, 358–9

treatment 360

X-linked 349, 359, 360

neurohypophyseal

autosomal dominant (ADNDI) 8, 11, 345, 354

autosomal-recessive 354

postoperative 355, 358

pregnancy-associated 348

traumatic brain injury 113, 356

diabetes mellitus 458–99

acute complications 485–91

atypical (ADM) 460, 461
classifi cation 458–63

diagnosis and defi nition 42–4, 458, 459
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differential diagnosis 470

drug-induced 463

education 471–2

exercise 482–3

Flatbush 460, 461
genetic syndromes causing 459, 462

glycemic control see glycemic control

infants of mothers with see infants of diabetic 

mothers

ketosis-prone 460, 461
lipoatrophic 462

management 470–85

maternal gestational 534
medical nutrition therapy (MNT) 478–82

mitochondrial 460

monitoring 483–5

neonatal 462–3

pancreatectomized patients 521

presentation 468–70

secondary causes 463

sick day management 489–91

side effects of treatment 491–5

transitional care 498

type 1 see type 1 diabetes mellitus

type 1/type 2 differentiation 469–70

type 1.5 460, 461
type 2 see type 2 diabetes mellitus

diabetes team 471

diabetic ketoacidosis (DKA) 485–91

at diabetes onset 468, 469

diagnosis 485

management 470, 485–9

morbidity and mortality 489

pathophysiology 485

prevention 489–91

useful calculations 489

diabetic nephropathy 496, 497, 498

diabetic neuropathy 496

diabetic retinopathy 496, 497

diacylglycerol (DAG) 32–3, 34

diagnosis 40–5

diagnostic tests

applicability 41, 44–5

endocrine 50–2

importance 40–4

principles 40–5

validity 40, 41
diazoxide 463, 509, 520

DIDMOAD syndrome see Wolfram syndrome

diet content, childhood obesity and 533, 534
dietary management see nutritional management

dietitians 481–2

DiGeorge syndrome (DGS)

Graves disease 275

hypoparathyroidism 378, 395–6

type I 391, 396

type II 392, 396

see also 22q11 deletion syndrome

dihydrotestosterone (DHT) 200, 222

actions 201, 222

plasma 295
synthesis 289

1,25-dihydroxyvitamin D (1,25(OH)2D) (calcitriol) 

380–1, 422

autoimmune polyglandular syndrome 333

hypoparathyroidism 398–9

receptors see vitamin D receptors

serum 401–2

vitamin D-dependent rickets 402–3

24,25-dihydroxyvitamin D (24,25(OH)2D) 381

dilated cardiomyopathy, vitamin D defi ciency 388, 

400

diploid state 6

disorders of sex development (DSD) 192–208

46XX 194–7

46XY 195, 197–203, 206–8

advocates 581

causes 194–203

classifi cation 195
ethical issues 578–82

examination 203–4

gender assignment 205–6, 578–9

investigations 204–5

management 203–6

medical education 581

ovotesticular 192, 195, 198

research 581

sex chromosome 195, 198

surgical intervention 205, 579–81

terminology 192–4

transitional care 206

distal renal tubular acidosis (DRTA) 403–6

autosomal dominant 404, 406

autosomal recessive 404, 406

with progressive nerve deafness 404, 406

DKA see diabetic ketoacidosis

DMP1 gene mutations 382, 419, 420

DNA

analysis 7–10, 52–8

cloning 54–5

human genome 4

isolation 54

methylation 5, 19–20, 21

mismatch repair 6

packaging in nucleus 5

polymorphisms see polymorphisms

repetitive 4

replication 6

sequencing 7, 55, 56

structure 2–4

synthesis 6

DNA Database of Japan 2, 21

DNA polymerase gamma (POLG) polymorphism 

202

dominant-negative effects 11, 55

dopamine 60, 72, 73

dopamine agonists 111

Down syndrome (trisomy 21)

Graves disease 275

growth charts 590–2

obesity 532
short stature 133

thyroid dysgenesis 261

drinks, sugar-sweetened 477, 544

driving, hypoglycemia and 495

drug-induced disorders

diabetes mellitus 463

hypothyroidism 272

nephrogenic diabetes insipidus 359

obesity 535

SIADH 364

DSD see disorders of sex development

dual energy X-ray absorptiometry (DXA) 183, 

388–9

Dunnigan syndrome 462

DUOX1 250

DUOX2 250

gene defects 262, 263

dwarfi sm see short stature

dysalbuminemic hyperthyroxinemia, familial 276

dyschondrosteosis 131

dysfunctional uterine bleeding 564, 567

dysgerminomas 448, 449

dyslipidemia (hyperlipidemia)

childhood obesity 538

diabetes mellitus 481, 496, 497, 498

hyponatremia 363

medications causing 535
metabolic syndrome 539

dysmorphic syndromes

delayed puberty 230

with partial or asymmetrical overgrowth 150
with symmetrical overgrowth 149–50

tall stature 148–9

eating disorders 247, 496

ecstasy 348

ectodactyly-ectodermal dysplasia-clefting 

syndrome 81

ectodermal dystrophy 329, 330

ectopic ACTH syndrome 291

Cushing syndrome 317, 318–19

diagnosis 319, 320
ectopic posterior pituitary bright spot 139

edema, peripheral 367

education, patient/parent

diabetes management 471–2

nutrition, in diabetes 481–2

educational attainment, childhood obesity and 534
Edward syndrome 133

EGF gene mutations 394, 399

Ehlers–Danlos syndrome 306–7, 383, 384
eicosanoids 33

Eiken skeletal dysplasia 393, 396–7

elastin (ELN) gene defects 408, 411, 419
electrochemiluminescence immunoassay (ECLIA) 47

electrolytes 343–4

daily requirements 344

diabetic ketoacidosis 486–8

Elejalde syndrome 150
Ellsworth–Howard test 379

embryo cryopreservation 181

embryonal carcinoma 449

ENaC mutations 321

endemic cretinism 260, 272

endocrine neoplasia 428–55

endocrine tests 50–2

endocytosis, receptor 24

endometrial ablation 585
β-endorphin 70, 291

energy balance 530, 531

molecular mechanisms 574–5
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enhancers 3, 4

ENPP1 419
entero-pancreatic islet cell tumors 443

entropy, approximate 51

enuresis 352

enzyme-linked immunosorbent assay (ELISA) 47

epidermal growth factor (EGF) 376

epidermoid cysts, testicular 452

epigenetic changes 5, 11, 17, 19

detection 56

epigenome 1, 19

epigenomics 1, 19–20

epilepsy, PCOS risk 561–2

epinephrine (adrenaline) 514
epiphyses

fusion 219

vitamin D defi ciency rickets 400, 401

ergocalciferol 379–80, 421–2

erythropoietin receptors 28

estradiol (E2) 223

fetal production 290

monitoring GnRHa therapy 243

preparations 247
regulation of gonadotropins 72, 222

serum 222, 295
synthesis 285

therapy 247

estriol 195, 290

estrogen(s)

biosynthesis 223, 285, 289

control of puberty 223

fetal-placental-maternal production 195, 196, 290

growth-promoting effects 125, 217–19

non-genomic actions 37

estrogen-progesterone combination therapy 247

see also oral contraceptives

estrogen receptors 34, 35

gene mutations 37, 151

estrogen response element (ERE) 35

estrogen therapy

cancer survivors 182

delayed puberty 246–7

hypopituitarism 82

preparations 247
short stature 159

tall stature 165

Turner syndrome 161, 246–7

estrone (E1)

fetal production 290

plasma 295
synthesis 285, 288–9

ethical issues 578–86

ethinyl estradiol 247

priming, GH provocation tests 141

Turner syndrome 161

ethnic/racial differences

obesity 531–2, 533, 534
onset of puberty 213–14

type 2 diabetes 466, 467, 537

European Bioinformatics Institute (EBI) 2
exercise

diabetes mellitus 477, 482–3

induced hypoglycemia 482–3, 522

induced SIADH 365

metabolic benefi ts 545

obesity 544–6

puberty and 213

exons 3, 4

expressed sequence tags (EST) 18

expression profi ling techniques 19

expressivity, variable 13, 15

external genitalia

ambiguous see ambiguous genitalia

anthropometric data 203
appearance, gender assignment 578–9

examination in neonates 203–4

scoring systems 204

external masculinization score (EMS) 204

eye defects, hypopituitarism with 80–1

fadrozole, precocious puberty 244

familial male-limited precocious puberty see 

precocious puberty, familial male-limited

family history 14, 53

Fanconi renotubular syndrome 405
Fanconi syndrome

hyperparathyroidism 378, 410

hypophosphatemic rickets 382, 420

hypopituitarism 81

short stature 135, 162

Fanconi–Biekel syndrome 405
Fas/FasL mutations 339

fasting

glucose homeostasis 512–13

study, hypoglycemia 510

fat

body see body fat

dietary 481, 544

fat necrosis, subcutaneous 411

fatty acids, free

metabolism 513, 514
oxidation defects 524, 525–6

plasma, hypoglycemia 509–10

fed state, glucose homeostasis 512–13

females

delayed puberty management 246–7

fertility preservation 181–2

gonadal damage after cancer 181

masculinized (46XX DSD) 194–7

predicting future fertility 182

puberty 213, 214, 216

feminizing adrenal tumors 320

feminizing surgery, ambiguous genitalia 205, 

579–80

ferredoxin see adrenodoxin

ferredoxin oxidoreductase see adrenodoxin reductase

ferritin, serum 118

fertility

prediction in cancer survivors 182

preservation during cancer therapy 181–2

treatment 246, 247

fetal growth 124

excessive 150

restriction see intrauterine growth retardation

fetal-placental-maternal steroid unit 194–5, 196

fetus

adrenal glands 195, 283

adrenal steroidogenesis 290

androgen biosynthesis 198, 199

androgen exposure as cause of PCOS 560–1

calcium metabolism 386

glucose homeostasis 512

hyperthyroidism 270

hypothalamo-pituitary-gonadal axis 223

masculinized female 194–7

maternal glucocorticoid therapy and 317

thyroid function 255–8

undermasculinized male 198–203

FGF23 gene 381

mutations 137, 419, 420, 421

FGFR1 gene 73, 232

FGFR3 mutations 137

fi ber, dietary 481, 544

fi brillin gene abnormalities 149

fi broblast growth factor(s) (FGF), thyroid gland 

development 255

fi broblast growth factor 8 (Fgf8) 64

fi broblast growth factor 23 (FGF23) 376, 381–2, 

418

gene see FGF23 gene

fi broblast growth factor receptor 1 (FGFR1) 72, 232

fi brodysplasia ossifi cans progressiva 385,5419, 421

fi bromas, ovarian 448

fi nasteride 567

fi ne needle aspiration biopsy (FNAB), thyroid 

nodules 180, 439–40

fl uid intake 343

diabetes insipidus 356–8

excessive see polydipsia

inadequate 361

regulation 350

SIADH 364

sick child with diabetes 490

fl uid restriction 365, 366, 367

fl uid therapy, intravenous see intravenous fl uid 

therapy

fl uorescence in situ hybridization (FISH) 52–3

9α-fl uorocortisone (fl udrocortisone) 310, 325

fl utamide 567

follicle-stimulating hormone (FSH) 71–3

actions 71, 223

β-subunit mutations 221

control of puberty 220, 221–2, 223–4

delayed puberty 230–1

precocious puberty 227, 229–30

regulation 71–2, 220, 221–2

serum, puberty 221, 222
follicle-stimulating hormone (FSH) receptor 

mutations 13

follistatin 221

foods

exchange lists 480–1

goitrogen-containing 272

healthy 552

triggering hypoglycemia 507, 526

foscarnet 359

FOXE1 (TTF-2/FKHL15) 255

gene defects 261, 262

FOXP3 mutations 338–9

fractures

cancer patients 183

osteogenesis imperfecta 413, 415
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fragile X syndrome

genetics 10–11

obesity 532, 574
Frasier syndrome 197

free androgen index (FAI) 566

fructose

dietary 480

intolerance, hereditary 524, 526

fructose-1,6-bisphosphatase defi ciency 524, 525

FSH see follicle-stimulating hormone

FTO gene 532–3, 571

fulvestrant, precocious puberty 244
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comparative 1, 18

consumer 7

databases 2, 21–2

functional 1, 18

structural 1, 18

genotype 11–12

germ cell tumors

mixed 448, 451

ovary 448–9, 450

precocious puberty 226, 228

testes see testicular germ cell tumors

germinomas 140, 355

germline mutations 11

cancer syndromes 1, 17
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glucose transporters 27, 514

GLUT-1 514, 516
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HOMA-IR 542

homeostasis model of insulin resistance (HOMA-

IR) 542

homocystinuria, tall stature 148

homozygotes 12

hormone(s)

assessing endogenous secretion 50–2

mechanisms of action 24–38

plasma profi les 51–2
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fetal androgen synthesis 198, 199
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1α-hydroxylase (CYP27B1) 37, 378, 380

defi ciency 380, 402–3

11β-hydroxylase 288, 312

defi ciency 312–13

see also P450c11β
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377, 406–9

idiopathic infantile (IIH) 412

investigations 388
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hypertonic hyponatremia 362–3
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syndrome 519, 521

hyperinsulinism of infancy (HI) 518–22
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physiological responses 386

post-thyroidectomy 446

postneonatal 390–406

PTH-related 390–9

rickets/vitamin D-related 400–6
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autosomal dominant (ADHR) 381, 419, 
420

autosomal recessive (ARHR) 381, 382, 419, 
420

short stature 137
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acquired 106–18

adrenal insuffi ciency 316–17

cancer survivors 174–9

congenital 60–93

cystic lesions 111–12

infi ltrative/infl ammatory 114–16

tumors 106, 107
hypothalamo-pituitary-gonadal axis

control of puberty 219–23

feedforward and feedback loops 221

ontogeny of development 223–4

premature activation 225–6

hypothalamo-pituitary portal system 60

hypothalamo-pituitary-thyroid axis 251–2

development 254–6

maturation 256

hypothalamus 60

CRH-producing cells 290

damage causing obesity 535

hormones 61
vasopressin-producing cells 345–6

weight regulation 574–5

hypothyroidism 250, 271–4

adrenal insuffi ciency and 316, 338

causes 271–3

central

cancer survivors 174–5, 178

congenital 70

neonatal screening 260

clinical features 273

congenital (CH) 12, 13, 260–9

causes 261–5

clinical features 265–6

endemic 260, 272

investigations 266–7, 268

placental transfer of T4 257–8

prognosis 269

screening 260–1

thyroid cancer risk 438

transient 260, 261, 264–5

treatment 267–9

induction therapy, thyroid cancer 441

investigations 273

IPEX syndrome 338

obesity 533–4, 535
primary 271–2

cancer survivors 179

investigations 273

precocious puberty 227, 244, 273

secondary 271, 272, 273

transient neonatal 265

SIADH-like syndrome 365

subclinical 274

tertiary 271, 272, 273

transient neonatal 265

treatment 273–4

Turner syndrome 133

hypothyroxinemia 265, 268–9

hypovolemia

hyponatremia with 363, 366–7

thirst 350

vasopressin secretion 347, 348

hypoxic brain injury 356

hysterectomy 585
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IA-2 autoantibodies 337, 459

IA-2β autoantibodies 459

ichthyosis, X-linked 195, 289

ifosfamide, adverse effects 172

IGF-1 see insulin-like growth factor-1

IGF-1 gene 85, 86

defects 30, 86, 90, 91

IGF-1R gene 86

mutations 28, 90, 92, 145

IGF-2 see insulin-like growth factor-1

IGF-2 gene defects 90, 92

IGFALS gene mutations 90, 91–2

IGFBP see insulin-like growth factor-binding 

protein

IMAGe syndrome 315, 405
immobilization, hypercalcemia 412

immune dysfunction

autoimmune polyglandular syndrome 330

STAT5B abnormalities 89–91

immune dysregulation, polyendocrinopathy, 

enteropathy X-linked syndrome see IPEX 

syndrome

immunoassays (IA) 45–7

see also hormone assays

immunofunctional assays (IFAs) 45

immunometric assays (IMAs) 46–7

immunosuppressive therapy

autoimmune polyglandular syndrome 333

childhood cancer 171

type 1 diabetes prevention 465

impaired fasting glucose (IFG) 458, 459, 537, 549

impaired glucose tolerance (IGT) 458, 459
management 549, 551

pathogenesis in obesity 536–8

prevention of progression 468, 545, 548

screening in obesity 541–2

imprinting, genomic 5, 17, 20, 21

disorders 134

incretin effect 516

Indian hedgehog (IHH) 383

indometacin, nephrogenic diabetes insipidus 

360

infants

anthropometry 126

diabetes insipidus 357–8

growth 124

hypothalamo-pituitary-gonadal axis 223

thyroid function 259–60

see also neonates

infants of diabetic mothers (IDM) 518

hyperinsulinemic hypoglycemia 507, 518

hypocalcemia 390

infections

hypothalamo-pituitary dysfunction 116–17

STAT5B mutations 89

inferior petrosal sinus sampling 111, 319

infertility, cancer survivors 181

infl ammatory bowel disease 138

information disclosure 581

infundibulum see pituitary stalk

inguinal hernias, female infants 200

inheritance, Mendelian 15–16

inhibin 72, 221

puberty 223

inhibin B

disorders of sex development 205

as marker of gonadotoxicity 182

puberty 223

testicular adrenal rest tumors 452

inositol-1,4,5-triphosphate (IP3) 32–3

INS gene 515

mutations 462, 463

INSR see insulin receptors

insulin

actions 514, 515

allergy 492

autoantibodies (IAA) 459, 522

plasma

assays 510, 542

hypoglycemia 509, 510

preparations 474
secretion 513

analysis 542

genetic defects 460

regulation 515–16, 517

type 1 diabetes 459, 460

sensitivity

analysis 542

impaired see insulin resistance

signaling pathways 26, 27

genetic defects 461–2

suppressing/sensitizing drugs 547–9

synthesis, regulation 515–16

insulin detemir 474, 476

insulin glargine 474, 475–6

insulin-like growth factor-1 (IGF-1) 86

actions 68, 86–7, 125

defi ciency 30, 86, 90, 91, 145

treatment 93, 164

see also growth hormone insensitivity

gene see IGF-1 gene

generation tests 92–3

GH therapy and 156, 157

obese children 539

plasma 92

recombinant human (rhIGF-1), therapy 

157–8

GH insensitivity 93, 157–8, 164

isolated GH defi ciency 69

signaling pathways 26, 27

ternary complex 86, 157

insulin-like growth factor-1 receptors (IGF-1R) 

26–8, 86

insulin-like growth factor-2 (IGF-2) 92, 150, 539

insulin-like growth factor-binding protein(s) 

(IGFBPs) 86, 125

displacers 93

insulin-like growth factor-binding protein 1 

(IGFBP1) 86, 470, 539

insulin-like growth factor-binding protein 2 

(IGFBP2) 86, 539

insulin-like growth factor-binding protein 3 

(IGFBP3) 86, 125, 157

GH defi ciency 140

GH insensitivity 92, 93, 145

obese children 539

insulin-like growth factor-binding protein 5 

(IGFBP5) 86

insulin pump (CSII) therapy 474, 475–6

hypoglycemic events 494

local side effects 492

sick day management 491

insulin-receptor substrate (IRS) proteins 26, 27

insulin receptors 26–8

gene mutations 27, 151, 519, 522

insulin resistance

acquired 462

benefi ts of exercise 545

genetic syndromes 27, 461–2

heritability 562–3

indications for therapy 549

laboratory analysis 542

metabolic complications 537

obesity 536

PCOS 562, 565–6

of puberty 476–7

tall stature 151

treatment 567–8

type 2 diabetes 466, 497–8

insulin resistance syndrome

type A 27, 461

type B 462

insulin sensitizing agents 547–9, 568

insulin therapy 472–7

continuous subcutaneous infusion (CSII) see 

insulin pump therapy

diabetic ketoacidosis 487

exercise and 483

intensifi ed, in children 475–6

intramuscular 487

intravenous 473, 487

local side effects 491–2

omission, as cause of DKA 489

puberty 476–7

regimens and doses 473–5

sick days 489–90, 491

subcutaneous (SC) 473, 487

type 2 diabetes 478

young children 475

insulin tolerance test (ITT) 141–2

adrenal function evaluation 298

cancer survivors 177–8

insulin tolerance/TRH/GnRH combined test 142
insulinomas 443, 522

intellectual impairment

hypoglycemia 492–3, 511–12

manipulating puberty in girls with severe 

584–6

treated congenital hypothyroidism 260, 269

see also developmental delay; mental retardation; 

neurocognitive outcome

interactome 20

interferon (IFN)

autoantibodies 331

therapy 173

International HapMap Project 4, 9–10, 18

International Society for Pediatric and Adolescent 

Diabetes (ISPAD) 472, 473, 498

intersex, revised terminology 192, 194
intestine

Ca and Mg absorption 374, 375

phosphate absorption 376
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intracellular receptors 25, 34–8

activation and DNA binding 34–5, 36

co-activators and co-repressors 35–6

defects 37

desensitization 36–7

structure 34, 35

target tissue metabolism 37–8

intracranial hypertension

during GH therapy 156, 157
idiopathic (pseudotumor cerebri) 541

during rhIGF therapy 158

intratubular germ cell neoplasia unclassifi ed 

(ITGNU) 202

intrauterine growth retardation (IUGR) 124, 135–6

catch-up growth 125

GH insensitivity 91, 92, 145

see also low birthweight; small for gestational 

age

intravascular volume

control of vasopressin secretion 347–8

regulation 348, 350–1

see also hypovolemia

intravenous fl uid therapy

diabetic ketoacidosis 486–7

electrolyte requirements 344

hypernatremia 361

hypovolemic hyponatremia 366, 367

postoperative 365

postoperative diabetes insipidus 358

intrinsic factor antibodies 331, 337

introns 3, 4

investigations, diagnostic see diagnostic tests

iodide

regulation of thyroid function 252

thyroid hormonogenesis 250, 251

iodine

dietary intake 250

excess 252, 264

radioactive (RAI), therapy 278–9, 440–1

therapy 270, 279

urinary levels 267

iodine defi ciency 252

childhood hypothyroidism 272

congenital hypothyroidism 260

goiter 274

transient neonatal hypothyroidism 264

iodotyrosine deiodinases see deiodinases

IPEX syndrome 338–9

diabetes mellitus 462, 463, 466

iron overload 117–18

islet cell autoantibodies 459, 464

autoimmune polyglandular syndromes 331, 337

prediction of diabetes 465

islets of Langerhans 515

Jansen disease 378, 408, 410

Janus-associated kinases (JAK) 28–9, 83–4

jaundice, neonatal 74–5

Juberg–Marsidi syndrome 198

juvenile rheumatoid arthritis 138

Kabuki make-up syndrome (KMS) 135, 339

KAL1 gene 72, 219, 231–2

KAL2 gene see FGFR1 gene

KAL3 gene see Prokineticin receptor-2 gene

KAL4 gene see Prokineticin-2 gene

Kallman syndrome (KS) 72, 219

delayed puberty 231–3

tall stature 151

karyotype analysis 15, 52

KATP channels 516, 517, 518–20

KCNJ1 mutations 405
KCNJ11 mutations 462, 463, 518–20

Kearns–Sayre syndrome (KSS)

diabetes mellitus 460

hypocalcemia 391, 395

Kennedy syndrome 16, 201

Kenny–Caffey syndrome 392, 396

keratoconjunctivitis 329

ketoconazole 244–5, 318, 333

17-ketogenic steroids, urinary 297

ketones (ketone bodies)

cerebral utilization 512

defects in synthesis/utilization 524, 526

diabetes mellitus 484, 491

hypoglycemia 507, 509–10

metabolism 513, 514, 526

17-ketosteroid reductase see 17β-hydroxysteroid 

dehydrogenase

17-ketosteroids, urinary 297, 320
ketotic hypoglycemia, idiopathic 526–7

Keutel syndrome 383

kidney

Ca and Mg absorption 374, 375–6

phosphate regulation 376

PTH actions 378

vasopressin actions 348–50

see also renal disease

Killian/Teschler–Nicola syndrome 532
Kir6.2 proteins 516, 517

Kiss1 gene 72, 219, 220, 233

kisspeptins 72, 219–20, 233

Klinefelter syndrome

delayed puberty 230, 245

genital anomalies 198

management 248

tall stature 148

Klippel–Trenaunay–Weber syndrome 150
Klotho (KL) 381, 419
Kneist dysplasia 384
Knudson two-hit model 17

Kocher–Debré–Sémélaigne syndrome 273

Kowarski syndrome 87, 140

KRAS mutations 91, 134

labioscrotal folds 203

lactate dehydrogenase (LDH) 449, 454
lactrotropes 60, 61
Langerhans cell histiocytosis (LCH) 109, 114–15, 

355

large cell calcifying Sertoli cell tumor (LCCSCT) 

452

large size

secondary causes 150–1

see also overgrowth; tall stature

Laron syndrome 29, 87–9, 145

treatment 157

see also growth hormone insensitivity

latent autoimmune diabetes in adults (LADA) 335, 

337

latent autoimmune diabetes in youth (LADY) 470

Lawrence–Moon–Bardet–Biedl syndrome 532
lean body mass 126, 217

learning diffi culties, severe (SLD)

impact of puberty 584–5

manipulating puberty in girls 584–6

leg length, measuring 126

Leigh syndrome 433

length, measurement 126

LEPRE1 gene mutations 383, 414, 415

leprechaunism 27, 461

leptin 574

changes in obesity 536, 539

congenital defi ciency 73, 575–6

role in puberty 224

therapy 575–6

leptin–melanocortin pathway 574–5

leptin receptors 574–5

defi ciency 73, 576

Leri–Weill syndrome 131, 162

letrozole, precocious puberty 244

leukemia

bone mineral defi cits 183

cardiovascular disease risk 184

growth after 176

hypercalcemia 412

late effects of therapy 169

testicular 452

treatment 169–70, 171

see also acute lymphoblastic leukemia

leuprolide 242, 243

levodopa stimulation test 141, 143, 144

levonorgestrel intra-uterine system 585
Levy Jennings graph 48, 49

Leydig cell tumors 452

precocious puberty 228, 241, 244, 245

treatment 454–5

Leydig cells

androgen synthesis 198, 199, 222

disorders of development 197–9, 221

pubertal changes 214

radiation sensitivity 181

sex development 193, 194

LH see luteinizing hormone

LHR see luteinizing hormone receptors

LHX3 gene 64, 65–6, 254

mutations 65–6, 78, 80, 139
PROP1 mutations and 76–7

LHX4 gene 64, 65–6, 254

mutations 66, 80, 139
Li–Fraumeni syndrome 428

Liddle syndrome 11, 321

lifestyle interventions

cancer survivors 184

impaired glucose tolerance 468

obesity 544–6

PCOS 568

type 2 diabetes 477–8

likelihood ratio (LR) 41–2, 43, 43

LIM kinase (LIMK1) gene 408, 411, 419
limited joint mobility (LJM), diabetes mellitus 495

linkage, genetic 4, 6, 7–9
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linkage analysis 7–9, 57

linkage disequilibrium 9, 57

lipoatrophic diabetes 462

lipoatrophy 491–2

lipodystrophy, familial partial 462

lipohypertrophy 491

liquid chromatography 47

lithium 359, 360, 365

liver–kidney microsomal (LKM) autoantibodies 331

liver phosphorylase defi ciency 524–5

liver phosphorylase kinase defi ciency 524, 525

locus control regions 4

locus heterogeneity 13

lod scores 9, 57

long-chain acyl-CoA dehydrogenase (LCAD) 

defi ciency 524, 525–6

low birthweight

abnormal vitamin D metabolism 402

childhood obesity 533, 534
PCOS risk 561

thyroid function 259

see also premature infants; small for gestational 

age; very low birthweight infants

low-density lipoprotein (LDL) 284

low-density lipoprotein receptor protein 5 (LRP5) 

384, 385

mutations see LRP5 gene mutations

low-density lipoprotein (LDL) receptors 223, 291

Lowe oculocerebrorenal syndrome 405
LRP5 gene mutations 384

osteopetrosis 417, 418

osteoporosis-pseudoglioma syndrome 414, 415

Lugol’s iodine 270, 279

lung tumors, SIADH 364

luteinizing hormone (LH) 71–3

actions 71, 222, 223

β-subunit mutations 221

control of puberty 52, 220, 221–2, 223–4

delayed puberty 231

fetal androgen synthesis 198, 199

monitoring GnRHa therapy 243

precocious puberty 226, 229–30

regulation 71–2, 220, 221–2

serum, at puberty 221, 222
luteinizing hormone receptors (LHR) 222, 226

activating mutations 13, 34, 227

inactivating mutations 198

luteoma of pregnancy 194

17,20-lyase 285, 287–8

control of adrenarche 293

defi ciency 199, 302

see also P450c17

lymphedema, Turner syndrome 131

lymphocytic hypophysitis 114

autoimmune polyglandular syndromes 329, 335

diabetes insipidus 356

lymphoid tissue overgrowth, rhIGF therapy 158

lymphoma

growth of survivors 176

late effects of therapy 179, 181, 184

testicular 452

thyroid disease after 273

treatment 171

lyonization 17

macrosomia 150–1, 518

Madelung deformity 131

magnesium (Mg) 375–6

defi ciency see hypomagnesemia

postneonatal metabolism 386

supplements 423

magnetic resonance imaging (MRI)

diabetes insipidus 356, 357

GH defi ciency 140

pituitary region tumors 108, 109

Majewski syndrome (MOPD 1–3) 135, 136
malabsorption, autoimmune polyglandular 

syndrome 329

males

delayed puberty treatment 245–6

fertility preservation 181

gonadal damage after cancer 181

predicting future fertility 182

puberty 213, 214–17

sex differentiation 192, 193

undermasculinized (46XY DSD) 195, 197–203, 

206–8

malignant disease see cancer

malnutrition, delayed puberty 213

mannitol 489

maple syrup urine disease 524, 526

Marfan syndrome 148–9, 151

Marshall–Smith syndrome 150

Marshall syndrome 384
masculinized females (46XX DSD) 194–7

21-hydroxylase defi ciency 303, 304

management 205

scoring systems 204

see also hyperandrogenism; virilization

maternally inherited diabetes and deafness (MIDD) 

syndrome 460

matrix-gla protein (MGP) 383

maturity onset diabetes of the young (MODY) 460, 

461
classifi cation 461
treatment 460

type 1 (MODY1) 461, 519, 521–2

type 2 (MODY2) 11, 461
McCune–Albright syndrome (MAS)

adrenal hyperplasia 319

clinical features 150
genetics 17, 34, 381

GH excess 150, 151

hyperthyroidism 276

management 244

pituitary adenomas 110

polyostotic fi brous dysplasia 382, 419, 
420–1

precocious puberty 227, 229, Plate 11.1

meal plans, diabetes mellitus 481, 482

mecasermin 93

mecasermin rifanbate 93

Meckel syndrome 315

medical genetics 1, 10–18

medical nutrition therapy (MNT) see nutritional 

management

medium-chain acyl CoA dehydrogenase (MCAD) 

defi ciency 524, 525

medroxyprogesterone acetate 244, 585

medullary carcinoma of thyroid (MCT) 438

diagnosis 439, 440, 445, Plate 17.5

familial 407, 410, 443

management 445–6

MEN2 443–4, 445

medulloblastoma 171

Mehmo syndrome 574
Meigs syndrome 448

meiosis 5, 6

melanocortin-1 (MC1) receptor 70

melanocortin-2 receptor accessory protein (MRAP) 

mutations 315

melanocortin-2 receptors (MC2R) 291

defects 34, 315

melanocortin-4 receptors (MC4R) 70, 575

defi ciency 34, 576–7

α-melanocyte-stimulating hormone (α-MSH) 70, 

291, 574–5

β-melanocyte-stimulating hormone (β-MSH) 291

MELAS syndrome 391, 395

MEN see multiple endocrine neoplasia

MEN1 gene mutations 407, 409, 442–3

menarche, age of 213

Mendelian disorders 1, 15–16

menin 442

meningitis, tuberculous 116

meningococcemia, adrenal crisis 316

menstrual abnormalities

PCOS 564, 565

severe learning diffi culties 584–5

treatment 567

type 1 diabetes 562

menstrual cycle

hormone changes 49, 50
normal 559

mental retardation

congenital hypothyroidism 260

hypopituitarism with 80

see also intellectual impairment

MEPE 419, 421

mesomelia 136

mesotheliomas, paratesticular 453

metabolic disorders

adrenal insuffi ciency 314–15

diabetes insipidus 359

hypoglycemia 524–7

short stature 137

metabolic syndrome

cancer survivors 173, 184

obesity 539

PCOS 562, 565–6

metabolome 1, 20

metabolomics 1, 20–1

metagenomics 1, 18

metanephrines, plasma 434, 437
metaphyseal chondrodysplasia

Jansen type 378, 408, 410

Schmid type 384
metastin 233

metformin

impaired glucose tolerance 468, 548

obesity 547–8, 549, 550

PCOS 568

type 2 diabetes 477, 478
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methimazole (MMI)

adverse effects 278

fetal effects of maternal therapy 264

hyperthyroidism 270, 277–8

thyroid storm 279

methotrexate, bone loss 183

18-methyl oxidase 288, 312

defi ciency 312–13

3,4-methylenedioxymethamphetamine (ecstasy) 

348

methylmalonic aciduria 526

methylphenidate, growth effects 147

methylprednisolone 310
metyrapone

Cushing disease 318

test 298–9, 320
microalbuminuria

diabetes mellitus 496, 497, 498

obesity 541

microarrays 7, 19, 57–8

microcephalic osteodysplastic primordial dwarfi sm 

types 1–3 (MOPD) 135, 136
micropenis 204, 578–9

microRNAs (miRNAs) 4, 27

microsatellites 7, 8, 57

mid-upper-arm circumference (MUAC) 126–7

midline forebrain defects

diabetes insipidus 354–5

hypoglycemia 523
hypopituitarism 78–81

see also septo-optic dysplasia

mineralocorticoid(s) 283

activity of therapeutic steroids 310, 322–3

circulating 294

excess see hyperaldosteronism

plasma 296
regulation of secretion 292

replacement therapy 325

synthesis see adrenal steroidogenesis

see also aldosterone

mineralocorticoid receptors 35, 37

11β-hydroxysteroid dehydrogenase function 290

gene mutations 321

mitochondrial disorders 16

diabetes mellitus 460

hypocalcemia 391, 395

mitochondrial DNA (mtDNA) 4, 16

mitochondrial hydroxymethylglutaryl (HMG) CoA 

synthase defi ciency 524, 526

mitogen-activated protein kinase (MAPK) pathway 

26, 27, 29, 437

mitosis 5, 6

mitotane (ortho, para-DDD)

adrenocortical tumors 319, 431

Cushing disease 318

mixed germ cell tumors 448, 451

MODY see maturity onset diabetes of the young

molecular tests 52–8

see also genetic testing

monocarboxylate transporter 8 (MCT8) gene 

mutations 262, 264

monoclonal antibodies 47

monogenic disorders 1, 15–16

monoiodotyrosine (MIT) 250, 251

monosomies 14

Morquio syndrome 137

mosaicism 11, 16–17

chromosomal 17

somatic 17

mRNA 3, 4

amplifi cation 54

mucolipidoses 137

mucopolysaccharidoses 137

Mulibrey nanism 135
multifactorial disorders 1, 18

multiple endocrine neoplasia (MEN) 409–10, 442–6

type 1 (MEN1) 442–3

adrenocortical tumors 429

hyperparathyroidism 407, 409, 443

insulinomas 443, 522

pituitary adenomas 110, 111, 443

surveillance 446, 447
type 2 (MEN2) 443–5

genetic testing 444

pheochromocytoma 432, 443–4, 445

surveillance 437, 446

type 2A (MEN2A) 444–5

hyperparathyroidism 407, 409

type 2B (MEN2B) 407, 409–10, 445

genetics 444

tall stature 151, 152

type 4 (MEN4) 407, 410

multiple epiphyseal dysplasia 383, 384
Multiplex Ligation-dependent Probe Amplifi cation 

(MLPA) 53

mutations 10–14, 53

allelic heterogeneity 12–13

de novo 15, 53

detection 7, 53, 54–7

dynamic 10–11, 16

frameshift 10, 11

functional 11, 12, 55

gain-of-function 11, 55

germline see germline mutations

loss-of-function 11, 55

missense 10, 11, 55

neutral 55

non-allelic or locus heterogeneity 13

nonsense 10, 55

phenotypic heterogeneity 12–13

point 10, 11

somatic 1, 11, 17

structure 10–11

myosin-binding protein C gene 13

myxedema

primary 271, 272

see also hypothyroidism

Na+/I− symporter (NIS) 250, 251

gene defects 262, 263

Na/Pi co-transporters 376

nafarelin, precocious puberty 242
nail dystrophy 329, 330

NALP5 autoantibodies 331

nasal embryonic LHRH factor (NELF) 233

National Center for Biotechnology Information 

(NCBI) 2, 21

National Human Genome Research Institute 2

National Organization for Rare Disorders 2
natriuretic peptide receptors (NPR) 351

natriuretic peptide system 351

nausea and vomiting

diabetes mellitus 490, 491

vasopressin secretion 348

NcoR 36

NCX1 374, 375

neck abnormalities, hypopituitarism with 80

neck irradiation

cardiovascular disease risk 184

thyroid damage 179–80, 273

necrobiosis lipoidica diabeticorum 496

negative predictive value 41, 42, 43
neighborhood safety, childhood obesity and 534
NELF 233

Nelson syndrome 318

neonatal hypoglycemia 74, 505–6

causes 517
clinical assessment 506, 507

hyperinsulinemic see hyperinsulinism of infancy

interpretation of results 509–10

management 508–9

urgent investigations 507–8

neonatal screening

congenital adrenal hyperplasia 304, 305

congenital hypothyroidism 260–1

infants at risk of hypoglycemia 507–8

neonates

calcium metabolism 386

combined pituitary hormone defi ciency 

74–5

congenital hypothyroidism 265–6

diabetes mellitus 462–3

disorders of sex development 203–6

glucose homeostasis 512

hormone changes 50
hyperthyroidism 269–71

hypocalcemia 390

severe primary hyperparathyroidism (NSPHT) 

407, 409

thyroid function 258–9

transient hypothyroidism 264–5

nephrogenic syndrome of inappropriate antidiuresis 

365

nephrolithiasis

low molecular weight proteinuria with 

hypercalciuria and 404
X-linked recessive 404

nesidioblastosis see hyperinsulinism of infancy (HI), 

congenital

networks, modular 1

neurocognitive outcome

hyperinsulinism of infancy 521

hypoglycemia 492–3, 511–12

hypothyroxinemia in premature infants 269

maternal hypothyroidism 258

treated congenital hypothyroidism 260, 269

see also developmental delay; intellectual 

impairment

neurofi bromatosis-1 (NF-1) 432, 433

neurohypophysis 60, 73

neuropeptide Y/Agouti-related protein (NPY/AgRP) 

574
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neurophysin (NPII) 73, 345

mutations 74, 345, 354

neurosurgery, postoperative diabetes insipidus 355, 

358

Nevo syndrome 150
nicotine, vasopressin secretion 348

NIS see Na+/I- symporter

nitroprusside, sodium 435

NKX2–1 see TITF1/NKX2–1

nocturia 352

Noggin 383

non-alcoholic fatty liver disease (NAFLD) (hepatic 

steatosis/steatohepatitis) 497, 498, 538

non-allelic heterogeneity 13

non-steroidal anti-infl ammatory drugs 585
Noonan syndrome 30, 91, 134

GH therapy 156, 163

growth charts 592–3

Norrie disease 415

Notch signaling 64

NTRK1 407, 410

nuclear receptors 35

nutritional management

childhood obesity 544

diabetes mellitus 478–82

nephrogenic diabetes insipidus 360

type 2 diabetes 477–8

nutritional status

growth and 125

puberty and 213

obesity 530–52

adult, predisposition to 542, 543

bariatric surgery 550–1

cancer survivors 172, 184

causes 531–5

clinical assessment 571, 572, 573

complex genetic syndromes 532, 573, 574
Cushing syndrome 317, 533–4, 535
defi nition 530–1

with developmental delay 573

environmental factors 531–3, 534, 571

genetic factors 531–3, 571

hypothalamic 535

lifestyle interventions 544–6

linear growth 151, 539

long-term risks 542–4

management 544–51, 567–8

maternal 533, 534
medications causing 535

metabolic adaptations 536

metabolic and hormonal causes 533–5

metabolic complications 536–41

metabolic screening 541–2

monogenic syndromes 575–7

onset of puberty and 213, 540

PCOS 562, 565–6

perinatal infl uences 533

pharmacotherapy 546–50

prevention 551–2

prevention of complications 551

screening for genetic/hormonal causes 

535

transgenerational cycle 533

type 1 diabetes 459–60, 469

type 2 diabetes 536–8

see also overweight

obstructive sleep apnea 541

OCRL1 405
octreotide 165, 520, 548–9

odontohypophosphatasia 412

oligomenorrhea 564

Online Mendelian Inheritance in Man (OMIM) 

1, 2, 14, 53

oocytes

cryopreservation 181–2

development (oogenesis) 214

radiation sensitivity 181

oophoropexy, childhood cancer 181

optic gliomas 111

optic nerve hypoplasia (ONH) 78, 79

oral contraceptives

delayed puberty 247

PCOS 567

severe learning diffi culties 585

oral glucose tolerance test (OGTT) 458, 

510–11

oral hypoglycemic agents 477, 478

orchidectomy 454, 455

organic acidemias 524, 526

orlistat 468, 547

osmolality

determinants 343–4

plasma (or serum)

diabetes insipidus 352

hyponatremia 362–3

regulation 344, 346–7

thirst set point 347, 350

urine

diabetes insipidus 352

hyponatremia 362, 363

regulation 350

osmosensors 346, 347, 350

osteoblasts 384–5

osteocalcin 383, 389

osteoclasts 385–6

osteocytes 386

osteogenesis imperfecta (OI) 413–15

genetics 383, 384
short stature 137

treatment 422, 423

osteolysis, familial expansile (FEO) 418

osteomalacia 413

tumor-induced 381, 419, 421

see also rickets

osteonecrosis, cancer survivors 183–4

osteopenia, use of term 183

osteopetrosis (OPT) 406, 416–18

osteoporosis 413–16

idiopathic juvenile (IJO) 388, 414, 415–16

investigations 388–9

primary 413–16

secondary 416

treatment 416

use of term 183

see also bone mineral density (BMD), low

osteoporosis-pseudoglioma syndrome (OPG) 414, 
415

osteoprotegerin (OPG) 385, 414, 416

OSTM1 gene mutations 386, 417, 418

otospondylomegaepiphyseal dysplasia 384
ovarian adenocarcinomas 449, 450

ovarian cystadenomas 449

ovarian cysts, precocious puberty 229, 244

ovarian epithelial cell tumors 449, 450

ovarian failure

autoimmune polyglandular syndromes 328, 335, 

336

cancer survivors 181

causes 233, 234

management 182

ovarian germ cell tumors 448–9, 450

ovarian hyperandrogenism 248

obesity 534, 535, 540

pharmacotherapy for obesity 549

premature pubarche 561

screening for complications 541, 542
see also polycystic ovary syndrome

ovarian sex cord stromal tumors 447–8

ovarian tumors 447–50

diagnosis 449

masculinization of female fetus 194

precocious puberty 228, 245

staging 449, 450
treatment 449–50

ovaries

autologous transplantation 182

estrogen biosynthesis 223

polycystic morphology 564–5

pubertal development 214

overgrowth

management 164–5

partial or asymmetrical 150
symmetrical 149–50

see also tall stature

overweight

cancer survivors 172, 184

defi nition 530–1

hypothyroidism 273

see also obesity

ovotesticular disorder of sex development (DSD) 

192, 195, 198

oxandrolone 158, 159, 163

oxytocin 74, 344, 345

p53 gene mutations 428

P450 oxidoreductase (POR) 287–8

defi ciency 196, 199, 300, 310–12

gene 284
P450aro see aromatase

P450c11 284, 285

genes see CYP11B genes

P450c11AS 285, 288

defi ciency 300, 312–13

P450c11β 285, 288

defi ciency 300, 312–13

P450c17 284, 285, 287–8

control of adrenarche 293

defi ciency 300, 302

electron transport to 287–8

see also 17α-hydroxylase; 17,20-lyase

P450c21 see 21-hydroxylase
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P450scc (side-chain cleavage enzyme) 285, 286

autoantibodies 331

defi ciency 199, 301

gene 284
regulation of puberty 222, 223

transport of electrons to 286

Paget disease

of bone (PDB) 418

juvenile (JPD) 385, 414, 416

palliative care, adrenocortical tumors 432

Pallister–Hall syndrome 81, 315

Pallister Killian syndrome 532
pamidronate 410, 412, 422

pancreas 515

pancreatectomy, hyperinsulinism of infancy 520, 

521

pancreatitis, obese children 541

panhypopituitarism see combined pituitary 

hormone defi ciency

paracellin 1 see claudin 16

parafi bromin gene 410

paraganglioma 432–6

diagnosis 434–5

genetic syndromes 432–3, 437
management 435–6

surveillance and transitional care 436, 437
parathyroid adenomas 407, 408, 409–10

management 410–11

parathyroid carcinoma 408, 410

parathyroid glands 378

hypercalcemic disorders 407–8, 409–10

hypocalcemic disorders 391–2, 395–6

parathyroid hormone (PTH) 377–9

control of secretion 377, 378

fetus and neonate 386

gene mutations 393, 396, 409, 410

resistance 379, 393–4, 397–8

synthetic see teriparatide

parathyroid hormone receptor 1 (PTH1R) (PTH/

PTHrP receptor) 378

gene mutations 393, 396–7, 408, 410

parathyroid hormone receptor 2 (PTH2R) 378

parathyroid hormone-related peptide (PTHrP) 382, 

386

excess secretion 412

parathyroid hyperplasia, MEN1 443

parents

diabetes mellitus 470–1

disorders of sex development 580–1

girls with severe learning diffi culties 586

paricalcitol 406, 422

parietal cell autoantibodies 331, 337

partial androgen insensitivity syndrome (PAIS) 196, 
200, 202, 579

Patau syndrome 133

Pax4 mutations 460

PAX6 mutations 139
PAX8 12, 255, 261

PCOS see polycystic ovary syndrome

PCR see polymerase chain reaction

Pediatric Penile Perception Score 207

pedigrees 14, 53

pegvisomant 165

Pena–Shoekir syndrome 315

Pendred syndrome 263

pendrin (PDS) 250, 263

penetrance 13, 15

incomplete 13

penis

normal size 203

pubertal growth 214, 215

self-perception, assessment 207

small (micropenis) 204, 578–9

peptide hormones, assays 47

periodic paralysis, thyrotoxic (TPP) 279

pernicious anemia 329, 335, 337

persistent hyperinsulinemic hypoglycemia of infancy 

(PHHI) see hyperinsulinism of infancy (HI), 

congenital

persistent Müllerian duct syndrome 207–8

pertechnetate scintigraphy 266

Peutz–Jeghers syndrome 447, 452

phakomatosis pigmentokeratotica 421

phallus, examination 203, 204

pharmacogenomics 18

phenocopies 13

phenotype(s) 11–12

expressivity 13, 15

modifi ers 1

penetrance 13, 15

sex-infl uenced 13–14

phenotypic heterogeneity 12–13

phenoxybenzamine 435

pheochromocytoma 432–6

diagnosis 434–5

genetic syndromes 432–3

malignant 436

management 435–6

MEN2 432, 443–4, 445

surveillance and transitional care 436, 437
PHEX gene 381–2, 419, 420

phosphate 376–7

fractional excretion (FEPO4) 376–7

metabolism, disorders of 137, 418–21

plasma 376

postneonatal metabolism 386

supplements 420, 423, 488

phosphate-binding agents 406, 423

phosphatidylinositol (PI) 3-kinase 26, 27

phosphatidylinositol-4,5-bisphosphate (PIP2) 32–3

phosphodiesterase 11A4 gene mutations 319

phosphodiesterases (PDEs) 32

phosphoenolpyruvate carboxykinase (PEPCK) 

defi ciency 524, 525

phospholipase A2 33, 34

phospholipase C (PLC) 31, 32–3, 34

phosphorylation, protein 25–6

physical activity see exercise

Pima Indians 468, 531–2, 537

pinealomas 355

pioglitazone 548

Pit1 gene 64, 67

human see POU1F1 gene

pituitary adenomas 109–11

ACTH-producing 109, 111, 318

GH-producing 109, 150–1, 164–5

MEN1 110, 111, 443

TSH-producing 109, 276

pituitary disorders

acquired 106–18, 139

autoimmune polyglandular syndromes 329, 335

combined hormone defi ciency see combined 

pituitary hormone defi ciency

congenital 67–73

hypoglycemia 522, 523
infi ltrative/infl ammatory 114–16

see also hypopituitarism

pituitary gland

anatomy 60, 61

anterior 60

congenital disorders 67–73

development 62, 63

hormones 60, 61, 67–73

cystic lesions 111–12

development 61–7

early genes and transcription factors 62–6

genetic disorders 64, 138, 139
terminal cell differentiation 66–7

enlargement 76–7

extracts, GH therapy 155

intermediate lobe 60

posterior 60, 73–4

bright spot on MRI 139, 356, 357

vasopressin secretion 345–6

pituitary placode 62

pituitary stalk (infundibulum) 60

development 62

thickening 115, 116, 356

traumatic injury 112

PITX1 gene 65

PITX2 gene 65

mutations 65, 80, 139
placenta

fetal growth and 124

steroid metabolism 194–5, 196, 290

thyroid function and 257–8

plasma osmolality see osmolality, plasma

plasma renin activity (PRA) 296, 309

plasma renin content (PRC) 296

plekstrin (PLEKHM1) 386, 417, 418

PLOD2 gene 414, 415

PMCA1b 374

point mutations 10, 11

polycystic ovaries 564–5

polycystic ovary syndrome (PCOS) 248, 293, 

559–68

diagnostic approach 566–7

diagnostic criteria 559–60

epidemiology 560

genetics 562–3

obesity 534, 535, 562, 565–6

predisposing factors 560–2

symptoms and signs in girls 563–6

treatment 549, 567–8

type 2 diabetes 497, 562, 565

polydipsia 351–2

diagnostic approach 352–3

dipsogenic 352, 360

iatrogenic 360

primary 360

psychogenic 352, 360

polygenic disorders 1, 17–18
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polyglandular syndromes 327–39

polymerase chain reaction (PCR) 7, 54

polymorphisms 7, 11, 53

analysis 57

polyostotic fi brous dysplasia 420–1

polyuria 351–2

diagnostic approach 352–3

POMC see pro-opiomelanocortin

positional cloning 7, 57

positive predictive value 41, 42, 43
post-test odds 42

post-test probability 41, 42, 43

posture, hormone changes 50
potassium

daily requirements 344
therapy, diabetic ketoacidosis 487–8

POU1F1 gene 77, 254

mouse see Pit1 gene

mutations 67, 77–8, 139
poverty, childhood obesity and 534
power of a test 40–1

PRAD1 gene 15, 408, 409, 410

Prader score 204

Prader–Willi syndrome (PWS) 134

diabetes mellitus 462

genetics 15, 17, 53

GH treatment 156, 160–1

growth charts 597

obesity 532, 574
precision, assay 48–9

precocious puberty 224–30

arachnoid cysts 112

cancer survivors 175, 226

central (CPP) (gonadotropin-dependent; GDPP) 

225–6

evaluation 229–30

management 239–44

secondary 244

congenital adrenal hyperplasia 228, 230, 241, 304

defi nitions 224

etiology 225–8

evaluation 225, 229–30

familial male-limited (FMPP; testotoxicosis) 226–7

clinical features 214, 226–7, 241

genetics 34, 226

management 244–5

growth 151, 228, 239–40

hypothyroidism 227, 244, 273

management 239–45

obesity 540

optic gliomas 111

peripheral (PPP) (gonadotropin-independent; 

GIPP) 226–7, 239

evaluation 229

management 244–5

psychological problems 228

traumatic brain injury 114

prediabetes see impaired glucose tolerance

predictive value, test 41, 42, 43
prednisolone 310
prednisone 310

adrenal insuffi ciency 322

congenital adrenal hyperplasia 310

transient neonatal hyperthyroidism 270

pregnancy

associated diabetes insipidus 348

in congenital adrenal hyperplasia 194

glucocorticoid therapy during 317

osmotic regulation 346, 347

see also fetus

pregnenolone

adrenal steroid synthesis 285, 286, 287

sex steroid synthesis 222

structure 293

premature infants

bone disease 390

childhood obesity 533, 534
hypoglycemia 507

hypothyroxinemia 265, 268–9

neonatal hypocalcemia 390

postneonatal growth 136

thyroid function 258, 259

transient congenital hypothyroidism 260, 261, 264

see also low birthweight

prepro-IGF-II-producing tumors 522

pretest odds 42

pretest probability 41, 42, 43, 43

PRKAR1A gene mutations 319

pro-opiomelanocortin (POMC) 60, 290–1

defects in synthesis/processing 71, 316–17, 576

expressing cells, development 65

plasma peptides 297

post-translational processing 70, 290–1

regulation by leptin 574–5

procollagen peptides (P1CP; P1NP) 383, 389

progeria, neonatal 135, 136
progesterone

plasma 295
synthesis 285, 287

therapy 247

progesterone receptors 34, 35

progestin 567

progressive osseous heteroplasia (POF) 419, 421

prohormone convertase 1 (PC1) 70

gene mutations 71, 73, 317, 576

proinsulin 515, 516

Prokineticin-2 (PROK-2) gene 72, 73, 232–3

Prokineticin receptor-2 (PROKR-2) gene 72, 73, 232

prolactin (PRL) 73

defi ciency 73, 78, 81

excess see hyperprolactinemia

serum 111

prolactin (PRL) receptors 28–30

prolactinomas 109, 110–11

MEN1 443

obesity 534–5

prolyl 3-hydroxylase-1 (P3H1) 383, 414, 415

promoters 4

PROP1 gene 64–5, 67, 254

mutations 67, 76–7, 78, 139
single-nucleotide polymorphisms (SNPs) 5

propionic acidemia 526

propranolol 270, 277

propylthiouracil (PTU)

adverse effects 278

fetal effects of maternal therapy 264

hyperthyroidism 270, 277–8

thyroid storm 279

prostaglandins 33

protease inhibitors, antiretroviral 462, 463

protein, dietary 481

protein inhibitors of activated STATs (PIAS) 29

protein kinase A (PKA) 32, 319

protein kinase B (Akt) 27

protein kinase C (PKC) 27, 33

protein kinases 25–6

protein load test 511

protein phosphorylation 25–6

Protein Structure Database 2
protein tyrosine phosphatase 1B (PTP1B) 27, 85–6

protein tyrosine phosphatase 22 (PTPN22) gene 

polymorphisms 275

protein tyrosine phosphatase N11 (PTPN11) 91, 

134

protein tyrosine phosphatases (PTPs) 27, 28–9, 

85–6

proteoglycans 383

proteome 1, 20

proteomics 1, 18, 20

clinical 20

structural 20

proteus syndrome 150
pseudoachondroplasia 163–4, 383

pseudodominance 15

pseudogenes 10

pseudohermaphroditism, revised terminology 192, 

194
pseudohypoaldosteronism (PHA) 321, 367

pseudohypoparathyroidism (PHP)

short stature 137

with testotoxicosis 393
treatment 398–9

type Ia

genetics 17

PTH resistance 393, 397–8

short stature 137

soft tissue calcifi cation 388

TSH resistance 263

see also Albright hereditary osteodystrophy

type Ib 17, 393, 398

type Ib-like syndrome 393
type Ic 393, 398

type II 394, 398

pseudohypophosphatasia 412

pseudopseudohypoparathyroidism (PPHP) 17, 137, 

393, 398

pseudotumor cerebri 541

psychiatric disease, type 2 diabetes 497, 498

psychological problems

autoimmune polyglandular syndrome 334

Cushing syndrome 317

diabetes mellitus 471

precocious puberty 228

psychosexual orientation 194, 579

psychosocial deprivation (short stature) 118, 148

psychosocial issues

diabetes mellitus 470–1, 489

normal short stature 583

PTH see parathyroid hormone

PTH gene mutations 393, 396, 409, 410

PTPN11 abnormalities 91, 134

PTPN22 gene 336
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pubarche, premature 228, 241

management 248

PCOS risk 561

puberty 213–34

constitutional delay see constitutional delay of 

puberty and growth

delayed 230–4, 240
assessment 230–1

cancer survivors 178

defi nitions 224

differential diagnosis 231–4

hypopituitarism 75, 108

hypothyroidism 273

management 245–7

disorders of 224–34, 239–48

early

cancer survivors 172, 175, 176, 178

obesity 213, 540

see also precocious puberty

endocrine and genetic control 219–24

growth 125, 214, 217–19

insulin therapy 476–7

manipulation in girls with severe learning 

diffi culties 584–6

normal 213–24

defi ning limits 224

ontogeny of endocrine changes 223–4

physical changes 214, 215, 216

precocious see precocious puberty

secular trends 213–14

pubic hair development 214, 215, 216

premature see pubarche, premature

pulmonary disorders, SIADH 364

pycnodysostosis 417, 418

pyriform sinus fi stula 274

pyruvate carboxylase defi ciency 524, 525

quality control (QC), hormone assays 48, 49

quality of life, adult height and 583

quantitative computed tomography (QCT) 183, 389

QUICK1 542

R-spondin1 (RSPO1) mutations 198

Rabson–Mendenhall syndrome 27, 461

racial differences see ethnic/racial differences

radiation, thyroid damage 179–80, 438

radioactive iodine (RAI) therapy 278–9, 440–1

radiobiology 170

radioreceptor assays (RRAs) 45

radiotherapy

adrenocortical tumors 431

cardiovascular risk 184

childhood cancer 169–70, 171

Cushing disease 318

effects on growth 140, 147, 176

endocrine late effects 169

fertility preservation 181–2

gonadal damage 180–2

hypothalamo-pituitary damage 174–9

malignant pheochromocytoma 436

pituitary gigantism 165

testicular tumors 455

thyroid damage 179–80

tissue damage mechanisms 169–70, 171

see also cranial irradiation; craniospinal 

irradiation; total body irradiation

RANK 385, 417
RANK-ligand (RANKL; TNFS11) 385, 416, 417, 418

rasburicase 406

Rathke’s cleft cysts 112, 140

Rathke’s pouch

development 62, 64, 65

developmental abnormalities 65, 66

Rbp-J 64

receiver operating characteristic (ROC) curve 40, 

44

receptor tyrosine kinases (RTKs) 26–8, 33

receptors 24–38

cell-surface see cell-surface receptors

circulating 30

classifi cation 24, 25

desensitization 24

intracellular see intracellular receptors

sensitization 24

reciprocal translocations 14

recombination 6

5α-reductase 37, 289

defi ciency 196, 200, 289

diagnosis 205

management 205

type 1 200, 284, 289

type 2 200, 222, 284, 289

reference change value (RCV) 50

reference range 49–50

renal disease

diabetes insipidus 359–60

diabetic see diabetic nephropathy

hypocalcemia 406

obesity 541

short stature 138

renal failure, chronic (CRF) 406, 413, 423

renal osteodystrophy 406

renal tubular acidosis (RTA)

distal see distal renal tubular acidosis

proximal 403–6

renin 292, 350–1

measurements 296

plasma activity see plasma renin activity

renin-angiotensin-aldosterone system 292, 350–1

response elements (RE) 3, 4

restriction fragment length polymorphisms (RFLPs) 

57

RET proto-oncogene

mutations 407, 410, 444–5

rearrangements 437–8, 440

retinoblastoma (Rb) gene 17, 410

retinoic acid receptors 35

retinoid X receptor (RXR) 35, 36

reverse T3 (rT3) 253, 259–60

reverse transcription polymerase chain reaction (RT-

PCR) 7, 18–19, 54

rhabdomyosarcomas, paratesticular 453

rhizomelia 136

Richardson & Kirk syndrome 392, 396

rickets 380, 400–6, 413

calcium defi ciency 400

hereditary 1,25(OH)2D-resistant (HVDRR) 381, 

403

hypophosphatemic see hypophosphatemic rickets

pseudo-vitamin D defi ciency 380

vitamin D defi ciency 400, 401

vitamin D-dependent see vitamin D-dependent 

rickets

rickety rosary 400, 401

RIEG gene see PITX2 gene

Rieger syndrome 65, 80

rimonabant 546, 550

RNA 4

analysis 7–10, 54

Robertsonian translocations 14

rosiglitazone 548

Roux-en-Y gastric bypass (RYGB) 550–1

RPX gene see HESX1 gene

Runx2 384–5

Russell–Silver syndrome 92, 134, 593–4

SAC gene 404
saliva, hormone measurements 47

salt wasting

21-hydroxylase defi ciency 303, 304

cerebral (CSW) 355, 368

congenital lipoid adrenal hyperplasia 300

corticosterone methyl oxidase defi ciency 312

SAMD9 mutations 419, 421

Sanjad–Sakati syndrome 392, 396

sarcoidosis 116, 411

Schilder disease (adrenoleukodystrophy) 314–15, 

523

Schimmelpenning–Feuerstein–Mims syndrome 421

Schmid type metaphyseal chondrodysplasia 384
Schmidt syndrome see autoimmune polyglandular 

syndrome type 2

schools, obesity prevention 546, 552

SCL34A3 gene 419
sclerosteosis 385, 417, 418

sclerostin 385, 417, 418

seborrhea 564

SEC1SBP2 gene mutations 262, 264

Seckel syndrome 135, 136
second messengers 31, 32–3, 34

secondary malignant neoplasms (SMNs), GH-

treated cancer survivors 156, 177

sedentary lifestyle 533

Seip–Berardinelli syndrome 462

self-monitoring of blood glucose (SMBG) 474, 483, 

490–1

seminomas, testicular 450–1, 455

sensitivity

diagnostic test 41, 42, 43, 44

hormone assays 47–8

septicemia, adrenal crisis 316

septo-optic dysplasia (SOD) 65, 78–80

diabetes insipidus 355

hypoglycemia 523
management 82

TSH defi ciency 263

sequence-tagged sites (STSs) 4

serial analysis of gene expression (SAGE) 19

serine/threonine kinases 26

Sertoli cell tumors (SCT)

ovarian 447–8

testicular 452, 454–5
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Sertoli cells

disorders of development 197–8

evaluation of function 205, 223

pubertal changes 214

sex development 193, 194

sevelamer 376, 406, 423

sex chromosome abnormalities 14

disorders of sex development 195, 198

tall stature 148

sex chromosomes 5

sex cord stromal cell tumors (SCST) 447–8

sex development

disorders of see disorders of sex development

normal 192, 193, 194

sex hormone binding globulin (SHBG) 222, 223, 

294

PCOS 566

sex-infl uenced phenotypes 13–14

sex reversal

“double” 199

XX 198

XY 197, 199, 200

sex steroid(s)

causing precocious puberty 228

control of puberty 222–3

gonadal biosynthesis 222

growth-promoting effects 125, 217–19

plasma 295
priming, GH provocation tests 141

see also androgen(s); estrogen; other specifi c 

steroids

sex steroid therapy

delayed puberty 245–7

hypopituitarism 82

short stature 158–9

tall stature 165

sexual abuse 226

sexual orientation 194, 579

sexual precocity see precocious puberty

SF1 gene 65, 66

mutations 197, 301, 315, 522

product see steroidogenic factor 1

Shc 27

Shewart graph 48, 49

SHH gene 64, 254, 255

mutations 81, 139, 263

short-chain 3-hydroxylacyl-CoA dehydrogenase 

(SCHAD) defi ciency 519, 521, 524, 526

short stature 129–48

cancer survivors 172, 173, 176

classifi cation 129

congenital hypopituitarism 75

constitutional 129, 148

cost effectiveness of therapy 159

defi nition 126

delayed puberty and 246

diagnostic fl ow chart 147

disproportionate 136
endocrine disorders 138–45

epidemiology 129–30

GH defi ciency 140

GH insensitivity 87, 88, 89, 145

hypothyroidism 273

iatrogenic 145–7

idiopathic (ISS) 89, 148

differential diagnosis 163

GH therapy 156, 159, 162, 582–4

psychosocial effects 583

management 155–64

Noonan syndrome 134

overweight with 139
Prader–Willi syndrome 134

primordial syndromes 135, 136
psychosocial 118, 148

Russell–Silver syndrome 134

short back with 137

skeletal dysplasias 136–7

syndromes causing 130–5

systemic illness 137–8

thalassemia 117–18

thinness with 138
Turner syndrome 131, 133

see also growth failure

SHORT syndrome 135
short tandem repeats (STRs; microsatellites) 7, 8, 

57

SHOX

defi ciency 89, 131, 156, 162

excess 148

insuffi ciency 131

SHP2 abnormalities 30, 91

SIADH see syndrome of inappropriate antidiuretic 

hormone

SIBLING proteins 382

sibutramine 546, 549

sick day management, diabetes mellitus 489–91

side-chain cleavage enzyme see P450scc

signal transducers and activators of transcription see 

STATs

Silver–Russell syndrome see Russell–Silver syndrome

SIM 1 defi ciency 532
simple sequence repeats (SSRs) 57

Simpson–Golabi–Behmel syndrome 150, 574
single central incisor 81, 355

single-nucleotide polymorphisms (SNPs) 4, 5

analysis 7, 57–8

haplotype blocks 9–10

human disease 11

Tag 9–10

SIX3 mutations 81

skeletal dysplasias 136–7, 163–4

skeletal maturity

assessment 127

see also bone age

skinfold thickness 126, 531

SLC4A1 404, 404
SLC12A1 405
SLC12A3 gene mutations 376, 394, 399, 405
SLC26A4/PDS gene 250

mutations 262, 263

sleep

deprivation, obesity 541

duration, obesity risk and 534
hormone changes 49, 50

sleep apnea, obstructive 541

small for gestational age (SGA) 135–6

childhood obesity 533, 534
GH insensitivity 91, 145

GH therapy for short stature 156, 161–2

hypoglycemia risk 507, 512

PCOS risk 561

see also intrauterine growth retardation; low 

birthweight

Smith–Fineman–Myers syndrome 198

Smith–Lemli–Opitz syndrome 315

SMRT 36

snacks, in diabetes mellitus 481, 483

Snell dwarf mouse 67

SNPs see single-nucleotide polymorphisms

socio-economic deprivation, childhood obesity 534
SOCS (suppressors of cytokine signaling) 28–9, 85

sodium

daily requirements 344
excessive intake 361

primary defi ciency 366–7

serum 352

supplements, congenital adrenal hyperplasia 310

see also hypernatremia; hyponatremia; salt 

wasting

sodium ipodate, transient neonatal hyperthyroidism 

270

soft tissue calcifi cation

bisphosphonate therapy 423

disorders 419, 421

pseudohypoparathyroidism 388

solitary single central incisor 81, 355

somatic mutations 1, 11, 17

somatopause 125

somatostatin 60, 68

somatostatin analogs, pituitary gigantism 165

somatotropes 60, 61, 67

somatotropinomas 109, 150

Sonic hedgehog gene see SHH gene

SOS1 mutations 91, 134

SOST gene mutations 385, 417, 418

Sotos syndrome 150

SOX2 gene 66, 80–1

SOX3 gene 66, 395

defects 66, 70, 80, 139, 378

duplications 80

SOX9 gene mutations 197

specifi city

diagnostic test 41, 42, 43, 44

hormone assay 47

spermarche 214

spermatogenesis 214

spermatozoa

cryopreservation 181

toxicity of cancer therapy 181

spinal and bulbar muscular atrophy (SBMA) 16, 

201

spinal irradiation 176, 177–8

spironolactone 244, 567

spondyloepimetaphyseal dysplasia 384
spondyloepiphyseal dysplasias 137, 163–4, 383

Src homology 2 (SH2) domain proteins 27, 83–4

Src kinases 29

SRD5A2 gene mutations 200

SRY gene 16

family 66

mutations 13, 16, 197

ovotesticular DSD 198
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standard deviation (SD) scores 128–9, 183

StAR see steroidogenic acute regulatory protein

Stat1 86

Stat3 86

Stat5 83, 84–5

Stat5 response elements (Stat5 RE) 85

Stat5b 29, 83, 84–5, 86

STAT5B gene mutations 30, 85, 89–91, 93, 145

STATs 28, 84

stature see height

steroid hormone receptors 34–8

steroid hormones

assay methods 47

circulating 293–4

mechanisms of action 35–6

non-genomic actions 37

plasma 295, 296
structure and nomenclature 293

target tissue metabolism 37–8

urinary measurements 296–7

see also adrenal steroids; sex steroid(s); specifi c 

steroids

steroid-producing cell autoantibodies (SCA) 331, 

336

steroid receptor co-activator-1 (SRC-1) 36

steroid sulfatase 289

gene deletions 195, 289

placental 195, 196

steroid sulfotransferase 289

steroid withdrawal syndrome 324

steroidogenesis

adrenal see adrenal steroidogenesis

enzymes 284–90

fetal-placental-maternal unit 194–5, 196

gonads 198, 199, 222

steroidogenic acute regulatory protein (StAR) 286–7

defi ciency 199, 299–301

gene mutations 301

steroidogenic factor 1 (SF1) 197, 254

gene see SF1

haploinsuffi ciency 197

Stickler syndrome 384
stimulation tests 52

streak gonads 197

stress

adrenal crisis 316

cortisol secretion 292

glucocorticoid-treated patients 324–5

hormone changes 49

stroke, cancer survivors 184

STX16 gene 393, 398

subcutaneous fat necrosis 411

succinate dehydrogenase (SDH) gene mutations 

432–3

succinyl CoA:3 oxoacid CoA transferase (SCOT) 

defi ciency 524, 526

sucrose 480

sudden death

autoimmune polyglandular syndrome 330

type 1 diabetes 495

sulfatase see steroid sulfatase

sulfonylureas 478, 522

suppression tests 52

suppressors of cytokine signaling (SOCS) 28–9, 85

SUR1 proteins 516, 517

surgery

adrenocortical tumors 430

girls with severe learning diffi culties 585–6

glucocorticoid stress doses 324–5

ovarian tumors 449–50

pheochromocytoma 435, 436

postoperative hyponatremia 365

supporting gender assignment 579–80

testicular tumors 454–5

thyroid carcinoma 440, 441, 445–6

see also specifi c procedures

Sustanon priming, GH provocation tests 141

Swiss-Prot 2, 21

Swyer syndrome 197

syndrome of inappropriate antidiuretic hormone 

(SIADH) 363–6

cancer therapy-associated 171–2

causes 364–5

differential diagnosis 368

management 365–6

mechanism of hyponatremia 364

neurosurgery-related 355

systemic illness

diabetes mellitus 489–91

hypocalcemia 406

short stature 137–8

see also chronic illness

systems biology 2, 18

T3 see triiodothyronine

T4 see thyroxine

TACE 30, 83

tacrolimus 463

Tag single-nucleotide polymorphisms (SNPs) 9–10

tall stature 148–52

constitutional 151, 165

diagnostic algorithm 149

investigations 151–2

management 164–5

primary 148–50

secondary 150–1

see also overgrowth

tamoxifen, precocious puberty 244

Tanner stages of puberty 214, 215, 216

tartrate-resistant acid phosphatase (TRAP) 389

TBX1 255, 378, 391, 395

TBX19 mutations 317

TCIRG1 subunit gene 386, 416, 417
tenascin X 306–7

teratomas

ovarian 448–9, Plate 17.7

testicular 451, 454–5

teriparatide 379, 422

test threshold 44–5

testes

androgen biosynthesis 198, 199

damage in cancer survivors 181

defects of determination 197–8

measurements 203
pubertal development 214–17

tumor-like lesions 452

undescended 207

testicular adnexal tumors 453

testicular adrenal rest tumors (TART) 452

testicular dysgenesis syndrome 202

testicular failure 233, 234

testicular feminization syndrome see complete 

androgen insensitivity syndrome

testicular germ cell tumors (TGCT) 450–1

of adolescence 451, 455

of childhood 451, 454–5

testicular tumors 450–5

complete androgen insensitivity syndrome 202–3

cryptorchidism and 207

diagnosis 453

sexual precocity 228

staging 453, 454
treatment 454–5

testolactone, precocious puberty 244

testosterone

21-hydroxylase defi ciency 303

actions 222

biosynthesis 198, 199, 222, 285, 288–9

control of puberty 223

GnRHa therapy monitoring 243

growth-promoting effects 125

metabolism 289

PCOS 566

plasma 222, 295
testosterone therapy

cancer survivors 181, 182

constitutional delay of puberty and growth 163, 

246

delayed puberty 245–6

hypopituitarism 82

preparations 246
priming, GH provocation tests 141

short stature 158–9

tall stature 165

testotoxicosis see precocious puberty, familial 

male-limited

tests, diagnostic see diagnostic tests

tetracycline labeling, bone biopsy 389

tetraiodothyronine see thyroxine

TG1F mutations 81

thalassemia 117–18

thecomas 448

thelarche

obese children 540

premature 227, 229–30, 248, Plate 11.1

variant 227, 229, 230

thermogenin 257

thiamine-responsive megaloblastic anemia syndrome 

460

thiazide diuretics, diabetes insipidus 357–8, 360

thiazolidinediones 468, 548, 568

thiopurine methyltransferase (TMT) genotype 18

thirst 347, 350

impaired see adipsia

3M syndrome 135
thyroglobulin (Tg) 250, 251

antibodies (Abs) 271, 275, 337

defi ciency 262, 265

developing thyroid gland 255–6

gene polymorphisms 275

measurements 267

as tumor marker 439, 441
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thyroglossal cysts 255, 438

thyroglossal duct 255

thyroid adenomas 276, 438

thyroid cancer 436–41

childhood cancer survivors 180

clinical features 439, Plate 17.6

diagnosis 438–40

etiology 438

management 440–1

medullary see medullary carcinoma of thyroid

papillary-follicular 436–8, Plate 17.3, Plate 17.4

radiation-related 180, 278, 279, 438

recurrent 441

staging and prognosis 440

surveillance and transitional care 441

thyroid disease 250, 260–79

autoimmune see autoimmune thyroid disease

cancer survivors 172, 173, 174–5, 179

childhood and adolescence 271–9

infancy 260–71

see also hyperthyroidism; hypothyroidism

thyroid dysgenesis 261–3

differential diagnosis 265

investigations 266

presenting in childhood 272

thyroid function

infants and children 259–60

leptin therapy effects 576

neonates 258–9

obesity 540

ontogenesis and regulation 254–8

premature infants 258, 259

regulation 251–2

thyroid function tests

childhood hyperthyroidism 276

childhood hypothyroidism 273

congenital hypothyroidism 266, 268

transient neonatal hyperthyroidism 270

thyroid gland 250–79

agenesis 261

development 255–6

genetic disorders 262
ectopic 261, 266

hypoplasia 12, 261

infi ltrating disorders 273

late effects of cancer therapy 179–80

painful 274

thyroid hormone(s)

action 253–4

genetic disorders 262, 263–4

maturation 256–7

brain development and 256–7

metabolism 253

genetic defects 264

maturation 256

placental transfer 257–8

pubertal growth and 219

resistance 11, 262, 264, 272–3

selective pituitary 276

secretion 250, 251

maturation 255, 256, 258–60

skeletal effects 257

therapy see thyroxine (l-T4) treatment

transport 252–3

thyroid hormone receptors (TR) 35, 254

control of gene expression 6

fetal expression 257

gene defects 37, 264, 272–3

subtypes 254

thyroid hormonogenesis 250–1

inborn errors 262, 263, 272

thyroid neoplasia 436–41

thyroid nodular hyperplasia 438

thyroid nodules

cancer survivors 179–80

investigations 438–40

thyroid oxidase (DUOX1) 250

thyroid peroxidase (TPO) 250, 251

antibodies (Abs) 271, 275, 337

gene defects 262, 263

ontogeny of expression 255

thyroid scintigraphy 266, 439

thyroid-stimulating hormone (TSH; thyrotropin) 

70, 251–2

actions 70, 251

defi ciency 262, 263

adrenal insuffi ciency 316

cancer survivors 174–5, 178

combined 76, 78, 80, 262, 263

diagnosis 81

isolated 70, 262, 263

traumatic brain injury 113, 114

gene mutations 70, 263

isolated excess 265

neonatal thyroid screening 260, 261

ontogeny of secretion 256, 258–60

recombinant human (rhTSH) 441

regulation of secretion 70, 251–2

resistance 263

secreting pituitary adenomas 109, 276

serum measurements see thyroid function tests

stimulation test 441

thyroid-stimulating hormone (TSH) receptors 251, 

252

antibodies (Abs) 251

chronic lymphocytic thyroiditis 271, 272

Graves disease 275, 277–8

measurement 267, 275, 276

neonatal hyperthyroidism 269–70

neonatal hypothyroidism 265

gene mutations 251, 252

gain-of-function 34, 270

loss-of-function 263

gene polymorphisms 275

ontogeny of expression 255, 256

thyroid storm 279

thyroid transcription factor (TTF-1) 

see TITF1/NKX2–1

thyroidectomy 279, 440, 445–6

prophylactic 444

thyroiditis

acute (suppurative) 274

chronic lymphocytic (CLT) 271–2

clinical features 273

goitrous see Hashimoto thyroiditis

Graves disease with (hashitoxicosis) 271, 272, 

276

investigations 273

non-goitrous (primary myxedema) 271, 272

thyrotoxic phase 272, 276

subacute 274, 276

thyrotoxic periodic paralysis (TPP) 279

thyrotoxicosis

factitia 276

tall stature 151

without hyperthyroidism 276

see also hyperthyroidism

thyrotropes 60, 61
thyrotropin see thyroid-stimulating hormone

thyrotropin-releasing hormone (TRH) 60, 

251–2

actions 70, 73

gene mutations 263

ontogeny of secretion 256

thyrotropin-releasing hormone (TRH) receptor 

mutations 70, 263

thyrotropinomas 109

thyroxine (T4)

actions 253–4

biosynthesis 250, 251

inborn errors 262, 263

cellular transport defects 264

metabolism 37, 253

neonatal thyroid screening 260, 261

ontogeny of secretion 255, 256, 259–60

placental transfer 257–8

serum measurements see thyroid function tests

transport 252–3

thyroxine-binding globulin (TBG) 252–3, 256

congenital hypothyroidism screening 260

excess 276

premature infants 259

thyroxine (l-T4) treatment

childhood hypothyroidism 273–4

congenital hypothyroidism 267–8, 269

hypopituitarism 82

premature infants 268–9

thyroid carcinoma 441

time series analysis 51

tissue transglutaminase (TTG) autoantibodies 331, 

337

TITF1/NKX2–1 (TTF-1) 254, 255

gene defects 64, 261–2

TNAP gene 408, 412

TNF α converting enzyme (TACE) 30, 83

TNFRSF11B gene 414, 416

TNFS11 see RANK-ligand

total body irradiation (TBI) 171

GH defi ciency after 174

gonadal damage 180–2

thyroid damage 171

TPIT gene 65, 71

transcortin 294

transcription factors 4–5

hormone-regulated 34–8

hypothalamo-pituitary development 62–7, 254

mutations 5, 11, 12

transcriptome 1, 19

transcriptomics 1, 18–19

transferrin receptors (TfR) 117

transient receptor potential (TRP) channel proteins 

374, 375
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transitional care

adrenocortical tumors 432

diabetes mellitus 498

disorders of sex development 206

MEN syndromes 446

pheochromocytoma 436

thyroid cancer 441

translocations 14–15

transsexualism 194

transthyretin 252–3

traumatic brain injury 112–14

acute endocrine changes 112–13

cerebral salt-wasting 368

diabetes insipidus 113, 356

permanent endocrine sequelae 113–14

treatment threshold 44–5

TRH see thyrotropin-releasing hormone

triamcinolone 310
triglycerides (TG) 538, 539

1α,24,25-trihydroxyvitamin D (1,24,25(OH)3D) 381

triiodothyronine (T3)

actions 253–4

biosynthesis 250, 251

metabolism 253

ontogeny of secretion 255, 256, 259–60

reverse (rT3) 253, 259–60

serum measurements see thyroid function tests

transport 252–3

trinucleotide expansion disorders 16

trinucleotide repeats 8, 10–11

triple A syndrome 315

triploidy 133

triptorelin, precocious puberty 242

trisomies 14, 133

trisomy 13 133

trisomy 18 133

trisomy 21 see Down syndrome

TRPM6 375, 376, 394, 399

TRPM7 375

TRPV5 374, 375

TRPV6 374, 375

truth-telling 581

tryptophan hydroxylase autoantibodies 331

TSH see thyroid-stimulating hormone

tuber cinereum, hamartomas of 226

tuberculomas, intracranial 116–17

tuberculosis 116–17, 411

tubulin specifi c chaperone E (TBCE) gene 

mutations 392, 396

tumor(s)

causing SIADH 364

endocrine 428–55

GH therapy and 156

see also cancer; specifi c tumor types

tumor-induced osteomalacia (TIO) 381, 419, 421

tumor-lysis syndrome 406

tumoral calcinosis

hyperphosphatemic familial (HFTC) 381, 419, 421

normophosphatemic familial (NFTC) 419, 421

Turner syndrome 130–3

clinical features 131–3

delayed puberty 230, 234

diagnosis 52

as disorder of sex development 194

estrogen therapy 161, 246–7

gonadoblastoma 448

growth chart 590

growth-promoting therapy 156, 161

hypothalamo-pitutiary-gonadal axis 223

monitoring for complications 133, 161, 162
mosaicism 17, 130–1

22q11 deletion syndrome

Graves disease 275

hypoparathyroidism 395–6

thyroid hypoplasia 255, 262–3

see also DiGeorge syndrome

twin studies 18, 451

type 1 diabetes mellitus 459–60, 463–6

autoimmune polyglandular syndromes 329, 331, 

334–5, 466

chronic complications 495–7

distinction from type 2 469–70

epidemiology 463–4

etiology and genetics 18, 464–5

exercise 482–3

“honeymoon” phase 468, 475

idiopathic 460, 461
IPEX syndrome 338, 466

management 470–7

biochemical outcomes 475, 477

goals of therapy 472

initial, at time of diagnosis 470

insulin therapy 472–7

medical nutrition therapy 478–82

outpatient care 471–2

psychosocial issues 470–1

monitoring of control 483–5

other autoimmune diseases 271, 337, 465–6

PCOS risk 562

prediction and prevention 465

presentation 468

screening for chronic complications 497

vascular complications 496, 497
type 1.5 diabetes mellitus 460, 461
type 1A diabetes mellitus 459–60, 461

etiology, genetics and family risk 464–5

other autoimmune diseases 465–6

type 1B diabetes mellitus 460

type 2 diabetes mellitus 461, 466–8

co-morbidities and complications 497–8

distinction from type 1 469–70

epidemiology 466, 467
management 477–8, 551

medical nutrition therapy 478–82

monitoring of control 483–5

obesity and 536–8

PCOS 497, 562, 565

presentation 468–9

prevention 468, 545, 548

risk factors 466–8, 537–8

screening in obesity 541–2

tyrosine kinase-linked receptors 26–30

tyrosine kinases 26

receptor (RTKs) 26–8, 33

receptors recruiting 28–30

tyrosine phosphatase autoantibodies see IA-2 

autoantibodies; IA-2β autoantibodies

tyrosinemia 524, 526

UDF1L 378, 395–6

UK Prospective Diabetes Study (UKPDS) 472

ulnar–mammary syndrome 574
ultrasound, thyroid nodules 439

uncoupling protein (UCP-1) 257

undermasculinized males (46XY DSD) 195, 
197–203, 206–8

uniparental disomy 17

University of California, Santa Cruz (UCSC), 

Genome Bioinformatics 2
urea, oral therapy 365–6

urinary tract abnormalities, Turner syndrome 133

urine

hormone assays 47

osmolality see osmolality, urine

water excretion 343

urticaria, recurrent, with fever 329

Usher syndrome 519, 522

uterus

effects of cancer therapy 181

precocious puberty 229

pubertal changes 214

validity, test 40, 41
valproate 561

van Buchem disease (VBCH) 385, 417, 418

vanishing testis syndrome 207

variable number of tandem repeats (VNTRs) 7, 57

vasculitis, antithyroid drug-induced 278

vasopressin (arginine vasopressin; AVP) 73–4, 344–50

actions 348–50

biochemistry 344–5

defi ciency 74, 351–2, 353–8

inappropriate secretion see syndrome of 

inappropriate antidiuretic hormone

metabolism 348

plasma 352–3, 363

regulation of secretion 345–8

resistance 351–2, 358–60

secretion 290, 345–6

synthesis 73, 345

synthetic antagonists 360

test 353

therapy 358

water intake and 350

vasopressin-neurophysin II (AVP-NPII) gene 73, 345

mutations 74, 345, 354

vasopressin receptors 348–9

vasopressin V1a receptors 348, 349

vasopressin V1b (V3) receptors 348, 349

vasopressin V2 receptors 73–4, 344, 348–9

activating mutations 365

antagonists 366, 367

inactivating mutations 34, 349, 359

signaling 349, 350

velocardiofacial syndrome (VCFS) 395

venepuncture 45

very-long-chain acyl-CoA dehydrogenase (VLCAD) 

defi ciency 524, 525–6

very low birthweight infants

newborn thyroid screening 261

thyroid function 259

see also low birthweight; premature infants

vincristine (VCR), adverse effects 171–2
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virilization

adrenal tumors 320

causes 228

clinical features 294

congenital adrenal hyperplasia 228, 301, 302, 303, 

304

female fetus see masculinized females

laboratory evaluation 230

P450 oxidoreductase defi ciency 311

see also hyperandrogenism

visual problems, congenital hypopituitarism 75

vitamin B12 defi ciency 337, 478

vitamin D 379–81

excess, hypercalcemia 411

metabolism 380–1

disorders 402–6, 411–12

obesity 540–1

treatment 402, 421–2

vitamin D 25-hydroxylases 380, 403
vitamin D analog therapy 422

autoimmune polyglandular syndrome 333

hypoparathyroidism 398–9

hypophosphatemic rickets 420

neonatal hypocalcemia 390

renal osteodystrophy 406

vitamin D-dependent rickets 402–3

vitamin D-binding protein (DBP) 380

vitamin D defi ciency 400–2

clinical features 400–1

hypocalcemia 388, 400, 401

maternal, neonatal hypocalcemia 390

treatment 402

vitamin D-dependent rickets

with normal vitamin D receptor 403

type I (VDDR-I) 380, 402–3

type II (VDRR-II) 381, 403

X-linked dominant hypophosphatemic (VDRR) 

381

vitamin D receptors (VDR) 35, 381

gene mutations 37, 381, 403

vitiligo 329, 331, 335

volume, intravascular see intravascular volume

vomiting see nausea and vomiting

von Gierke disease 524

von Hippel–Lindau (VHL) disease 432, 433, 

437

WAGR syndrome 197, 532
waist circumference 127, 531

waist:height ratio 127

waist:hip ratio 127

water

body 343–4

excretion 343, 348–50

intake see fl uid intake

intoxication 367–8

losses 343

excessive 361

primary depletion 366

water balance 343–68

disorders 171–2, 351–68

water deprivation test 352–3

Waterhouse–Friderichsen syndrome 316

Weaver syndrome 150

weight see body weight

Weissenbacher–Zweymuller syndrome 384
WFS1 gene 74, 354

Whipple’s triad, hypoglycemia 505

whole body insulin sensitivity index (WBISI) 

542

Williams(–Beuren) syndrome 408, 411, 412, 419
Wilson disease 405
Wilson–Turner syndrome 574
wingless (Wnt4) 64

Wnt signaling 384, 385

Wolcott–Rallison syndrome 462, 463

Wolff–Chaikoff effect 252, 255, 256

Wolfram syndrome (DIDMOAD syndrome) 16

diabetes insipidus 74, 354

diabetes mellitus 462

Wolman disease 315

WT1 gene mutations 197

X-inactivation 17, 19–20

X inactivation center (Xic) 20

X-linked disorders 15–16

XA gene 306

xanthomatosis, primary 315

XB gene 306

Xist gene 20

XO/XY mixed gonadal dysgenesis 198, 205–6

XX male 198

XXY syndrome see Klinefelter syndrome

XYY syndrome 148

Y-linked disorders 16

yolk sac tumors of testis 451, 453, 454

Z scores 128–9, 183

ZIC-2 254

ZIC2 mutations 81

zinc fi ngers 34, 35
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