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Foreword

I am delighted to announce the publication of another important issue in
the Endocrine Development series. This volume presents new clinical and
scientific data on a subject of major clinical and physiological interest, namely
abnormalities of puberty. Professor Henriette A. Delemarre-van de Waal, who
has acknowledged expertise both as a clinician and basic scientist, has skillfully
assembled an impressive group of contributors. The volume includes topics of
great interest, including several that are infrequently discussed such as fetal
nutrition and timing of puberty, adrenal function in low-birth-weight children
and puberty in congenital adrenal hyperplasia.

Other subjects of direct clinical relevance are covered, such as experience
with GnRH analogue therapy, polycystic ovary syndrome, consequences of early
and late puberty, growth associated with gonadal failure and preservation of
fertility in the cancer patient. The volume is completed with several erudite yet
clearly explained chapters on the molecular genetics of Kallmann’s syndrome
and the physiology of the onset of puberty.

This is a very well balanced edition. The contents are clearly set out and
easily readable. | am confident that this worthy addition to the series will prove
of great value to pediatric and adult endocrinologists and to all health workers
concerned with puberty, the crucial phase of development and transition from
childhood to adult life.

M.O. Savage

Vil
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Preface

Over recent decades new insights have been obtained surrounding the con-
cepts of the regulation of the onset of puberty. However, human puberty remains
a mystery. The mechanisms responsible for suppression and reawakening of the
GnRH pulse generator from fetal life into puberty still need to be elucidated.
However, many genetic and environmental factors have been identified modu-
lating the pubertal process.

This book on the abnormalities of puberty gives an overview on the latest
knowledge in the physiology and pathophysiology of puberty and its disorders.
Are there consequences for clinical practice on the findings of a continued
trend of an earlier puberty in the United States? What are the underlying mech-
anisms of an early puberty in adopted children? We know that early growth,
during the fetal period as well as during childhood, is able to program the
central regulatory system related to growth, adrenarche and puberty. Endocrine
and metabolic issues related to the ‘developmental origin of adult disease’
hypothesis and to the polycystic ovary syndrome are discussed. Abnormalities
in GnRH release controlling genes are reviewed. The hamartoma, secreting
GnRH, is described as a model of the onset of puberty. Experience on the appli-
cation of GnRH analogues in the treatment of central precocious puberty as
well as the psychosocial effects of an early puberty are extensively reported.

How should one treat the patient with gonadal failure with respect to bone
development in order to prevent osteoporosis in later life and what are the
future perspectives with respect to preservation of fertility in later life?

Recent clinical and fundamental data are described to give you an update
on the new views on the control of puberty. We intend to support clinicians in

IX



the management of the child with too early onset of puberty, with delayed
puberty and other pubertal disorders. Not only the clinical aspects, but also the
aspects related to their causes such as early growth, and genetic and develop-
mental defects are discussed, which may have consequences on final height,
bone development and reproduction.

Henriette A. Delemarre-van de Waal

Preface X



Delemarre-van de Waal HA (ed): Abnormalities in Puberty. Scientific and Clinical Advances.
Endocr Dev. Basel, Karger, 2005, vol 8, pp 1-14
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Secular Trend of Timing of Puberty

Henriette A. Delemarre-van de Waal

VU University Medical Center, Amsterdam, The Netherlands

Abstract

During the last decades, a secular trend of growth and timing of puberty occurred con-
sisting of increased adult height and earlier onset of puberty. In The Netherlands although
the most recent survey showed an increase of final height again, the timing of puberty onset
appears to level off, and in boys pubertal onset was even slightly retarded.

Different findings were reported from the United States, where a strong advancement
of the onset of puberty was observed in both white and black girls, although the effect was
more evident in black girls.

Timing of puberty follows a familial pattern and therefore seems to be controlled by
genetic factors, whereas environmental factors may influence and mediate the genetic regu-
lation. Environmental factors such as nutritional status, chronic diseases, migration to a
healthy environment, frequent infectious diseases, pollution and exposure to insecticides are
all thought to influence the endocrine regulation status and therefore differentiation and
development of endocrine organs. In this chapter, the physiologic mechanisms of puberty
onset with the different regulatory aspects, as well as pathologic processes interfering with
the onset of puberty will be discussed.

Copyright © 2005 S. Karger AG, Basel

Puberty is the result of increasing gonadotropin-releasing hormone
(GnRH) release by the hypothalamus followed by a complex sequence of
endocrine changes with functioning of negative and positive feedback, and is
associated with the development of sex characteristics, a growth spurt and
reproductive competence. During the fetal period the GnRH-gonadotropin axis
is already functioning as can be observed by the high levels of both luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) at mid-gestation when
the development of the vascular portal system has completed. This mid-
gestational peak is followed by a decline of gonadotropin levels presumably the



result of a developing negative feedback as well as due to central inhibiting
influences on GnRH release [1].

Gonadotropin levels are low at birth, which is followed by a transient
increase during the first months of life, the so-called postnatal peak. Thereafter,
levels return into a very low, often undetectable range during the prepubertal
phase as a result of the instrinsic restraint. This developmental pattern of the
gonadotropin axis appears to be independent of the fetal and child’s own
gonadal steroids, since a similar development can be observed in agonadal
patients [2].

During the fetal period a sex dimorphism in gonadotropin concentrations
is manifest at both the pituitary and peripheral level with higher levels in the
female fetus [3]. The sex dimorphism maintains in later life. The high inci-
dence of idiopathic central precocious puberty in girls, and the easier response
of the pituitary to stimulation with GnRH in girls compared to boys are good
examples of this phenomenon [4]. It is assumed that the restraint of GnRH and
gonadotropin release is more intense in boys than in girls. The fact that GnRH
is not completely suppressed in girls has been confirmed in a study measuring
estrogens using ultra-sensitive assays to measure estrogens, showing measur-
able and bioactive estrogen levels in the prepubertal girl [5].

Timing of Puberty

The clinical signs of puberty are an increase of testicular volume above
3ml (G2) in boys, and bud-shaped elevation of the areola and papilla (B2) in
girls. In girls, this stage is associated with an immediate increase of height
velocity, whereas in boys the pubertal spurt occurs in the second half of puberty.
Girls experience menarche, a milestone of pubertal development, about
2.3 years after start of breast growth. The appearance of axillary and pubic hair
is not a good measure of puberty since it depends on adrenal steroids in girls
and at least initially in boys.

Improvement of the socioeconomic status appears to advance and shorten
pubertal development. In the Netherlands, in the 16th to 18th centuries menar-
che was reported to occur at 14-15 years of age and seldom before the age of
13 years [6]. In 1928, a shift to a menarcheal age of 13.7 years was described,
and in 1965 it was 13.4 years of age. The growth survey of 1980 showed that
most stages of sexual maturation were reached at a younger age and menarche
was again advanced to 13.3 years and in 1997 to 13.2 years.

In several European countries the trend to an earlier start of pubertal
maturation seems to have come to a halt during the last decades. In the
Netherlands pubertal onset even tended to be slightly later. In girls the start of
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breast development started at mean ages of 10.5 and 10.7 in 1980 and in 1997,
respectively, whereas in boys testicular development started at the ages of 11.3
and 11.4 years in the same studies [7].

In contrast to the Dutch data, investigations in the United States have
shown an ongoing trend of earlier onset of breast development in girls and
genital growth in boys, particularly in the black population [8, 9]. These reports
resulted in wide discussions, firstly on the methods used in these studies and
secondly on whether we should adjust our criteria for the definitions of an
abnormal puberty, especially for central precocious puberty.

These studies described breast development at the age of 7 years in 5% of
white American girls and as high as in 15% in African-American girls.
Menarche at a mean age of 12.7 years did not advance, indicating that with an
earlier start but a similar menarcheal age, pubertal development in American
girls progresses at a slower pace. The earlier onset of puberty in these girls is
associated with an increased body mass index, which is more pronounced in
white than in black girls [10]. The reason that overweight children often have
an early onset of puberty may be explained by the fact that estrogens are stored
in body fat resulting in increased bioactivity.

Mechanisms

The underlying mechanism of the timing of puberty is the result of a
genetic constitution and the influence of environmental forces on it. Chronic
malnutrition will not allow the body to spend energy in growth and puberty and
fertility. The different aspects of genetic background as well as of various envi-
ronmental such as malnutrition, immigration and the effects of endocrine
disrupters will be discussed.

Genetics

It is well known that timing of puberty has a familial inheritance. The
identification of genetic factors involved is still insufficient. Over the last
decades, gene mutations playing a role in the puberty cascade are identified
explaining abnormal pubertal development.

Mutations in gonadotropin genes and gonadotropin receptors have been
found [for review, see 11, 12]. LH and FSH, together with TSH and hCG, are
part of the family of glycoprotein hormones consisting of a common «-subunit
and a hormone specific B-subunit. The a-subunit consists of 92 amino
acids and is encoded by one gene localized on chromosome 6q12.21. For the
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FSH B-subunit the gene is localized on 11p13. The gene encoding for the LH
[B-subunit is located on chromosome 19q13.32, where hCG (-subunit genes are
identified as well.

Glycoproteins bind to receptors with similar structures. These receptors
belong to the G protein-coupled receptors with a, for them, characteristic large
extracellular hormone-binding domain at the N-terminus. The LH receptor is
encoded by a gene located at chromosome 2p21. The FSH receptor gene is
located on the same chromosome 2p21-16. It is evident that mutations in
the gonadotropin genes and their receptors can lead to a disturbed pubertal
maturation.

A mutation of the LHP gene has been reported in a 17-year-old boy with
delayed puberty. The history of his family revealed several male relatives with
infertility. The boy had low testosterone levels and increased serum LH levels,
which lack LH bioactivity [13]. Substitution with hCG resulted in appropriate
testosterone levels, testicular growth and spermatogenesis. The boy was
homozygous for this mutation, while his mother, sister and three uncles
appeared to be heterozygous. The heterozygous individuals had less bioactive
LH activity related to its immunoreactivity as well.

Polymorphisms as a genetic variation of the LH3 gene are also described.
One of these polymorphisms leads to diminished levels of immunoreactive LH,
while a bioassay measures appropriate activity. The frequency of the variant-
LHP gene appears to be high worldwide with a high frequency in Northern
European countries (allelic frequency 10%) and a low frequency in Asian
populations and American Indians (2.5-5%) [14]. A wide variety of pheno-
types has been described, in women varying from no symptoms to recurrent
miscarriages, menstrual irregularity and polycystic ovary syndrome, and in
boys low testosterone levels associated with high LH levels with delayed puber-
tal maturation [15]. Another LHP3 gene polymorphism, whereby glycine has
been replaced by serine at amino acid 102, appears to be associated with an
increased risk to infertility in both males and females [16, 17].

For the FSHP gene different inactivating mutations have been described in
males and females. In males, azoospermia with and without pubertal delay has
been described. These men have low FSH, increased LH and low testos-
terone levels. DNA sequencing showed among others a homozygous 2-bp
deletion in codon 61 [18]. In females, a similar as well as a different homozy-
gous genetic condition are reported associated with an absence of FSH, low
estradiol levels, lack of development of secondary sex characteristics and
primary amenorrhea [19].

For both LH and FSH receptors activating and inactivating mutations of
the encoding genes have been identified. A well-known activating mutation
of the LH receptor is seen in the clinical syndrome of testotoxicosis, a
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gonadotropin-independent state of male precocious puberty characterized by
slight testicular growth, virilization with increased testosterone levels and
low gonadotropin levels. This condition is male limited and has an autosomal-
dominant pattern of inheritance [20]. In addition to polymorphisms of the LH
receptor, different kinds of inactivating mutations of the type of insertion,
missense, deletion and nonsense, while for activating mutations only missense
types have been described [for review, see 11].

The clinical picture of inactivating mutations of the LH receptor is different
in males and females. It usually presents with a relatively mild phenotype in
females with normal development of pubertal characteristics and amenorrhea,
with increased LH and FSH, and low estradiol levels and no response to hCG.
In contrast, males have incomplete male differentiation of external genitalia
due to low testosterone levels during pregnancy. The hCG test shows a blunted
testosterone response. The severity of ambiguity depends on the amount of LH
receptor activity and may vary from micropenis to severe hypospadia to a
complete female phenotype [21].

In contrast to the LH receptor, only a few FSH receptor mutations have
been described. All polymorphisms, inactivating mutations and the only
activating FSH mutation described are of the missense type. The female
phenotype of homozygous FSH receptor mutation genotype consists of gonadal
dysgenesis with lack of development of sex characteristics, high levels of LH
and FSH, although the ovaries contain follicles [22]. In men, the phenotype is
characterized by impaired testicular growth, normal virilization and often
oligospermia. The gonadotropin levels are in the normal or elevated range [23].

The only activating FSH receptor mutation has been described in a man with
multiple pituitary hormone deficiencies including gonadotropins. Under testos-
terone treatment, he developed spermatogenesis. Screening of the FSH receptor
gene revealed a mutation in the transmembrane domain-encoding exon 10 [24].

At the hypothalamic level, GnRH release can be affected by genetic disor-
ders as well. The KAL1 gene located in the Xp22.3 region encodes for a protein
anosmin that shares homology with molecules involved in neuronal migration
and axonal path finding. Mutations of the KAL1 gene will result in an arrest of
migration of both the olfactory and GnRH neurons leading to the clinical
picture of hypogonadotropic hypogonadism associated with anosmia, the
Kallmann syndrome [25]. Recently, autosomal inheritance has been described
among others to be due to a mutation of the fibroblastic growth factor receptor
gene [26].

Congenital adrenal hypoplasia can be associated with hypogonadotropic
hypogonadism and caused by DAX-1 mutations at Xp21. The congenital
adrenal hypoplasia presents already during infancy, while lack of pubertal onset
will become clear at a pubertal age. In some of the boys puberty can be induced
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by pulsatile GnRH administration, whereas others show hardly any response.
The heterogeneity of responses to GnRH stimulation does suggest that both
hypothalamic and pituitary defects are involved in DAX-1 mutations.

Recently, the GPR54 gene has been described as a regulator of control of
puberty [27]. The GPR54 gene is a G protein-coupled receptor gene, which
causes idiopathic hypogonadotropic hypogonadism in humans and mice.
GPR54-deficient male mice have small testes and the female mice have a
delayed vaginal opening with impaired follicular maturation. Both males and
females respond adequately to exogenous gonadotropins. Hypothalamic
extracts of these GPR54-deficient mice showed similar GnRH concentrations
as observed in nonmutants. At the pituitary levels LH and FSH was present,
indicating that the gonadotropic cells are developed, which was confirmed by
responses to exogenous GnRH. These data provide strong evidence that the
GPR54 gene is a key regulator in the control of puberty. However, the exact
mechanisms are still unknown. Based on the described observations, the gene
may play a role in either the regulation of GnRH release at the hypothalamic
level or it is involved in the pituitary response to released GnRH.

Loss of function of the GnRH receptor will also result in impaired puber-
tal development. A variety of phenotypes has been described in affected sub-
jects. Inactivating GnRH receptor mutations are described, which are transmitted
in a recessive trait. In familial cases of hypogonadotropic hypogonadism, 50%
show a loss of the GnRH receptor function [28].

In conclusion, various genetic abnormalities are described resulting in
abnormalities of the hypothalamic-gonadal axis. However, whether these genes
play a role in the physiologic variations in timing of puberty remains uncertain.

Nutrition

In 1971, Frisch and Revelle [29] proposed the critical weight hypothesis
saying that a minimal weight is needed to achieve menarche. In their study,
they observed that a mean weight of 48 kg at menarche did not alter when
menarcheal age decreased, whereas mean height significantly increased. Later
on, both animal and human studies indicate that a particular ratio of fat to lean
body mass is necessary for the start of puberty and for maintenance of repro-
ductive capacity. In 1973, Ruf [30] wondered ‘how the brain can be informed
of the nutritional state of the organism and how it “knows” when to initiate the
process of puberty’. Today, we know that leptin is one of the factors informing
the brain about the peripheral energy stores. Leptin is produced and secreted by
white adipose tissue and has potent effects on feeding behavior, thermogenesis
and neuroendocrine processes. In the case of leptin deficiency, as in the ob/ob
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mice, obesity and infertility occur. Replacement of leptin will decrease the food
intake and restore reproductive function. Leptin exerts its effects via the NPY
neurons. It decreases NPY signalling by acting directly on the NPY-containing
perikarya and presumably also at the level of the NPY nerve terminals.

In the fasting state, leptin levels decline and gonadotropin release is
suppressed. Such findings suggest that nutrition contributes to pubertal devel-
opment. However, it remains uncertain whether leptin is essential for the
triggering of pubertal onset. Data in the rat have shown that leptin levels remain
constant during the pre- and postpubertal stages. In addition, leptin gene expres-
sion in the hypothalamus does not show any developmental changes. These data
suggest that leptin itself is not a strong metabolic trigger for the onset of puberty,
but that it acts as a permissive signal for the onset of puberty [31].

The question arises whether the earlier onset of puberty in obese children
is the result of an increased bioactivity by estrogens stored in fat, or the result
of neuroendocrine modulation via leptin and NPY activities [10].

States of chronic disease associated with a low body weight are frequently
accompanied by delayed puberty. A similar picture is seen in patients with
anorexia nervosa; in general a depressive condition is associated with delayed
puberty and failure to grow. Improvement of these physical and psychological
problems, especially with respect to weight, allows normalization of the differ-
ent endocrine axes including pubertal maturation.

Intrauterine Growth

Impaired fetal growth is associated with an increased risk of developing
short stature, type 2 diabetes, hypertension and cardiovascular disease as a
result of a changed programming in the differentiation and functioning of
different organs [32]. With respect to puberty, earlier onset, more rapid pro-
gression, and increased prevalence of polycystic ovary disease and premature
adrenarche have been described [33, 34]. A sexual dimorphism in the relation
of birth weight and timing of puberty is reported as well, with an early onset in
girls and a delayed onset in boys with decreasing birth weight [35]. Gonadal
dysfunction is observed in both human and rat models. Ovarian function is
impaired in adolescent girls with a low birth weight, whereas in males subfer-
tility is more frequent [36, 37].

Perinatal malnutrition in rats leading to intrauterine growth failure is asso-
ciated with delayed puberty and with a lower number of developing follicles.
Postnatal food restriction has no effect on the timing of puberty, but does affect
ovarian development as is seen in the increased number of growing follicles
without ovulation [38, 39].
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There is growing evidence that both fetal and postnatal growth exert an
effect on developing organs and therefore ontogeny of diseases in later life.
With respect to the fetal origin hypothesis of adult disease Ong et al. [40, 41]
show that in addition to birth weight, a rapid increase of weight during infancy
is strongly related to insulin resistance as well as to adrenal androgen secretion
in both girls and boys.

Immigration

In children adopted from developing countries, onset of puberty often
occurs at an earlier age than in their countries of origin. Prepubertal growth is
often better then expected, but early puberty compromises final height [42].
However, it is good to realize that adult height in these adopted individuals is
not different from those adults in the countries the children originate from [43].
As a rule, short stature is associated with a delay of puberty. Adopted children,
however, have short stature at the time of adoption, but show catch up during
the first years of life in their new country. The question arises whether the phe-
nomenon of an early puberty may be a ‘correction’ on transient overgrowth in
an individual with a different growth pattern programmed in early life. In fact,
this condition is the opposite of delayed puberty, which occurs in the case of
chronic disease, whereby the genetic growth potential will be maintained by a
late puberty. The only way for adopted children to achieve the originally ‘pro-
grammed’ adult height is an earlier onset of puberty. A secular trend with
increased height due to improved living circumstances is not observed in the
same generation, but probably this phenomenon needs more time.

Endocrine Disrupters

Increasing exposure to endocrine disrupters, environmental substances
with sex steroid agonistic and antagonistic effects, result in harmful interfer-
ence from sex differentiation to male and female reproduction [44]. DDT-
derived pesticides are still used in developing countries. Increased levels of
DDT have been found in adopted girls with early puberty [45]. The mecha-
nisms involved in DDT disruptions are not clear. Due to its sex steroid activity,
DDT exposure may result in premature hypothalamic maturation. Another theory
is that estrogen activity may suppress hypothalamic activity, while after migration,
when exposure to DDT has discontinued, a drop in suppression may elicit a
countereffect and therefore increased GnRH release.
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Adverse environmental influences also affect male development. During
the last decennia, the incidence of hypospadia and undescended testes appears
to increase. In adult men this may have led to decreased semen quality and fer-
tility [46]. The bioactivity of these drugs appears to maintain for a long period
of time. This can be explained by storage of these drugs in fat and other tissues
or by a persistent effect by a changed programming of different organs.
Generation studies should give more insight as to how environmental influ-
ences interfere with development and reproduction.

Puberty Disorders

In Europe, precocious puberty is defined in girls as a start of breast devel-
opment below the age of 8 years, and in boys growth of testes with a volume
equal to or more than 4 ml below the age of 9 years [47]. The studies of
Herman-Giddens and coworkers provoked a discussion on whether these age
limits still hold and if different limits should be used for white and black
American children. It was recommended to use age limits of 7 years in white
and 6 years in black girls [48]. However, since the pubertal onset has advanced
but not the timing of menarche, the question can be addressed whether the
cases of early puberty reflect a change in normal physiologic development or
an abnormal puberty. This discussion is critical for the consideration of who
needs to undergo diagnostic evaluation and therapeutic intervention. In 223
girls with breast development before the age of 8 years, it appeared that one
third had seriously advanced bone age, and 12% had other endocrine disorders
such as, among others, McCune-Albright syndrome, adrenal hyperplasia and
growth hormone deficiency [49]. These data are very important and show that
early breast development between the ages of 6 and 8 years is not necessarily a
benign variant, and therefore still needs diagnostic evaluation.

The development of sex characteristics in central precocious puberty is the
result of a too early start of the GnRH pulse generator. Endocrine evaluation shows
pubertal levels of gonadotropins and sex steroids with the day night rhythm of LH
characteristic of puberty. Figure 1 shows the 24-hour LH patterns of girls with
central precocious puberty showing a more pronounced pulsatile pattern for LH
during the night. The endocrine difference with physiologic puberty is the exag-
gerated gonadotropin response to GnRH (fig. 2), especially for LH, while basal
gonadotropin and sex steroid levels do not differ from children in a similar stage
of puberty. Since progression of puberty is often advanced in girls with central
precocious puberty (fig. 3), one may suggest that the faster progression of puberty
and the increased gonadotropin response to GnRH are the result of a more rapid
development of the GnRH pulse generator with a retarded equilibrium between
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12 : 46

LH (U/1)

Time (h)

Fig. 1. 24-hour pulse patterns of LH in girls diagnosed to have idiopathic central pre-
cocious puberty. Nighttime levels show a distinct pulsatile secretion pattern with increased
levels compared to daytime values. Sleep periods are indicated by horizontal lines. From
Schroor et al [50].
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Fig. 2. Basal and GnRH (100 pg i.v.) stimulated levels of LH and FSH in 14 girls with
idiopathic central precocious puberty and 21 controls in similar stages of puberty. Estradiol
levels between the idiopathic central precocious puberty girls and controls did not differ sig-
nificantly (idiopathic central precocious puberty 92.7 * 23 (SD), controls 65.4 £ 13 pmol/l
resp.). Basal levels of LH and FSH do not differ, while LH and FSH peak levels are signifi-
cantly higher in the affected girls. iCPP = Idiopathic central precocious puberty.
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Fig. 3. Progression of puberty from B2 to B3 or B4 in girls with idiopathic central pre-
cocious puberty. The broken line indicates approximate mean progression, calculated from
transversal data in healthy Dutch girls [51].

gonadal steroids and gonadotropin secretion. Treatment with GnRH analogues in
order to suppress gonadotropin secretion will bring the patient temporarily in a
prepubertal state, but will not postpone central pubertal development [50]. This
means that central maturation continues under GnRH analogue treatment resulting
in a full-blown resumption of the endocrine axis after discontinuation.

In The Netherlands, delayed puberty is defined as a start of puberty in
boys later than the age of 13.8 years and in girls 12.7 years based on the 97th
centile of puberty onset [51]. Boys with delayed puberty may suffer from iso-
lation from their peers, less self-esteem and identity disorders [52]. Most of
them will undergo spontaneous puberty, only later. From the physical point of
view delayed puberty does not need to be treated medically. However, since
increasing evidence is becoming available that these adolescent circumstances
may compromise further development [53], one should consider treating ado-
lescent boys with delayed puberty to support psychological development. Short
courses of sex steroids are helpful for psychological reasons, but will not
advance spontaneous puberty. Oxandrolone will only increase height velocity.
Based on the individual problem, the pediatrician may consider either treatment
with androgens or oxandrolone in a boy with delayed puberty.

It is unclear why more boys than girls present with delayed puberty. The
distribution of timing of puberty can be skewed with an increased number of
male individuals in the late onset range? Or is it that boys have more problems
related to late development than girls? This last option is most conceivable,
since boys enter puberty at a later time than girls and sex characteristics such
as increased height velocity, virilization and changing behavior do not occur
before the second half of puberty.

Timing of Puberty 11



Schroor and coworkers observed that in boys with late onset of puberty the

progression through the pubertal stages is not retarded. A similar progression
as in normal-timed puberty can be observed [54]. Subsequently, short courses
of sex steroids are helpful with respect to psychological interference, but will
not advance spontaneous puberty, while oxandrolone will only increase height
velocity [55]. This benign variant of pubertal development can be cumbersome
for the male adolescent and therefore intervention is very helpful.
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Abstract

Over the last decade growing evidence has been documented on the relationship
between intrauterine growth retardation (IUGR) and pubertal development indicating
changes in timing and progression of puberty. These changes in pubertal development are
part of a growing list of [IUGR-related diseases, which includes type 2 diabetes mellitus, car-
diovascular disease, short stature and polycystic ovary syndrome. The influence of IUGR on
the mechanisms behind the onset of puberty is still elusive. In the absence of prospective
studies on gonadotropin-releasing hormone pulse patterns in [UGR children, other markers
of pubertal development such as age at menarche in girls and progression of puberty have
been employed. We investigated pubertal development and DHEAS levels in children born
small for gestational age (SGA) after third trimester growth retardation and children born
appropriate for gestational age (AGA). A faster progression of puberty was found in girls but
not in boys. DHEAS levels tended to be higher in SGA children than in AGA children. In
animal studies using two rat models, growth and onset of puberty based on perinatal under-
nutrition were also investigated. In one model intrauterine growth retardation was induced
by ligation of the uterine arteries (IUGR) at day 17 of gestation and in the other model post-
natal food restriction (FR) was induced by increasing litter size after birth until weaning. In
both models, the rats showed a persistent growth failure. Onset of puberty was defined by
vaginal opening (VO) in female rats and by balanopreputial separation (BPS) in male rats.
At onset of puberty [IUGR and FR rats had a lower body weight compared to controls, indi-
cating that no threshold for body weight is needed for the onset of puberty. In the IUGR
female rats, the onset of puberty was delayed and in the FR female rats the onset of puberty
was in time. In both IUGR and FR female rats VO and first cycle were uncoupled. In TUGR
female rats, at VO, at first cycle and at the age of 6 months the ovaries showed a decline in
number of follicles indicating that intrauterine malnutrition in the female rat has a perma-
nent influence on the growth and development of follicles. In the FR female rats, at VO, the
ovaries showed a normal number of follicles but an abnormal maturation pattern. At the time
of first cycle and at the age of 6 months normalization in follicle growth pattern was



observed. These findings suggest that postnatal undernutrition has a transient influence on
follicle growth and development. In male rats, both models showed delayed onset of puberty
and impaired testicular function, as shown by decreased testosterone levels. These data
indicate that early malnutrition during different critical developmental time windows may
result in different long-lasting effects on pubertal development in both humans and rats.

Copyright © 2005 S. Karger AG, Basel

In 1989, reports suggested that the fetal environment, as reflected in birth
size, was related to the risk of noncommunicable diseases in adult life. This led to
the development of the fetal origins of adult disease paradigm, which resulted in a
refocusing of research effort to investigate the lifelong consequences of perinatal
influences on chronic diseases [1-9] and the function of neuroendocrine axes
[10-13]. The principle that the nutritional, hormonal and metabolic environment
afforded by the mother may permanently ‘program’ the structure and physiology
of her offspring was established long ago. ‘Programming’ describes the process
whereby a stimulus or an insult, at a sensitive or critical period of development,
has lasting or lifelong significance [14, 15]. The essence of programming is based
on the fact that changes of a system appear during a critical period when the
system is plastic and sensitive to the environment. After the critical period, the
changes remain due to loss of plasticity and fixed functional capacity.

The abundance of data on the short- and long-term diseases associated
with IUGR contrasts with the scarcity of data on the transitional period includ-
ing puberty. Although there is some evidence, it is not clear whether pubertal
development is involved in this disregulation as well. However, based on a large
body of evidence that the hypothalamic-pituitary-gonadotropin apparatus in the
human fetus is functional by 50 days of gestation one can believe that also the
maturational process of this endocrine unit can be influenced by ‘program-
ming’, due to a poor intrauterine environment. Obviously, the regulatory
systems involved in sexual physiology are plastic and can be permanently
changed during sensitive time windows. The latter can be illustrated by the
lifelong effect of early exposure to sex hormone on sexual physiology [16].
A female rat injected with testosterone propionate on the 5th day after birth
develops normally until puberty, but fails to ovulate and does not show a normal
pattern of female sexual behavior thereafter. Pituitary function is normal, but
the release of gonadotropin-releasing hormone (GnRH) by the hypothalamus
has been irreversibly altered from the cyclic female pattern of release into the
tonic male pattern. If the same injection is given when the animal is 20 days
old, it has not any effect on central regulation.

Puberty, defined as the achievement of the interactions between the neuro-
endocrine unit and the gonads, the hypothalamic-pituitary-gonadal axis, has in
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fact its origin in the fetal period, when this endocrine unit is already active.
During infancy this endocrine unit becomes suppressed followed by a reactiva-
tion at the onset of puberty, characterized by activation of the hypothalamus
and the pituitary initiating the sequence of changes leading to puberty. Of
course, normal gonads are necessary for the completion of this maturational
process leading to a fully mature state in adolescence.

Although the mechanisms behind the initiation of puberty have not been
fully elucidated, a central regulation of the onset of puberty is most likely since
agonadal children (e.g. children with Turner syndrome) show a normal bipha-
sic pattern of GnRH secretion from the hypothalamus and a normal pattern of
low levels of GnRH during the prepubertal years [17].

Pubarche (i.e. the appearance of pubic hair) is part of a broader definition
of puberty and precedes GnRH reawakening. Pubarche is, however, related to
adrenarche with increasing activity of adrenal androgens. Adrenarche does not
influence the initiation of central pubertal development [18]. Nevertheless, an
earlier and exaggerated adrenarche and pubarche has been linked with
intrauterine growth retardation (IUGR) and pathology as well [19, 20].

Regarding a central, GnRH-mediated puberty there are studies that sug-
gest an earlier onset in girls with IUGR as measured by age at menarche
[21-23]. In contrast, others found barely any difference or even found an ear-
lier onset of puberty in heavier newborns [24-26]. In the absence of prospec-
tive studies that compare nightly GnRH pulsatile patterns, it is not clear
whether or not there is an earlier onset of puberty in [IUGR girls. Data of puber-
tal development in boys born small for gestational age (SGA) are even scarcer.

Earlier onset of puberty has been reported in studies using markers of
puberty (e.g. breast stage, peak height velocity and age at menarche) but these
findings can be explained by a rapid progression of pubertal development
rather than an early onset [22].

Earlier onset of puberty seems of clinical relevance since recent studies
show that early menarche is associated with an increased risk of breast cancer
[27]. In addition, earlier onset of puberty or rapid progression through puberty
might also influence final adult height [28].

Most animal studies have investigated the impact of changes in maternal
and fetal nutrition and blood flow on fetal growth, postnatal growth, growth of
various organs and the development of the various endocrine axes. Data on
long-term effects of growth retardation on the timing of puberty are lacking.

The purpose of this review is to describe the involvement of the matura-
tional process of puberty in relation to fetal life, investigated in the human as
well as in animal models. Furthermore, to draw some tentative conclusions and
advance speculations, questions will be put forward and posed for future
research.
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Material and Methods
Human Study

Study Population

Twenty-four healthy boys and 29 healthy girls participated in the study which is part of
a larger ongoing project in which endocrine and metabolic variables are studied in healthy
children who live in the same catchment area in Amsterdam and surroundings [29]. All chil-
dren were born at term. SGA was defined as birth weight (BW) < the 10th percentile
corrected for gestational age (GA), gender and parity; appropriate for gestational age (AGA)
as BW = the 10th percentile, using Dutch references [30]. The children were examined
twice. Mean age (% SD) in the SGA children at first visit was 9.1 = 1.1 years and in the
AGA children 9.0 * 1.1 years. All children were prepubertal according to the criteria of
Tanner [31]. Testicular volume was measured as the mean of both testicle volumes, using the
Prader orchidometer. In boys the prepubertal stage (G1) was defined as a lack of sponta-
neous genital development with a testicular volume of <4 ml. In girls the prepubertal stage
(B1) was defined as a lack of breast development. When the child had entered puberty,
pubertal stage was expressed as the percentage of the calendar age the child was supposed
to have corresponding to their pubertal stage (CA/pubertal age X 100%) according to the
reference data of the Dutch nationwide study [32].

First Visit

Weight, and height were measured and the body mass index (BMI) was calculated.
Target height (TH) was calculated from the parents’ heights. Target height in boys was cal-
culated as height father + (height mother + 13)/2 + 4.5 cm. Target height in girls was cal-
culated as height mother + (height father — 13)/2 + 4.5 cm. Catch-up growth was defined as
a height within 1.3 SD of the TH SD score (height SD score—-TH SD score) [33]. A tape mea-
sure was used to measure waist and hip circumferences. Skin-fold thickness was measured
with Harpenden skinfold calipers at the biceps, triceps, subscapular and suprailiac sites.
Total body fat mass was calculated by the sum of the 4 sites in millimeters (mm). Bone age
(BA) was determined on an X-ray of the left hand. Plasma testosterone in males, estradiol in
females and dehydroepiandrosterone sulfate (DHEAS) were measured.

Follow-Up Visit

This second examination took place 2.5 years after the first visit. Physical examination,
laboratory tests and determination of BA were identical to the first visit. Mean age in the SGA
children at follow-up was 11.6 = 1.0 years and in the AGA children 11.6 = 1.1 years.

Analytical Methods

DHEAS, estradiol, and testosterone were measured by radioimmunoassay techniques.
Luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were measured by
immunometric assay techniques.

Statistical Analysis
Statistical analysis was performed using the Statistical Package for Social Sciences
(SPSS 9.0 software). Results are expressed as means * SD. Differences between the SGA

Weissenbruch/Engelbregt/Veening/Delemarre-van de Waal 18



and AGA group were tested by x? test for qualitative variables and Student’s t test for
quantitative variables.

Animal Study

IUGR Rats

In timed pregnant Wistar rats, [UGR was induced by bilateral ligation of the uterine
artery on day 17 of gestation according to a modified method of Wigglesworth [34]. The
pups were born spontaneously at day 21-22 and defined as [UGR if their weight on day 2
after birth was below 5.3 g, corresponding with —2 SDs of the mean of the weight of control
pups born from sham-operated dams.

Food-Restricted Rats

Postnatal undernutrition was achieved by litter enlargement to 20 pups per mother from
day 2 after birth until weaning (24 days). During lactation and postweaning, pups of all
groups received a normal diet (20% protein).

Onset of Puberty
The onset of puberty was defined as the age (in days) at which vaginal opening (VO)
in females or balanopreputial separation (BPS) occurred.

Body Mass Index

Body mass index was calculated by dividing body weight (g) by body length squared
(cm?). Body composition was measured with dual energy X-ray absorptiometry (DXA)
(QRD 2000, Hologic, Waltham, Mass., USA) using the small animal software package [35].

Ovarian Histology and Follicle Counts at VO

At day of VO the rats were sacrificed. Both ovaries were dissected, weights were
recorded and the ovaries were fixed in Bouin’s fluid for 24 h and embedded in paraffin wax.
Serial sections of 10 wm were stained with hematoxylin and eosin and in each fifth serial
section the number of follicles was counted. Follicles were divided into primordial (type
1-3b), growing (type 4—5b) and antral (type 6-8) classes [36—38] and counted by use of a
microscope.

Pregnant Mares Serum Gonadotropin (PMSG) Stimulation Test

Cyclic stages of the ovaries were studied by daily vaginal smears after VO. Two exper-
imental protocols were set up for food-restricted (FR) rats. Study A was performed with con-
trols (n = 11), IUGR rats (n = 9) and FR rats (n = 12) of the same age as controls in their
first cycle. In study B, FR rats (n = 15) in their first cycle (i.e. 2 months later compared to
the first cycle of controls) and age-matched controls (n = 9) were investigated. Study A,
50 IU PMSG (Sigma Chemicals, Colo., USA) was injected intraperitoneally in IUGR rats and
control rats on diestrous of the first cycle, FR rats were injected 2 days after VO. Study B FR
rats were injected on diestrous of their first cycle and compared with age-matched controls.
Forty-two hours later, the rats were sacrificed.
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Ovarian Histology and Follicle Counts at the Age of 6 Months
The procedure described above was repeated at the age of 6 months.

Testicular function

Testicular function tests were performed in control (n = 12), IUGR (n = 10) and FR
rats (n = 16), which were sacrificed at BPS. Both testes were dissected and weights were
recorded. Blood was collected via cardiac puncture and serum was stored at —20°C until
assayed for testosterone and leptin.

Leydig Cell Counts

Leydig cells were measured according a previously described procedure [39] of the
mouse Leydig cell assay (MLCA). After decapsulation, the testes were cut into small pieces
and placed in 5 ml Gibco M199 + 0.1% BSA. After 10 min stirring for detaching the Leydig
cells, the mixture was filtered through monodur polyamide gauze (mesh size 100 pm, Stokvis &
Smits, [Jmuiden, the Netherlands). The filtrate was centrifuged during 10min at 150 g, the
cells were resuspended in 3 ml fresh medium and counted in a Burker counting chamber.

Analytical Methods
Testosterone and leptin were measured by radioimmunoassay techniques.

Statistical Analysis

Data are expressed as mean = SEM. Statistical analyses were performed using
ANOVA, followed by Dunnett’s test for multiple comparisons of the two treated groups with
controls.

In the second experiment, the Student’s t test was performed to compare the FR group
at first cycle with controls. Differences were considered statistically significant when
p < 0.05.

Results
Human Study [40]

Clinical Characteristics

Table 1 shows the clinical characteristics of the two groups, AGA and
SGA, at birth and table 2 the characteristics at time of the two visits.

The change in BMI from birth to 11.5 years was higher in girls born SGA
than in girls born AGA (6.2 + 2.9 vs. 3.7 + 3.0kg/m? p = 0.05). BMI in SGA
girls changed from 10.8 = 0.9 at birth to 16.3 = 2.6kg/m?at 11.5 years, in
AGA girls from 13.9 = 0.8 to 17.4 = 3.8 kg/m?. This change in BMI was not
different in boys born SGA compared to boys born AGA (5.4 £ 2.6
vs.4.6 = 3.0kg/m?; p = 0.6). BMI in SGA boys changed from 11.7 * 0.8 at
birth to 15.1 * 1.9kg/m? at 11.5 years, in AGA boys from 13.0 = 2.0 to
17.3 = 3.2kg/m>.
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Table 1. Clinical characteristics at birth

AGA SGA

(n = 24) (n=29)
At birth
Gender (male/female) 12/12 12/17
Gestational age, days 278 =10 276 = 10
Birth weight, g 3,471 = 475 2,442 + 279*
Birth length, cm 50.7 23 469 *2.3%*
Ponderal index, g/cm® X 100 26.6 = 3.2  24.0 = 2.5%

*p < 0.001 AGA vs. SGA.

Table 2. Clinical characteristics at first visit and at follow-up after 2.5 years in SGA

and AGA children
First visit Second visit
AGA SGA AGA SGA
(n = 24) (n =29) (n=22) (n = 26)
Age, years 9.0+ 1.1 9.1 = 1.1 11.6 = 1.1 11.6 £ 1.0
Body weight, kg 309 £55 295=*+175 42,1 9.7 41.0 £ 11.0
Height, cm 138.0 = 6.2 1352 = 9.1 153.5+9.3 150.9 = 10.6
Height SDS-THSDS  —0.50 = 0.8 —0.60 = 0.8 -02=*+ 1.1 -0.5*09
BMI, kg/m? 173 £34 15824 17526 172 £25
Waist-hip ratio 0.87 = 0.04 0.87 = 0.04 0.83 = 0.03 0.83 = 0.04
Total skin fold 30.7 = 144 322+ 142 339 £ 16.7 347 £ 13.6
thickness, mm
Skeletal maturation 1.1 £0.2 1.0 0.2 1.1 =0.1 1.0 = 0.1
(CA/BA)
Prepubertal 24 29 7 6
Pubertal 0 0 15 20

CA = Calendar age; BA = bone age.

Pubertal Development
At the first visit all children were prepubertal (table 2). DHEAS concen-
trations were significantly higher in SGA children than in AGA children
(2.0 £ 1.1 vs. 1.3 = 0.6 pmol/l; p = 0.004, after correction for chronological

age p = 0.003).

Fetal Nutrition and Timing of Puberty

21



» SGA

o AGA
5 - se s ®
4 - o ®
()
jo))
[
17}
% 3 L o L)
3]
<
o
2 - . s 0 @®0 00O oo
14 L] s O o o

0 T T T T T T T T
95 100 105 11.0 115 120 125 13.0 135

Age at follow-up (yr)

Fig. 1. Breast stage at follow-up in girls born SGA and girls born AGA.

At follow-up, 2.5 years later, 20 of 26 SGA children and 15 out of 22 AGA
children were pubertal. CA/reference pubertal age for that stage X 100% was
lower in SGA girls than in AGA girls (94.4 = 7.1 vs. 106.4 = 10.4; p = 0.004).
However, CA/pubertal age X 100% was not different between SGA boys and
AGA boys (104.7 = 7.6 vs. 97.0 = 8.4; p = 0.1). SGA girls have a more
advanced breast stage at a certain calendar age than their AGA controls (fig. 1).
Interestingly, 5 SGA children had reached a breast stage 4 or 5 within 2.5 years.
At time of the study, 1 AGA girl (breast stage 4) and 4 SGA girls (all breast
stage 5) had reached menarche. In boys no evident differences in genital stages
between SGA and AGA were observed (fig. 2). DHEAS levels were higher in
SGA children compared with AGA children (3.5 = 1.8 vs. 2.5 £ 1.1 pmol/l;
p = 0.06, after correction for chronological age p = 0.07).

Linear Growth

At the first visit, 5 SGA children (3 boys, 2 girls) did not show complete
catch-up growth in height, defined as an actual height 1.3 SD or more below the
THSDS [32]. Height in pubertal girls was similar in SGA and AGA children
(156.0 = 5.4 vs. 157.0 = 7.0cm; p = 0.7). The same was true for pubertal boys
(153.3 = 8.5 vs. 154.6 = 11.6 cm; p = 0.8). Skeletal maturation, expressed as
chronological age/bone age (CA/BA), was not different between SGA and AGA
girls and between SGA and AGA boys at the first visit (girls: 0.8 = 0.1
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Fig. 2. Genital stage at follow-up in boys born SGA and boys born AGA.

vs. 0.8 = 0.1; p = 0.3, boys: 0.8 = 0.1 vs. 0.8 £ 0.1; p = 0.7) and at follow-up
(girls: 1.0 = 0.1 vs. 1.1 = 0.1; p = 0.1, boys: 1.1 = 0.2 vs. 1.1 = 0.1; p = 0.6).

Animal Study [41-43]

Timing of Puberty [41]

In female ITUGR rats (n = 37) compared to controls (n = 23) the age at
VO was delayed (37.4 = 2.7 vs. 36.1 £ 1.5 days; p < 0.04), but not in female
FR rats (n = 18) (36.5 *£ 2.2 vs. 36.1 £ 1.5 days). In male IUGR (n = 26) and
FR (n = 20) rats the age at BPS was delayed compared to controls: IUGR:
48.1 £ 1.9 days (p < 0.0001), FR: 50.4 = 2.9 days p < 0.0001) and controls
(n = 30): 45.8 = 1.4 days.

Weight and Body Composition at Onset of Puberty [41, 43]

Weight at onset of puberty in female IUGR and FR rats, was lower com-
pared to controls: ITUGR 106.1 = 13.1g (p <0.001), FR 853 = 7.6¢g
(p < 0.0001) and controls 116.9 = 9.3 g. In male rats weight at onset of
puberty did not differ between TUGR and controls (194.5 £ 20.0 vs.
201.7 = 16.8 g) but was lower in FR rats (175.6 = 17.5g, p < 0.0001).

At onset of puberty in [IUGR female and male rats no differences were found
in body mass index, body composition and leptin levels compared to controls.
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Table 3. Number of follicles at VO

Controls IUGR FR
n=2y) (n=13) n=9)

Primordial 45+ 5 12 & 1%* 66 = 10*
Growing 64 = 8 36 = 3** 79+ 6
Antral 387 29+3 37+3
Corpora lutea (CL) 6=*1 Q*** Q*k*
Antral + CL 44 +7 29 + 3* 37+3
Total number 152 £ 15 77 = 5%* 182 + 16

Values are expressed as mean *=SEM. *p < 0.05,
**p < 0.01, ***p < 0.001, compared with controls.

In contrast to IUGR rats, FR female rats compared to controls had a
lower BMI (0.4038 + 0.025 vs. 0.4774 = 0.027 g/cm?; p < 0.01), percentage
of fat (9.67 = 1.2 vs. 12.39 = 1.6%; p < 0.01), and serum leptin levels
(1.4 = 0.4ng/ml; p < 0.05) at VO. FR male rats compared to controls had a
lower percentage of fat (10.54 = 1.7 vs.12.15 = 1.9%; p < 0.05) and serum
leptin concentration (2.1 = 0.7 vs. 3.0 = 1.0ng/ml; p < 0.05) at BPS.

Ovarian Development at Onset of Puberty

At onset of puberty the ovaries of [UGR rats contained a lower number of
primordial and growing and total number of follicles compared to controls (all
p < 0.01). The number of antral follicles in the ovaries did not differ between
IUGR rats and controls but in contrast to the controls, no corpora lutea (CL)
were observed in the ovaries of the IUGR rats (p < 0.001).

The ovaries of the FR rats had a higher number of primordial follicles
(p < 0.05) and also in the FR rats no CL were observed (p < 0.001) (table 3).
Figure 3 shows ovaries of a control, an IUGR and an FR rat with different
stages of developing follicles at onset of puberty. Note the absence of corpora
lutea in the ovary of the IUGR and FR rat.

With respect to first cycle it was obvious that in contrast to controls in
which vaginal opening and first cycle took place on the same day, in IUGR rats
VO and first cycle were uncoupled. VO was delayed (p < 0.05) and the first
cycle was even further delayed (p < 0.01). Body weight in [UGR rats was
lower (p < 0.05) at VO, but at first cycle and after stimulation with 50 U
PMSG in the first cycle, BW was not different compared to controls. The num-
ber of primordial (p < 0.05), growing (p < 0.01), antral follicles (p < 0.01)
and the total number of follicles (p < 0.01) were lower compared to controls
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Fig. 3. Ovaries of a control, an [UGR and FR rat with different stages of developing
follicles at onset of puberty. Note the absence of corpora lutea in the ovary of the IUGR and
FR rat.

after stimulation with 50 [lU PMSG at first cycle. The number of CL was similar
and reflected superovulation (table 4).

In the FR rats, VO occurred at the same time as in the controls but at a
lower BW (p < 0.01). First cycle was much delayed (p < 0.01), at which BW
was higher (p < 0.01) compared to controls at first cycle. Based on the differ-
ences in weight and age between FR rats and controls at first cycle two studies
were performed. In study A, control rats at first cycle and age-matched FR rats
were investigated. In study B, FR rats at first cycle and age-matched control
rats were examined. PMSG stimulation in the FR rats of study A resulted in a
higher total number of follicles (p < 0.05), represented by a higher number of
primordial follicles (p < 0.01) and a lower number of antral follicles (p < 0.05)
and corpora lutea (p < 0.01) compared to controls. The total number of folli-
cles in the ovaries of the FR rats of study B did not differ from the age-matched
controls after PMSG stimulation at first cycle, nor was the number of follicles
in the different classes (table 4).

Ovarian Development at the Age of Six Months

At the age of 6 months, the [IUGR and FR rats both showed similar ovula-
tion rate compared to controls. No differences were found in the number of
follicles in the different classes between the FR rats and controls. The IUGR
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Table 4. Number of follicles in control, IUGR and FR rats after stimulation with PMSG

Controls A IUGR FRA Controls B FRB

(n=11) (n=09) (n = 12) (n=09) (n = 15)
Primordial 60 =7 31 * 4% 96 * 11%* 41 =3 39+4
Growing 53+3 36 &= 3%* 59 +4 75+ 4 65+3
Antral 37+2 27 ®£ 2%* 382 31 £1 301
CL 18 =1 18 =1 7+04%x 23 +1] 21 =1
Antral + CL 54+3 45 + 2% 46 *+ 3* 54 +1 51+1
Total 168 =9 113 + 7% 201 * 14* 170 = 6 156 = 6

Values are expressed as mean =SEM. *p < 0.05, **p < 0.01, compared with controls.
A = Controls after stimulation with PMSG in the first cycle and age-matched FR rats;
B = FR rats after stimulation with PMSG in the first cycle and age-matched controls.

rats, primordial (p < 0.01), growing (p < 0.05) and total number of follicles
(p < 0.01) were lower compared to the control rats (table 5).

Testicular Development at Onset of Puberty

Although male IUGR rats had a delayed BPS (p < 0.01), at that time body
weight was not different between IUGR rats and controls, nor was the serum
leptin level. The number of Leydig cells (X 10%testis at BPS) of IUGR rats was
not different (5.0 £ 0.3 vs. 5.7 = 0.3) but the testosterone levels were lower
compared to controls (3.3 £ 0.6 vs. 5.9 = 0.8 nmol/I; p < 0.05).

Also in the FR rats, BPS was delayed compared to controls (p < 0.01) and
was accompanied by a lower body weight (p < 0.05). At that time the number
of Leydig cells (X 10%testis at BPS) (3.6 = 0.3 vs. 5.7 = 0.3; p < 0.01) serum
testosterone (3.6 = 0.6 vs. 5.9 = 0.8nmol/l; p < 0.05) and leptin levels
(2.3 £0.2 vs. 3.4 = 0.4ng/ml; p < 0.05) were lower.

Discussion

The initiation and progression of puberty is complex and many factors have
been identified which influence GnRH production or secretion either directly or
indirectly. It has been suggested that this process controlled by genetic factors is
not only mediated by environmental circumstances that originate through nutri-
tion during infancy and childhood [44—46] but also during fetal life.

Recent studies indicate that the onset of puberty and menarche are linked
to a combination of intrauterine and postnatal growth patterns [22, 47].
However, in the absence of prospective studies that compare nightly GnRH
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Table 5. Number of follicles in control, IUGR and FR
rats at the age of 6 months

Controls IUGR FR

(n=16) n=4) n=Y5)
Primordial 45 £ 4 23 + 4** 41 =2
Growing 53+4 33 = 4% 40 £ 5
Antral 34+2 31+3 33+4
CL 7+03 7*0.7 6*0.5
Antral + CL 41 £ 2 38 +3 39+ 5
Total 139 =8 94 + 9** 120 =9

Values are expressed as mean *SEM. *p < 0.05,
**p < 0.01, compared with controls.

pulsatile patterns, it remains unclear whether or not the onset of puberty is
influenced by early growth. Studies so far have used markers of puberty that do
not reflect the actual onset of central puberty. Therefore the findings described
above can be explained by a rapid progression of pubertal development rather
than an early onset.

Also, in the present study SGA girls who suffered from third trimester
intrauterine growth retardation show a faster progression of pubertal develop-
ment compared to AGA girls and the Dutch population [48]. Since current BMI
and total skinfold thickness between SGA and AGA pubertal girls were similar
but SGA girls had a higher increment in BMI from birth to 11.5 years, it can be
suggested that the progression through puberty depends on a certain increase in
body size rather than on the achievement of a certain body weight. A rapid pro-
gression to menarche in girls born SGA may compromise final adult height [28].
However, we did not observe an acceleration of skeletal maturation in SGA girls.

SGA and AGA boys showed no differences in pubertal stage at a certain
calendar age. Previous studies in boys showed a positive relationship between
age at onset of puberty and BMI [49]. In our study, current BMI and change in
BMI from birth to 11.5 years in SGA boys were comparable to AGA boys.
CA/PA X 100%, however, was >100 in SGA boys indicating that a certain
pubertal stage was reached relatively late for their calendar age.

Animal studies also show a delayed onset of puberty in [UGR male rats
[41]. The clinical relevance of such delay is not known yet. However, an asso-
ciation between male gonadal dysfunction and severely reduced fetal growth
has been long recognized [50, 51]. Recently, Francois et al. [52] demonstrated
that unexplained male subfertility is associated with low birth weight.
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In the present study, higher DHEAS levels are found in SGA in comparison
with AGA children. Ibanez et al. [53] previously demonstrated elevated
DHEAS levels in asymptomatic nonobese, postmenarcheal girls born small for
gestational age. In addition, they showed that minor fetal growth reduction
appears to be associated with amplified adrenarche, whereas more pronounced
prenatal growth restriction seems to precede functional ovarian hyperandro-
genism during adolescence [19]. To study the prevalence of polycystic ovary
syndrome (PCO) and subfertility in girls in the present study, longer follow-up
is needed.

The clinical relevance of an exaggerated adrenarche levels in SGA boys is
yet uncertain.

Overall the present data do support the concept that low birth weight as a
consequence of intrauterine malnutrition has long-lasting effects on pubertal
development as well as adrenal function.

The present studies in the IUGR and FR rat models focused on growth and
timing of puberty in terms of structure and function of the gonads of both sexes.

The lower body weight at onset of puberty in IUGR and FR rats compared
to controls, indicate that no threshold for body weight is needed for the onset
of puberty. The differences in body mass index, body composition and serum
leptin levels between the two rat models at that time also do suggest that onset
of puberty in the rat is not dependent on a certain percentage of body fat or a
certain threshold of leptin levels. On the other hand, it has to be questioned if
these metabolic disturbances are at least in part responsible for the impaired
sexual maturation in both male and female rats.

Further signs of impaired sexual maturation observed in IUGR and FR
female rats were that VO and first cycle were uncoupled. In the IUGR female
rat the delayed VO is explained by the lower number of developing follicles
reaching appropriate estrogen levels at a later moment to obtain VO. The
impaired follicle growth in IUGR rats may be the result of inadequate central
stimulation since a similar ovulation rate compared to controls was observed
after stimulation with exogenous PMSG. However, at the age of 6 months still
a lower number of primordial and growing follicles and so total number of fol-
licles but a similar spontaneous ovulation rate was observed compared to con-
trols. These observations do suggest that intrauterine undernutrition in the
female rat has a permanent influence on follicle growth and development.

In this view, we should consider that intrauterine growth retardation in the
TUGR rat model takes place during a period of germ cell increment which may
cause a permanent prenatal effect on the number of follicles. One may argue that
these findings in the IUGR female rat are comparable in part with the second
trimester undernutrition in humans. The resulting lower number of follicles may
play a role in one of the origins of premature ovarian failure (POF) [54].
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In the FR female rat, onset of puberty was associated with a higher num-
ber of growing follicles secreting sufficient estrogen to obtain VO in time. This
impaired follicle growth and anovulation together with the decreased ovulation
rate after exogenous PMSG stimulation around VO cannot differentiate
between central and ovarian dysregulation. The observed normalization in fol-
licle growth at time of first cycle after stimulation does suggest that postnatal
undernutrition in the female rat has a transient influence on follicle growth and
development. This was confirmed by the experiment at the age of six months
showing a similar ovulation rate and follicle growth pattern.

The statement that oocyte and follicle maturation in the female rat occur
after birth whereas in the human similar processes take place during fetal life is
based on the finding of Oieda et al. [55] that follicle maturation is accompanied
by comparable increments in FSH levels in the infantile female rat and the fetal
human female.

Growth retardation after birth in the female rat may therefore be, at least par-
tially, comparable with third-trimester [UGR in the human female. In the human
female associations have been found between IUGR, insulin resistance and PCO
[56-58]. In analogy with our findings in the rat, the prevalence of PCO is depen-
dent on age among women: its presence is significantly higher among women at
ages younger than 35 than among older women [59]. When PCO patients become
older and hence cohort size decreases with age, a considerable number of these
women restore their menstrual cycle regularity. The results in the FR female rat
with respect to gonadal function support the findings of others that at least par-
tially, the fundamental defect of PCO might be a consequence of (third trimester)
intra-uterine growth retardation in the human female [19, 60].

Both IUGR and FR male rats showed a delayed onset of puberty. In the
IUGR male rat, the low circulating testosterone levels at that time can be the
result of either central dysregulation or dysfunction of the Leydig cells. Both
have its origin during the intra-uterine period [55, 61-69]. Modification of
GnRH neurons at the hypothalamic level may cause an impaired gonadotropin
secretion leading to delayed puberty. On the other hand, we cannot exclude
gonadal impairment since a disturbance in LH receptor production of the
Leydig cell may cause in impaired sexual development as well [70].

The important phases of gonadal development in the male rat and the
human male almost take place during the same periods [71, 72]. Therefore,
IUGR in the male rat might be partially extrapolated to the human. As in the
rat, intrauterine growth retardation in the human male may result in a delayed
puberty and in fertility problems as a result of either central dysregulation or
Leydig cell dysfunction. In general, the effect of intrauterine growth retardation
on pubertal development in the human male has not been studied extensively.
Francois et al. [52] noticed subfertility in boys born with a low birth weight.
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They explained their results on central origin i.e. in terms of FSH insufficiency.
FSH is important in regulating Sertoli cell multiplication. Therefore, early life
modulation of FSH may decrease the number of Sertoli cells and so determines
testicular size and sperm output in adulthood. Human studies with respect to
the LH secretory pattern in relation to Leydig cell number and function have
not been done yet. On the other hand, also in the human male one cannot
exclude a gonadal impairment since a disturbance in LH receptor production of
the Leydig cell itself may induce changes in sexual development.

In the male FR rat delayed onset of puberty was accompanied by low
testosterone levels secreted by a lower number of Leydig cells. Postnatal under-
nutrition may influence the central regulation of the gonadal axis, since hypo-
thalamic GnRH neurons and GnRH secretion continue to develop during that
period [73]. On the other hand, postnatal undernutrition can also influence the
process of adult Leydig cell maturation, which starts during that period [55].

Future Prospects

IUGR-related changes in puberty are of particular interest because of their
relationship with chronic diseases in adulthood such as type 2 diabetes, poly-
cystic ovary syndrome and short stature. Both animal and human studies have
shown that insults during the perinatal period exert long-term effects on the
metabolism of the offspring. One of the major problems in translating data
from epidemiological studies to clinical practice is that is difficult to identify
individuals who have been growth restricted in utero. Birth weight is only a
crude index of early growth and reveals nothing about the success of a fetus at
achieving its growth potential. Both the role of IUGR and mechanisms behind
the initiation of puberty are still elusive. A key area of future research will be
to identify markers of early growth restriction which may be of future diagnos-
tic use as early predictors of adult disease. However, it must be kept in mind
that there is a mutual dependency of genetic and environmental factors. In
order to judge between them, research on pubertal development in monozy-
gotic and dizygotic twins discordant for birth weight is of great interest.
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Abstract

During the neonatal period, increased stress due to infection or illness in low-
birthweight infants may increase the importance of adequate adrenal cortisol secretion. Such
low-birthweight infants often have transient cortisol insufficiency during the first few days
of life, but then soon develop restored or even high cortisol levels. The pressure to enhance
survival during this critical period could lead to either the programming of higher cortisol
secretion, or the favorable selection of infants who are genetically predisposed to produce
sufficient cortisol levels and activity. However, in long-term survivors of low birthweight,
the maintenance of higher levels of cortisol secretion or action may contribute to increased
hypertension and cardiovascular disease risk in later life. Similarly, low birthweight and
subsequent rapid postnatal weight gain are associated with increased androgen secretion
from the adrenal zona reticularis and this may contribute to disorders of hyperandrogenism
and hyperinsulinemia before and after puberty. Precocious pubarche, the clinical manifesta-
tion of adrenal hyperandrogenism prepuberty, in girls is predictive of polycystic ovary
syndrome, and is also associated with dyslipidemia, and increased central fat. In conclusion,
long term consequences of low birthweight on both adrenal cortisol and adrenal androgen
secretion could contribute to increased risks for the metabolic syndrome in later life.

Copyright © 2005 S. Karger AG, Basel

Introduction

Impaired fetal growth has both short-term and long-term adverse conse-
quences. In the short-term, low birthweight is associated with increased neona-
tal and infant mortality [1]. In the longer-term, low birthweight is associated
with increased risk for the metabolic syndrome during adult life, including car-
diovascular disease, type 2 diabetes and hypertension [2, 3]. The mechanisms



that underlie these associations are still debated [4] and adrenal function,
including both cortisol and androgen secretion, are candidates. Excess gluco-
corticoid exposure is a potential cause for poor antenatal growth, and there is
increasing evidence for effects of low birthweight on adrenal glucocorticoid
secretion, from the newborn to the elderly.

Glucocorticoid Exposure and Early Growth

Excess glucocorticoid exposure during early postnatal life has clear effects
on limiting weight gain, growth in length, and long-term neurodevelopment [5].
A recent large, double-blind, placebo-controlled study in infants with severe
respiratory distress syndrome showed that at age 8 years early postnatal
dexamethasone therapy (0.25 mg/kg, intravenously every 12 hours for one week
and then tapered) was associated with 1.6 cm shorter stature, 0.8 cm smaller
head circumference, 6 points lower full 1Q scores, poorer motor skills, and an
increased frequency of clinically significant disabilities (39 vs. 22%) compared
with controls [6].

Reinisch et al. [7] first described the link between low birthweight and
antenatal glucocorticoid exposure, used to treat infertility and maintenance of
pregnancy, and confirmed these effects on fetal growth in the mouse. Subsequent
studies showed a dose-dependent effect of antenatal glucocorticoids on fetal
growth restriction, and greater effects were seen in later pregnancy [8]. In
sheep, a single maternal dose of betamethasone 0.5 mg/kg reduced birthweight
by 11%, and three doses given weekly reduced birthweight by 19-25% [9]. The
effects of more modest levels of antenatal glucocorticoid exposure on growth
rates are not clear (discussed below), but could contribute to early suppression
of adrenal function in the newborn [5].

Glucocorticoid Deficiency in the Low-Birthweight Newborn

Low circulating cortisol levels and adrenocortical insufficiency during the
first few postnatal days are particularly seen among ill very-low-birthweight
(VLBW: <1,500 g) premature infants, and are a cause of hypotension that
is resistant to volume and inotrope support [10, 11]. A study of premature
(<32 weeks’ gestation), VLBW infants receiving ventilation support, showed
that the majority had sub-optimal baseline cortisol levels (<414 nmol/l), and
only 36—67% showed a response to increasing doses adrenocorticotrophic hor-
mone (ACTH) [12]. Lower cortisol levels in the newborn predict worse short-
term outcomes, including chronic lung disease and intraventricular hemorrhage
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[12]. In another large study of 125 VLBW infants, lower cortisol levels even
within the first few days of life predicted airway inflammation, patent ductus
arteriosus, duration of oxygen therapy and chronic lung disease [13].

The defect is likely to be at the adrenal rather than pituitary level, as cortisol
levels are low with normal or elevated ACTH levels [11], and cortisol responses
to ACTH are poor [10, 12]. Contributory factors include degree of prematurity,
as levels of cortisol, free cortisol and dehydroepiandrosterone sulfate (DHEAS)
rise with increasing gestational age [14]. Elevated 11-deoxycortisol to cortisol
ratios suggest that activity of 11B-hydroxylase, a key enzyme in cortisol bio-
synthesis, may be deficient in infants born <30 weeks’ gestation [15].
Adrenocortical insufficiency may be particularly severe in VLBW infants of
multiple pregnancies, possibly reflecting their more restrained antenatal growth
[10]. Maternal glucocorticoid therapy for preterm labor may transiently sup-
press adrenocortical function in the newborn [16, 17]. High dose postnatal glu-
cocorticoid therapy, to prevent or treat chronic lung disease, may also suppress
endogenous basal and stimulated cortisol production, whether given intra-
venously or inhaled [14]. In some, particularly premature, low-birthweight
infants persistence of adrenocortical insufficiency requires hydrocortisone
replacement therapy [5].

However, adrenocortical insufficiency in the VLBW newborn is usually
transient. Good recovery and even higher than average cortisol levels are seen by
as early as postnatal day 14 [11, 16]. Such rapid adaptation of the hypothalamic-
pituitary-adrenal axis to enhance cortisol secretion may be beneficial in the short-
term, for example, by reducing chronic lung disease [13]. However, as seen
following postnatal dexamethasone therapy [6], the continuation of higher gluco-
corticoid production could impair growth during early childhood. Even longer-
term persistence of elevated cortisol levels might contribute to the fetal origins of
adult disease links between low birthweight and metabolic disease risks.

Excess Glucocorticoid Secretion following Low Birthweight

The transition from glucocorticoid deficiency in the first few days of life to
enhanced cortisol secretion, even within the neonatal period, is intriguing
[11, 16]. The mechanism for this change is unknown, however there is growing
evidence that this excess glucocorticoid secretion may continue into later life. It
is well recognized that excess exogenous glucocorticoid administration or
endogenous secretion (Cushing’s syndrome) leads to central obesity, raised blood
pressure and insulin resistance. Elevated cortisol levels following low birth-
weight could have more subtle effects, but have a significant contribution to the
population risks for hypertension, type 2 diabetes and cardiovascular disease.
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Animal Studies

The first reported association between low birthweight and higher cortisol
levels was in female pigs [18]. At the age of 3 or 7 days, low-birthweight female
pigs had 70 to 199% higher plasma cortisol levels, higher plasma cortisol bind-
ing globulin levels, greater cortisol responses to ACTH, and 46% larger adrenal
gland weights (per kg birthweight) than in large birthweight pigs. Similar find-
ings were reported in pigs at age 3 months (pre-pubertal juveniles), and at
12 months (young adults) [19]. In the latter study, low birthweight was also
related to higher cortisol responses to ACTH at 3 months, but only in response
to insulin induced hypoglycemia at 12 months, and it is unclear whether the
programming of cortisol hyper-secretion is at the level of increased adrenal or
pituitary response, or to both.

Fasting Cortisol Levels

Phillips et al. [20] reported the first population association between birth-
weight and plasma cortisol levels in 205 men from East Hertfordshire, UK.
Fasting plasma cortisol levels fell progressively from 408 nmol/l in men with
birthweights <5.51b (<2.50kg) to 309 nmol/l with birthweights >9.51b
(>4.31kg). Furthermore, cortisol levels appeared to explain the low-birthweight
associations with higher systolic blood pressure, fasting glucose levels, oral glu-
cose intolerance, plasma triglyceride levels, and insulin resistance. Consistent
associations were subsequently reported in each of three adult populations, from
Adelaide, South Australia, Hertfordshire and Preston, UK [21]. In those studies
each kilogram rise in birthweight was associated with a 23.9-mmol/I rise in
plasma cortisol. These findings have also been confirmed in young adult popu-
lations from South Africa [22], and Hungary [23].

However, other studies have shown some inconsistencies. One smaller
study of 52 young men and women found no differences in fasting plasma cor-
tisol levels between low birthweight, premature appropriate birthweight, and
full-term normal birthweight groups [24]. A further case control study of low
birthweight vs. normal birthweight 12-year-old children found no difference in
cortisol levels, despite a clear effect of birthweight on DHEAS levels [25]. The
large ALSPAC study also found no association between birthweight and fasting
cortisol levels in over 800 children at age 8 years, again despite clear effects of
birthweight on adrenal androgen levels [26]. It is possible that differences in
methodology could contribute to some of these discrepancies.

Methodological Considerations

A single blood measurement of cortisol or ACTH level provides a poor
estimate of adrenal function because cortisol secretion is pulsatile. Three to
four peaks of increasing amplitude occur overnight, and the last and highest
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peak may occur at anytime between 06.00 and 10.00h [27]. Potential
confounding factors that may raise fasting cortisol levels include longer dura-
tion of fasting, mild infection, and fear of venepuncture. Other methods for
assessing cortisol secretion include 24-hour plasma cortisol profiles, and timed
urine collections for measurement of total cortisol metabolites.

Higher urine cortisol levels have been reported in low-birthweight subjects
[28]. However, again the results have not been consistent. In young adults, total
urine cortisol metabolites were higher in both low-birthweight and premature
groups, compared with normal birthweight full-term subjects; however, this
finding was seen only in women but not in men [24]. In 190 children aged
9 years from Salisbury, UK, a quadratic or ‘U-shaped’ relationship between
birthweight and total urinary cortisol metabolites was observed [29].

One study measured 24-hour plasma cortisol levels every 20 min in 83
elderly men and women. Mean cortisol levels between 07.30 and 09.00 h were
slightly higher in subjects with lower birthweight (p = 0.08), but no birth-
weight associations were seen with other parameters of cortisol secretion, such
as peak morning cortisol levels, regularity of pulses, and areas under the curve
[30]. The authors therefore suggested that low birthweight might program
adrenocortical sensitivity to stimulation rather than daily levels of cortisol
secretion.

Dynamic Cortisol Responses

Stimulation with very low ACTH doses, such as one microgram, have
been used to try to subjects with identify higher peak cortisol levels and
increased adrenocortical sensitivity. Alternatively, a more important metabolic
consequence of low birthweight could be the failure to suppress basal cortisol
secretion, as seen in Cushing’s syndrome.

Low-birthweight South African young adults had both 16% higher fasting
cortisol levels and an identical 16% higher ACTH stimulated cortisol levels
than normal birthweight controls [22]. Similarly, lower birthweight East
Hertfordshire men aged 66—77 years had higher cortisol responses to ACTH,
and also higher cortisol metabolites in a subsequent 24-hour urine collection
[31]. In that study, the overnight suppression of cortisol levels following a very
low dose of dexamethasone (0.25 mg) was unrelated to birthweight. However,
the opposite findings of enhanced dexamethasone suppression of cortisol,
but no difference in cortisol levels post-ACTH, were recently reported in low-
birthweight Helsinki women aged 71 years [32].

In summary, it is still unclear whether the influence of low birthweight is
largely on dynamic or resting cortisol secretion. In rats, programming of higher
plasma cortisol levels by antenatal glucocorticoid exposure has been attributed
to reduced negative feedback control of corticotrophin-releasing hormone and
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ACTH, due to lower glucocorticoid receptor levels in the pituitary gland [33].
However, in low-birthweight humans there is yet no evidence for impaired cen-
tral feedback by dexamethasone, but rather there is more data to support
increased adrenal sensitivity to ACTH. While the mechanism of programming
is unclear, cortisol hypersecretion does appear to contribute to increased
metabolic syndrome risk in some low-birthweight populations. Both higher
fasting and post-ACTH plasma cortisol levels have been shown to follow low
birthweight and correlate with blood pressure, glucose levels and insulin
resistance [31].

Antenatal Glucocorticoids and the Fetal
Origins of Adult Disease

Variable findings in observation studies of birthweight and cortisol levels
may indicate that only certain causes of low birthweight result in programming
of subsequent higher cortisol secretion. Antenatal glucocorticoid exposure is a
good candidate as it inhibits fetal growth, and in animal models can have long-
term effects on metabolism, blood pressure and behaviour [33-36].

The Fetal Origins of Adult Disease studies in humans describe a continu-
ous fall in rate of disease risk with increasing birthweight, throughout the whole
range of birthweights [37]. Thus, if antenatal glucocorticoid exposure con-
tributes to this link, it should be expected to influence the normal variation in
birthweights. However, observations of current maternal glucocorticoid therapy,
for the treatment of preterm labor, and less commonly for prevention of viril-
ization in female offspring with congenital adrenal hyperplasia (CAH), report
little effects on fetal growth.

Antenatal Steroids for Preterm Labor

Antenatal glucocorticoids are routinely given to women at risk of preterm
delivery, before 32-34 weeks’ gestation, in order to induce fetal alveolar
surfactant secretion and improve lung function in the preterm newborn. In a
recent Cochrane Library review antenatal glucocorticoid therapy reduced the
incidence of respiratory distress syndrome (RDS) (odds ratio 0.53; 95% confi-
dence interval 0.44-0.63), periventricular hemorrhage (0.29; 0.14-0.61), and
neonatal mortality (0.60; 0.48—0.75) [38]. Betamethasone or dexamethasone
are used, as these steroids cross the placenta into the fetus, at a total dose of
24 mg over 24-48 h [39].

While these doses have significant effects on maternal weight gain and
blood pressure, follow-up studies show no effects on birthweight or childhood
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growth [40, 41]. Even in the absence of detectable growth suppression, children
exposed to antenatal glucocorticoids may have higher blood pressures than
those who were not exposed [42]. However, in that study the allocation of
steroid treatment was non-random, and treatment-exposed children also had
taller stature at age 14 years [43].

While only a single course is recommended, the maximal neonatal benefits
of antenatal glucocorticoid therapy appear to wane after 7 days, and repeated
weekly courses are often given up to 34 weeks’ gestation [44]. There are some
data suggesting that fetal growth may be affected by these higher doses. In a
study of 477 singleton preterm infants, those exposed to =3 courses of antenatal
steroids had a 9% reduction in birthweight and a 4% reduction in head circum-
ference [45]. By 3 years of age, these children had shown appropriate catch-up
growth. A review of 236 Chinese singleton pregnancies also found that exposure
to =4 courses of antenatal glucocorticoid was associated with lower birthweight
compared with exposure to 1-3 courses [46]. However, again in those retrospec-
tive studies treatments were non-randomly allocated. In contrast, a randomized
prospective trial in 503 pregnant women found no association between repeated
corticosteroid doses and birthweight or head circumference [44].

Antenatal Dexamethasone Therapy in Congenital

Adrenal Hyperplasia

Maternal dexamethasone therapy effectively suppresses abnormal adrenal
androgen production and virilization of the female fetus affected by congenital
adrenal hyperplasia (CAH) [47]. Oral dexamethasone (0.02 mg/kg/day in three
divided doses) should be started by 6—8 weeks’ gestation and, depending on the
results of karyotyping and mutation analysis, treatment is discontinued around
10 weeks’ gestation in pregnancies with a male fetus, and around 14 weeks
with an unaffected female fetus. Follow-up of the now over 1,000 treated
infants may help identify any side effects of early and long-term antenatal
glucocorticoid exposure [48-50]. Significant maternal side-effects are
noted, including striae, acne, hirsutism, excessive weight gain, and mood fluc-
tuations. However, there appears to be little adverse effect on the fetus. While
occasional cases of intrauterine growth retardation have been reported, average
birthweight, length and head circumference are normal in all studies. One study
even reported larger birthlengths in treated offspring [50].

In rat studies, antenatal dexamethasone therapy also produced more
aggressive postnatal behavior in the offspring [35]. However, in humans, a
recent report found no significant effects of antenatal dexamethasone on
detailed developmental outcomes [51]. An important difference may be that the
majority of animal studies use doses that are one or two orders of magnitude
above the doses recommended to treat pregnancies at risk for CAH [52].
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In summary, currently it appears that only the highest, repeated antenatal
steroid doses may have deleterious effects on human fetal growth. This does
not exclude the possibility of long-term effects of lower steroid doses on meta-
bolic disease risk. Prospective follow-up studies of subjects exposed to antena-
tal glucocorticoid therapy are in progress to detect any effects on blood
pressure, body composition, insulin sensitivity and glucocorticoid secretion.
Identification of effects of common genetic variations that regulate glucocorti-
coid secretion or activity, on antenatal growth rates and long-term outcomes
could also provide important evidence for a common role of the glucocorticoid
axis in the fetal origins of adult disease.

11B-Hydroxysteroid Dehydrogenase

A major source of interindividual variation in the effects of glucocorticoid
exposure may arise from differences in activities of the 11p3-hydroxysteroid
dehydrogenase (11B3-HSD) enzymes type 1 and 2, which shuttle active cortisol
to inactive cortisone and vice versa [34]. In the fetus, placental 3-HSD2 activity
largely prevents any maternal cortisol crossing the placenta. Dexamethasone, a
synthetic fluorinated steroid, is a poor substrate for 113-HSD2, and the fetal
effects of maternal dexamethasone therapy are therefore unlikely to vary with
11B3-HSD2 activity. However, by controlling the effects of endogenous cortisol
secretion on fetal growth and postnatal body fat and blood pressure, variations
in placental and postnatal 113-HSD activities could link low birthweight to
adult hypertension and metabolic syndrome risk.

In rats, inhibition of placental 113-HSD2 by giving the mother carbenox-
elone exposes the fetus to excess glucocorticoids, and results in both a 20%
reduction in birthweight and also higher mean arterial blood pressure in the
adult offspring [53]. In humans, reduced placental 113-HSD2 function is
associated with pregnancy induced hypertension in the mother and low birth-
weight. Rare deleterious human mutations in placental 113-HSD2 activity
expose the fetus to excess maternal glucocorticoids and result in severely
reduced fetal growth [54]. In a study of normal birthweight term infants,
lower placental 113-HSD2 activity was associated with lower offspring
birthweight [55]. Another study in small preterm infants also reported a
remarkably strong correlation between placental 113-HSD2 activity and
birthweight [56]. In that study, lower 113-HSD2 activity was also associated
with increased umbilical artery resistance, and it is possible that lower enzyme
activity might represent a stress response to other causes of fetal growth
restraint [57]. Associations between common functional variants in the
11B-HSDI1 or 113-HSD2 genes [58] could further demonstrate the importance
of 11B-HSD activity to the links between fetal growth and long-term disease
risks.
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Programming of Adrenal Androgen Production

The adrenal androgens, dehydroepiandrosterone (DHEA) and DHEA-
sulfate (DHEAS), are produced by the adrenal zona reticularis [59], and circu-
lating DHEAS levels provide a convenient marker of rate of adrenal androgen
production [60]. In parallel with adrenal glucocorticoid secretion, DHEAS
production in low-birthweight subjects appears to follow a similar pattern from
initial deficiency in the first few days of life to subsequent hypersecretion dur-
ing later childhood. The consequences of ongoing adrenal androgen hypersecre-
tion include potential effects on rate of maturation and puberty, and long-term
risks for the polycystic ovary syndrome (PCOS) and insulin resistance.

Low DHEAS Levels in the Low-Birthweight Newborn

The adrenal cortex fetal zone is morphologically equivalent to the zona
reticularis in older children and adults. The fetal zone does not express
3B-HSD (required for cortisol production), but does express P450scc and
P450c17 (required to produce DHEAS). This fetal zone rapidly disappears
during the first few weeks after birth and DHEA and DHEAS levels are usually
undetectable [61, 62]. Adrenal androgen secretion rises again from around the
age of 6 years onwards at ‘adrenarche’ [62].

Low-birthweight infants have relative hypoplasia of the fetal zone [63],
and lower DHEAS levels in both plasma and urine during the first 24 h of life
compared with normal birthweight infants [64, 65]. Norman et al. [66] studied
22 twin pregnancies, each with one IUGR twin and one normal birthweight
twin. In each pair, the [UGR twin had lower DHEAS levels in umbilical arter-
ial blood at birth than their larger twin, but cortisol levels were no different.

High DHEAS Levels following Low Birthweight

In contrast to the low DHEAS levels at birth, DHEAS levels are higher
than average in older low-birthweight children. These findings have been con-
sistently seen in case-control studies comparing small for gestational age
(SGA) to normal birthweight children, in populations from: Sweden [67], Spain
[68], Italy [69], and Finland [25]. Furthermore, in 8-year-old Belgian twins dis-
cordant for birthweight, the lower birthweight twin had on average 2-fold
higher DHEAS levels than the larger birthweight twin [70]. In adults, higher
DHEAS levels have been reported to correlate with higher fasting insulin levels
in low-birthweight women, but not in men [23]. One large study showed no
difference in DHEAS levels between short SGA children and control children
with normal birthweight and normal stature [71]; in that study the effect of low
birthweight on DHEAS levels could have been balanced by the larger current
body size of the controls [72].
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A recent large birth cohort study of unselected UK subjects (ALSPAC)
described that higher DHEAS levels were not confined to the smallest birth-
weight infants, but rather there was a continuous inverse relationship between
birthweight and DHEAS levels throughout the range of birthweights [26], i.e.
similar to the relationships between birthweight and adult disease risks [3].
Together, the findings from both case control and population studies indicate
that increased adrenal androgen secretion during childhood may be pro-
grammed by the combination of reduced fetal growth and rapid early postnatal
weight gain.

The reason for this reversal in DHEAS levels in low-birthweight subjects,
from low levels in the newborn to high levels in later childhood following
adrenarche, is unknown. It has been suggested that the rise in adrenal androgen
production during childhood follows an exponential curve and that its timing
and amplitude might be set in early childhood [73]. Those conclusions were
based on observations in girls with precocious puberty on LHRH-agonist treat-
ment, and may therefore not be fully representative of normal children.
Alternatively DHEAS levels could be regulated by weight gain, as the reversal
in its levels appears to follow the typical pattern of rapid early postnatal weight
gain that is seen in the majority of low-birthweight children.

Low birthweight, particularly if due to in utero growth restraint, is usually
followed by a compensatory period of rapid, or ‘catch-up’, weight gain during
early postnatal life [74]. In particular, it is this rapid weight gain during the first
3 years of life, and subsequent larger childhood size and adiposity [75], which
appears to influence the onset of adrenarche (fig. 1). In the ALSPAC birth
cohort, low birthweight followed by rapid early postnatal weight gain also led
to higher insulin-like growth factor-I (IGF-I) levels at age 5 years [76], and
lower insulin sensitivity at age 8 years [77]. IGF-I and insulin levels are higher
in children with premature adrenarche than in control children [78—80], and
could therefore link the combination of low birthweight and rapid infancy
weight gain to the development of higher adrenal androgen production in later
life activity [81].

Clinical Implications of Raised DHEAS Levels

Adrenarche is normally associated with the onset of mild clinical features
of acne, pubic hair (pubarche) and body odor. In addition to these features,
adrenarche has been observed to coincide with a mild growth acceleration, ‘the
mid-childhood growth spurt’, between ages 6 and 8 years [82]. High levels of
adrenal androgens, as occur in poorly controlled congenital adrenal hyperplasia
(CAH), may trigger the activation of puberty. Programming of higher adrenal
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Fig. 1. Rapid weight gain between birth to 3 years predicts higher DHEAS levels at
age 8 years (p trend: adjusted for weight at 8 years, p = 0.002). Catch up = Gain in weight
SDS 0-3 years >+0.67; no change = —0.67 to +0.67; catch down = <—0.67. Geometric
means +1 SD range. Reproduced from Ong [26].

androgen levels could therefore explain the tendency to earlier onset of puberty
associated with low birthweight and rapid early postnatal growth [83, 84].
However, in most cases mild elevations in adrenal androgen levels probably
have negligible effects on the onset and progression of puberty [85].

Early or exaggerated adrenal androgen secretion may lead to more marked
clinical features of adrenal hyperandrogenism, and these are associated with
other adverse effects on body composition, insulin resistance, and also incre-
ased risk of future progression to ovarian hyperandrogenism in the early years
post-menarche.

Premature Pubarche

Premature pubarche is defined as the onset of pubic hair at age <8 years
in girls, and <9 years in boys. In the exclusion of other pathology, such as non-
classical CAH, virilizing tumors, or Cushing’s syndrome, the cause appears to
be simply a premature and most often exaggerated rise in adrenal androgen
secretion [86]. The incidence is much higher in girls than in boys (up to 10:1)
[87], although some of this excess could be due to presentation bias. It is likely
that there is a wide ethnic variation in frequency of precocious pubarche [88],
and studies are often reported from Mediterranean and African-American
populations [86, 89, 90].

Girls who presented with precocious pubarche have increased risk for
developing ovarian hyperandrogenism and other features of PCOS during the
early years post-menarche [91]. These features include excessive virilization
(acne and hirsutism), menstrual irregularity, and chronic anovulation, which
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may result in infertility. These risks are particularly high in precocious pubarche
girls with history of low birthweight [92], and they also have increased
biochemical markers for long-term risks of cardiovascular disease and type
2 diabetes, including hyperinsulinemia, dyslipidemia, and an abnormal
adipocytokine pattern [93, 94].

Etiology of Precocious Pubarche

Case control studies showed an increased prevalence of low birthweight in
precocious pubarche girls [92]. In these precocious pubarche subjects, as in the
above studies of low-birthweight subjects with higher DHEAS levels, postnatal
catch-up growth is a consistent feature [85]. Although they are not necessarily
overweight, whole body DXA scans show that precocious pubarche girls have
greater fat mass and central fat, and relatively reduced lean body mass
compared with control girls with similar levels of BMI [95]. Excess central
adiposity might be a direct consequence of excess androgens [96], or alterna-
tively it might reflect the hyperinsulinemia that is co-present in such girls.
Indeed, in precocious pubarche, as in PCOS, there has been debate as to
whether hyperandrogenism or hyperinsulinism are etiological, as both these
features are present, and in females hyperandrogenism can lead to hyperin-
sulinism and vice versa.

Genetic association studies using common functional variants have helped
to demonstrate etiological roles for both increased androgen activity and hyper-
insulinemia in precocious pubarche and in the risk of progression to ovarian
hyperandrogenism. Shorter androgen receptor gene CAG repeat number
confers increased androgen receptor sensitivity in vitro [97, 98], and is associ-
ated with conditions of increased androgen activity [99, 100]. Shorter CAG
repeat length (=20 repeats) was associated with precocious pubarche in girls,
and was an independent determinant for progression to ovarian hyperandro-
genism following menarche [101]. Recognized population variation in the
frequency of shorter androgen receptor CAG repeat alleles [102] could there-
fore contribute to population differences in the frequency of premature
pubarche [88].

Increased severity of precocious pubarche in girls, including lower birth-
weight and hyperinsulinemia, have also been associated with the common
insulin gene variable number of tandem repeat (VNTR) class I alleles [103].
Therefore, genetic predispositions to both increased insulin and androgen activ-
ity have etiological roles. In both of those genetic association studies, low
birthweight was a separate independent cofactor for precocious pubarche risk
or severity. Low birthweight could exacerbate both hyperinsulinemia by induc-
ing insulin resistance, and also hyperandrogenemia by programming higher
adrenal androgen secretion.
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Therapeutic Studies in Girls with PCOS after

Precocious Pubarche

A recent series of randomized open label trials of insulin sensitization and
androgen receptor blockade therapies have added much to our understanding of
the pathogenesis of precocious pubarche and risk for progressing to PCOS
following low birthweight. Use of the insulin sensitizer metformin (1,275 mg
daily for 6 months) in 16-year-old non-obese girls with previous precocious
pubarche and current ovarian hyperandrogenism markedly reduced circulating
insulin levels, androgen levels and hirsutism score, improved lipid profiles
[104], and also restored ovulation in 78% of subjects [105].

In a similar population, monotherapy with low-dose flutamide (250 mg
daily for 18 months) had no effect on insulin levels or menstrual irregularity,
but improved lipid profiles and clinical features of hyperandrogenemia [106].
Of note, both androgen receptor blockade therapy and genetically reduced
androgen receptor sensitivity [101] are associated with lower (rather than
higher) circulating androgen levels. This physiologically unusual state (lower
hormone levels in the presence of lower hormone receptor sensitivity) could be
explained by a positive feedback effect of testosterone in promoting greater
ovarian androgen secretion.

The marked additive effects of combined metformin and low dose
flutamide (125 mg daily) therapies underline the separate contributions of both
increased insulin and androgen activity in the pathogenesis of ovarian androgen
excess (fig. 2) [107, 108]. In combined therapies, monthly ovulation rates
increased within 9 months from below 10% to above 90%. Similar improve-
ments were seen with the further addition of oral contraception, which is impor-
tant as flutamide is contraindicated in pregnancy [109]. Finally, the rapid
reversal of all the improvements in hormonal, biochemical and body composi-
tional parameters on discontinuation of combined therapy (fig. 2) [108] indi-
cates the continuing presence of a further yet unidentified underlying
abnormality, and in particular a propensity to central fat accumulation that may
be related to low birthweight, postnatal catch-up growth, genetic factors or
their interactions.

Early Preventive Strategies

The relatively early clinical presentation of precocious pubarche in girls,
together with available accurate characterization of the risk of progressing to
more severe features of ovarian hyperandrogenism, allows the prediction and tar-
geting of potential early interventions. Ibanez et al. recently reported a novel ran-
domized open-label study of metformin (850 mg daily) treatment in 24 non-obese
precocious pubarche girls with hyperinsulinemia and subclinical ovarian hyper-
androgenism, starting early post-menarche (mean age 12.4 years), in order to
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Fig. 2. Widespread beneficial effects of 9 months combined flutamide-metformin
(Flu-Met) treatment in precocious pubarche girls with ovarian hyperandrogenism (n = 30;
mean age 15.8 years), and subsequent deterioration on discontinuation (n = 16). *p < 0.0001
vs. 0 months (n = 30); p < 0.01 vs. 9 months; or ¢ p < 0.001 vs. 9 months (n = 16). None of
the —3 vs. 0 month differences reached statistical significance (n = 14). Reproduced from
Ibanez et al. [108].

prevent progression to overt PCOS [110]. These precocious pubarche girls were
selected for low birthweight (<2.4kg at term), and therefore high risk of
progression. Over the 12 month study, in untreated girls features of insulin resis-
tance, hyperandrogenemia, dyslipidemia, excess truncal fat, and reduced lean
body mass all continued to diverge further away from normal; conversely in
metformin-treated girls all these abnormalities showed significant improvements.
Such positive results have encouraged the study of even earlier treatment strate-
gies, at or soon after the onset of precocious pubarche (mean age 8.0 years) with
low-dose metformin (425 mg daily); after 6 months significant beneficial effects
have been observed on adrenal androgen levels, lipid profiles, reduced total and
abdominal fat mass, and increased lean body mass [94].
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Conclusions

The apparent consequences of low birthweight on later increases in both
adrenal cortisol and adrenal androgen production may impact not only pubertal
development, but they may also contribute to the longer-term disease risks
described by studies of the fetal origins of adult disease. Further studies are
needed to identify the precise metabolic pathways that are affected by low
birthweight, and in particular how these may be further exaggerated by rapid
‘catch-up’ weight gain during early postnatal life.

The development of early and safe treatments for precocious pubarche in
girls, and in particular early preventative strategies against progression to
PCOS, may provide treatment models for the prevention of other longer-term
consequences of low birthweight on metabolic disease risk. It may be easier to
develop such treatment strategies in low-birthweight subjects with overt clini-
cal features, such as in precocious pubarche girls, where efficacy has clearly
perceived benefits to the patient. Transferring these strategies to the prevention
of long-term consequences of the fetal origins of adult disease will require the
development of robust markers of future disease risks, possibly including
genetic markers, and also indicators of treatment response that are based on a
clear understanding of the mechanisms involved.
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Abstract

Congenital adrenal hyperplasia (CAH) is a disorder of adrenal steroid synthesis. The
symptoms and signs of CAH depend on the degree of enzyme deficiency; severe salt-wasting
(SW) form, less severe simple virilizing (SV) form and mild nonclassic (NC) form. In this
paper, puberty and fertility in CAH are discussed. The time of onset of puberty and progress
of pubertal development is quite normal, except in NC patients (earlier). Also the age of
menarche in CAH girls is normal, but it can depend on the level of therapeutic control. In
prepuberty, bone age is advanced. In puberty, peak height velocity is normal but occurs at a
younger age and can therefore be considered to be low (compared to healthy early maturers).
In puberty there seems to be an increased sensitivity for glucocorticoids leading to growth
inhibition. All three above factors can play a role in reducing adult height. Subfertility is
frequently found in both female and male CAH patients. In females, the pregnancy rate
depends on the severity of 21-hydroxylase deficiency (SW<SV<NC). Adrenal progesta-
gens and androgens are the main cause of disturbed ovarian activity. In addition psychosexual
problems (e.g. as a result of genital surgery) are an important factor. In males, the main
cause of subfertiltiy is the presence of testicular adrenal rest tumors, which are thought to
originate from aberrant adrenal tissue and respond to treatment with glucocorticoids.
Although in general fertility is not a paediatric item, in CAH most fertility problems have
their origins in childhood years. Therefore prevention of subfertility has to be implemented
as a treatment goal in paediatric endocrinology from the start of puberty.

Copyright © 2005 S. Karger AG, Basel

Congenital adrenal hyperplasia (CAH) is a disorder of adrenal steroid
synthesis. In 95% of the cases, it is caused by 21-hydroxylase deficiency. This
type of enzymatic deficiency leads to cortisol deficiency and (in most cases)
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Fig. 1. Simplified scheme of adrenal steroidogenesis: (1) (cholesterol) side chain
cleavage enzyme/steroidogenic autoregulatory protein (StAR); (2) 3B-hydroxysteroid-
dehydrogenase; (3) 17-hydroxylase; (4) 21-hydroxylase; (5) 11-hydroxylase; (6) 17B-
hydroxysteroid-dehydrogenase; (7) 18-dehydrogenase; (8) 17,20-lyase. Deficiency of the
StAR protein or one of the enzymes 2—5 leads to congenital adrenal hyperplasia (CAH);
21-hydroxylase deficiency accounts for 95% of all CAH cases.

aldosterone deficiency. The compensatory increase in ACTH secretion by the pitu-
itary gland leads to stimulation of the adrenals and, consequently, overproduction
of androgens [1]. Figure 1 gives an overview of adrenal steroid synthesis.

The symptoms and signs of CAH depend on the degree of enzyme defi-
ciency. For 21-hydroxylase deficiency, this results in a broad clinical picture:
complete 21-hydroxylase deficiency leads to absence of cortisol and aldosterone,
and salt-wasting crisis in the newborn period. The androgen excess results in
prenatal virilization of the external genitalia in females (classic salt-wasting
form: SW). Less severe 21-hydroxylase deficiency results in milder cortisol defi-
ciency and milder prenatal androgen excess, with prenatal virilization in females,
but no aldosterone deficiency (classic simple virilizing form: SV). Patients with
the mildest forms present with symptoms caused by androgen excess only:
pseudoprecocious puberty, hirsutism, menstrual irregularities and infertility, all
of which are most readily detected in women (non-classic form) [1].

In this paper puberty and fertility in CAH are discussed.

Time of Onset of Puberty and Progress of
Pubertal Development

In patients with classic CAH, the time of onset of puberty, defined as a
testicular volume =4 ml in males and a Tanner breast stage 2 in females [2], is
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quite normal: for boys the mean age is around 11 years and for girls around
10 years [3-5], which is in the normal range. In patients with non-classic CAH
the time of onset of puberty is reported to be somewhat earlier [3]. The mean
duration of puberty is reported to be normal [3, 5].

In most studies in CAH girls, a normal mean age of menarche is reported
[6—12], but these data may be misleading because by definition only the patients
who did experience menarche were included. In CAH women, delayed menar-
che can be associated with poor therapeutic control: two reports compared age
at menarche between adequately and poorly controlled patients and showed that
in the latter, the mean age at menarche was higher [6, 9]. Although these differ-
ences were not statistically significant, likely as a result of the small numbers,
they suggest that therapeutic control might affect the age of menarche.

Growth

Growth and Bone Maturation before Puberty

The mean height of CAH patients in late pre-puberty (7—10 years) is
generally similar to the population mean except for nonclassic males who are
somewhat taller [4, 13]. During the whole prepubertal period, bone age is
advanced in both male and female SV and SW patients, probably as a result of
androgen exposure. The ratio of bone age vs. chronological age (BA/CA ratio)
is maximal at the age of 8 years in SW patients (1.39 for boys, 1.29 for girls)
[13]. In SV patients, bone age is even more advanced (BA/CA ratio 2.17 for
boys at 4 years, 1.5 for girls at age 7 years) [13]. The difference between SV
and SW can be explained by the fact that SV patients (especially boys) are
usually diagnosed only after they have been exposed to androgen excess during
several years.

Consequently, bone age advancement at the onset of puberty (present in all
CAH patients) is most pronounced in male SV patients [13]. This bone age
advancement already prior to puberty results in a diminished adult height
expectancy.

Growth during Puberty

Pubertal growth patterns in CAH have been described in detail by Hargitai
et al. [13]. They analyzed childhood and pubertal growth in 341 patients with
classic CAH. They showed that peak height velocity (PHV) in CAH boys and
girls was normal, but that it occurred at an earlier age compared with the
normal population. Since early maturing children usually reach a higher PHV
compared with normal maturers [2], the PHV in CAH can be considered to be
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low compared to healthy early maturers [13]. This early occurring relatively
low PHV may result in a reduction of final height.

Adult Height

Predicted adult height at onset of puberty is reported as being below the
population mean with a variation between —0.5 and —1.5 SD [3, 4]. Adult height
in CAH is reduced in comparison to reference and individual target height:
Eugster et al. [14], in a meta-analysis, found a reduction of 1.37 SD in classic
CAH. In some studies [3, 4] a lower adult height in boys (—1.3 SD) than in girls
(—0.9 SD) is reported, with SV males having the lowest adult heights. This
may be due to the late diagnosis leading to most pronounced advancement in
bone age.

Susceptibility to Glucocorticoids

Another important item with respect to the attainment of adult height is
the sensitivity of growth for glucocorticoid therapy. Previous studies have
shown a negative correlation between glucocorticoid dose and growth velocity
in the first year(s) of life [15, 16]. With respect to (pre-)puberty, Stikkelbroeck
et al. [17] demonstrated that the negative effects of glucocorticoid medication
were also marked between 8 and 14 years. So, while in the early prepubertal
years (<8 years) undertreatment with an advancement of bone age has to be
avoided, in the years before the onset of puberty and during puberty there is a
greater risk for overtreatment with negative consequences for adult height
expectations.

Precocious Puberty

While CAH is a recognized cause of pseudo precocious puberty, in some
patients with CAH exposure to adrenal androgens may lead to early maturation
of the hypothalamic-pituitary-gonadal axis and central precocious puberty. The
diagnosis of central precocious puberty can be made on the basis of testicular
enlargement in the boys and breast development in the girls. Gonadotropin
levels are in the normal pubertal range, both basally and in response to GnRH
stimulation. In these cases treatment with GnRH analogues is effective in
arresting central puberty [18, 19]. With GnRH analogues treatment testis size
decreased in the males, and breast development regressed in the females with a
significant decrease in linear growth rate and rate of bone maturation and
ultimately an increase in predicted adult height [18, 19]. However, during this
treatment an extreme deceleration of growth rate may occur. A possible option
for counteracting this effect may be addition of growth hormone (GH) to the
therapy. Quintos et al. [20] compared the results of GH treatment in addition to
GnRH analogue therapy in 8 pubertal CAH patients with matched controls and
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found a persistent increase of growth velocity over 2 years treatment and an
increase of predicted adult height (PAH) from 159 to 170 cm. These results,
however, have to be confirmed in larger studies. Until then GH treatment is far
from being a standard therapy in the management of patients with CAH.

Fertility in Females

In women with CAH due to 21-hydroxylase deficiency, fertility seems to
be reduced, based on reports of menstrual disorders, decreased pregnancy rates
and decreased live-birth rates. Most reports about pregnancies in female patients
with classic 21-hydroxylase deficiency are case reports, only a few reports
provide pregnancy rates or live birth rates in large populations of CAH patients
[6-8, 21-24]: the live-birth rate in classic SW CAH patients is 0-10%, in SV
patients 33—-50%, and in non-classic patients 63—90%. In the general population
or in age-matched controls, pregnancy rates or live-birth rates are 65-91% [6, 7,
22, 23]. Data on fertility in patients with non-classic 21-hydroxylase deficiency
may be biased by the fact that they are predominantly derived from studies in
patients in whom the diagnosis of CAH was made after referral for subfertility
and/or symptoms of hyperandrogenism. In the paper of Feldman et al. [25]
reporting on 53 non-classic patients, 10 of the 20 patients who desired preg-
nancy already conceived before the diagnosis was made, whereas the rest did
after initiation of hydrocortisone therapy (1 patient required also clomiphene
citrate). Also, Birnbaum and Rose [26], reporting on 48 non-classic patients
who presented with irregular menses and/or subfertility, found that the preg-
nancy rate was 93% (corrected for additional problems compromising fertility)
after prednisone therapy (and in some cases additional clomiphene citrate).

Causes of Impaired Fertility in Women with CAH

Due to 21-Hydroxylase Deficiency

Several factors have been suggested to contribute to impaired fertility
in CAH females: adrenal overproduction of androgens and progestins
(17-hydroxyprogesterone and progesterone), ovarian hyperandrogenism, poly-
cystic ovary syndrome, ovarian adrenal rest tumors, genital surgery, and psy-
chological factors such as delayed psychosexual development, reduced sexual
activity and low maternal feelings.

Androgen overproduction by the adrenal gland can affect ovarian activity
by inducing hypogonadotropism. However, unlike in CAH men [27-30], in
CAH women hypogonadotropism has only rarely been reported.

The hypothesis that androgen excess has a negative (direct and/or indirect)
effect on ovulation is supported by the finding that suppression of adrenal
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Fig. 2. Salivary levels of progesterone (P, black dots), 17 OH-progesterone (17-OHP,
black diamonds) and androstenedione (adione, open circles) in a 15.5-year-old female
patient with classic salt-wasting 21-hydroxylase deficiency and amenorrhea. Menstrual
bleeding is indicated as black bars. At the start of the sampling, morning salivary levels of
17-OHP and P were increased and levels of androstenedione were in the normal range. To
optimize adrenal suppression, hydrocortisone dose was gradually increased from 10.0 to
18.0 mg/m? in increments of 2 mg/m? (3 mg) per month (open triangles). Next, the evening
hydrocortisone dose was replaced by dexamethasone. After 3 months, salivary levels of
17-OHP and P were in the normal range for healthy females or mildly elevated and the first
vaginal bleeding occurred. Four months after menarche, a biphasic pattern in progesterone
levels was found, suggesting ovulatory cycle. According to Stikkelbroeck et al. [34].

androgen secretion by increasing the glucocorticoid dose can restore ovulation
in CAH patients, in both non-classical [25] as well as classical patients [10, 31].
In some patients adequate suppression of androgen levels was not sufficient to
correct menstrual abnormalities. In these patients, increased levels of prog-
estins (progesterone and 17-hydroxyprogesterone) as a result of adrenal over-
production, interfered with normal menstrual cycling [6, 9, 32-34] (fig. 2).

The observation that hyperandrogenism in some CAH females was not
suppressible by glucococorticoids led to the theory of an ovarian source of
hyperandrogenism in these patients, isolated [35] or combined [36] with
adrenal hyperandrogenism. The prevalence of polycystic ovaries in CAH
females varies greatly [9, 36, 37]. The authors presenting the largest study of
female CAH patients and their relatives concluded that the underlying lesion
causing polycystic ovaries was likely to be unrelated to CAH [38, 39]. In con-
trast to the higher prevalence of testicular adrenal rest tumors in males, ovarian
adrenal rest tumors are rare in the female CAH population [40, 41].

Besides endocrine factors, the effects of genital surgery may play a role in
impaired fertility in CAH females. Reduced clitoral sensitivity or vaginal steno-
sis may prevent comfortable intercourse and patients own doubts about genital
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appearance and the function of the vagina may lead to avoidance of sexual
activity [42].

Another factor may be gender atypical behavior and low maternal feel-
ings. In some studies an increased bi/homosexual orientation is reported in
CAH females [43], although in other reports this has been questioned. A review
of reports on sexual orientation of women with CAH showed that the studies
were heterogeneous concerning methodology and patient selection, which
might explain conflicting results [44].

Fertility in Males

Reports on child rate in CAH males are rare. Jaaskeldinen et al. [45]
found a child rate of 0.07 in the complete Finnish male CAH population,
compared with 0.34 in age-matched Finnish males. Other authors reported
parenthood only as additional information in smaller and selected patient
populations, with a combined reported paternity in 22 of 103 (21%) patients
studied [46—48].

The results from semen analysis are more frequently reported, but usually
only in a subgroup of the study population. Taking the results of 3 larger stud-
ies together, 80 of the 100 patients agreed to provide semen for analysis. Of
these 80 patients, only 19 (24%) had normal semen quality [47—49].

Causes of Subfertility in CAH Males

The most frequently reported cause of subfertility in CAH males is the
presence of adrenal rest tumors in the testes [47, 48, 50]. These tumors may
interfere directly (mechanically or paracrine) or indirectly (endocrine) with
testicular function [51, 52]. Subfertility can also be caused by gonadotropin
deficiency due to suppression of the hypothalamo-pituitary-gonadal axis by
adrenal androgens (both directly and after conversion to estrogens) [53, 54].

Testicular Tumors

The reported prevalence of testicular adrenal rest tumors varies between 0
and 94% [45, 46, 48-50], strongly dependent on patient selection (prepubertal,
adolescent or adult), and on the method of tumor detection (physical examina-
tion or imaging techniques) (fig. 3). Urban et al. [46] found no testicular tumors
by physical examination in 30 adult patients, whereas in 3 reports using ultra-
sonography [45, 48, 49] testicular adrenal rest tumors were reported in 27/49
postpubertal and adult patients. Tumors have also been reported in pre-puberty
[50, 55].
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Fig. 3. Testicular adrenal rest tumors. Left: Large testicular adrenal rest tumor in a
23-year-old patient with CAH. T2-weighted MR image shows a large lobulated intratesticu-
lar mass that is hypointense compared with normal testicular parenchyma. Right: Small tes-
ticular adrenal rest tumor in an 18-year-old patient with CAH. T2-weighted MR image
shows three small intratesticular masses that are hypointense compared with normal testicu-
lar parenchyma. According to Stikkelbroeck et al. [65].

Histologically, the testicular tumors in CAH patients resemble Leydig
cell tumors, and differentiation can be difficult [56]. Some differences exist,
however: testicular tumors associated with CAH are bilateral in 83% of
the cases, Leydig cell tumors are bilateral in only 3% of cases. Malignant
degeneration has not been reported in testicular tumors associated with
CAH, but it occurs in 10% of Leydig cell tumors in adults. In addition, the
tumors are located in the mediastinum testis, and often decrease in size when
ACTH levels are suppressed by increasing the glucocorticoid dose [28, 52,
57-60].

Based on their steroid-producing properties and on the histopathology,
these testicular tumors are considered to consist of ectopic adrenal tissue, which
responds with hyperplasia on ACTH stimulation. Therefore the testicular
tumors in CAH males are often called ‘adrenal rest tumors’.

Physical examination reveals only a small proportion of all testicular
tumors in CAH, depending on their size. For more accurate detection of these
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tumors, imaging techniques such as ultrasound or MR are required. Ultraso-
nography is considered the method of first choice to screen for testicular
adrenal rest tumors [61].

Intensifying glucocorticoid therapy is the preferred treatment for testicular
tumors in CAH [60, 62]. By increasing the glucocorticoid dose, ACTH secretion
is suppressed and the adrenal rest tissue is no longer stimulated. The need for
tumor shrinkage and the side effects of increasing glucocorticoid therapy must
be carefully balanced, especially in asymptomatic cases [62, 63]. Increasing the
glucocorticoid dose can also lead to improvement in semen quality.

Secondary Hypogonadotropism

In male patients with 21-hydroxylase deficiency adrenal androgens may
suppress the hypothalamo-pituitary-gonadal axis both directly and after con-
version to estrogens, and thereby may lead to hypogonadotropic hypogonadism
and azoospermia [29, 48, 54]. So hypogonadotropic hypogonadism may occur
in males with undiagnosed 21-hydroxylase deficiency or as a result of poor
adrenal control. Some reports have shown that hypogonadism may be reversible
after intensifying glucocorticoid therapy [28, 57, 59].

Prevention of Subfertility in CAH

Although fertility in CAH, both in men and women, gets only medical
attention at an adult age, a more preventive strategy could be preferred.

Prevention of testicular adrenal rest tumors, the main cause of male subfer-
tility, should already start in childhood years, since the current theories suggest
that prolonged undertreatment is an important cause of tumor development.
Thus, optimal hormonal control is important to prevent male infertility.

Second, early detection of tumors is important to adjust glucocorticoid
therapy. It is suggested to perform routine scrotal ultrasound certainly starting
from puberty onwards [64].

In females menstrual irregularities, amenorrhea and anovulation due to
overproduction of adrenal androgens and progestins can already be present
from early pubertal years on, and the paediatric endocrinologist should be
aware of it and aim at a therapeutic regimen not only intended to momenta-
neous control, but also to prevent future dysregulation of fertility.

So, although fertility in CAH seems mainly an adult item, it already has to
be a point of concern in childhood years. This means that childhood and adult
goals of treatment in CAH cannot simply be separated but that a continuum of
care must be organised for these patients. Adult treatment goals must already
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be implemented in childhood years with the goal of achieving fertility in
later life.
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Abstract

Isolated hypogonadotropic hypogonadism (IHH) is characterized by complete or partial
failure of pubertal development due to impaired secretion of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). In the molecular pathogenesis of IHH, the
gonadotropin-releasing hormone receptor (GnRH-R) and associated proteins have evolved
as a central element. GnRH-R germline mutations were among the first genetic alterations
identified in patients with IHH. These mutations are associated with impaired GnRH bind-
ing, ligand-induced signal transduction, or both, leading to various degrees of LH and FSH
deficiency. As GnRH-R mutations explain several but not all cases of IHH, the search
for new candidate genes continued in informative families. In 2003, mutations of the
KiSS-1-derived peptide receptor GPR54 were identified in patients with IHH, opening a
new pathway in the physiologic regulation of puberty and reproduction. GPR54 is putatively
involved in the control of GnRH secretion. IHH associated with impaired olfactory function
(Kallmann syndrome) may be caused by mutations of the X-chromosomal KAL1 (encoding
anosmin) or the fibroblast growth factor receptor 1 genes (FGFR1), both leading to agene-
sis of olfactory and GnRH-secreting neurons. In addition to their clinical and diagnostic
value, the identification of genetic and functional alterations in IHH helps to unravel the
complex regulation of the gonadotropic axis.

Copyright © 2005 S. Karger AG, Basel

Hypothalamic gonadotropin-releasing hormone (GnRH) plays a key role
in induction of gonadotropin secretion from the anterior pituitary. A disturbed
GnRH function may result from a lack of neuronal migration, defective syn-
thesis and secretion of GnRH or inactivating mutations of the GnRH receptor



(GnRH-R). In recent years the identification of disease-associated gene
mutations in affected patients, and the subsequent characterization of altered
gene function provided new insights in the regulation of puberty and reproduc-
tion [1-4].

Among monogenetic disorders of delayed puberty and human reproductive
disease [5—8] we will here focus on recent advances in GnRH release and action
causing idiopathic isolated hypogonadotropic hypogonadism (IHH) and
Kallmann syndrome. The novel identification of inactivating mutations in the
fibroblast growth factor receptor 1 (FGFR1/ KAL2) gene [9, 10] leading to
GnRH deficiency added new information on the regulation of olfactory and
GnRH neuron migration. Comprehensive studies of GnRH resistance due to
inactivation of the GnRH-R function could explain the phenotypic variation in
several clinical cases of IHH [3]. However, GnRH-R variants does not explain all
cases of IHH and very recently, inactivating mutations in the G protein-coupled
receptor 54 (GPR 54) were found in affected individuals [4, 11], delineating new
mechanisms in the pathogenesis of hypogonadotropic hypogonadism.

G Protein-Coupled Receptors in IHH

The receptors for GnRH-R, gonadotropins (luteinizing hormone (LH) and
follicle-stimulating hormone (FSH)) and the GPR54 belong to the family of
G protein-coupled receptors (GPCRs), a universal receptor system with
sequence homology to the light receptor rhodopsin [12]. More than 1,000 dif-
ferent GPCRs serve as receptors for a large number of various ligands involved
in intercellular communication, thus explaining their high conservation during
evolution in most species [13].

Type A GPCRs are characterized by several common features, including
seven transmembrane spanning domains, connected by three alternating intra-
cellular and extracellular loops (fig. 1) [14]. Several amino acid residues are
highly conserved within these receptors, suggesting that these positions are
critical for receptor function [12]. Specific peptidic ligand binding takes place
at the N-terminal extracellular domain or extracellular loops leading to sequen-
tial conformational changes that transduce the receptor to its active state. The
initiation of intracellular signalling cascades is mediated by the activation of
membrane-bound G-protein, leading to specific gene expression and cell func-
tions, e.g. gonadotropin hormone synthesis and secretion in anterior pituitary
cells.

Several disease causing mutations that affect the gonadotropic axis have
been identified in GPCRs and their ligands [3—6, 11]. The functional conse-
quences of disease-associated GPCR structure can be successfully studied in
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Fig. 1. G protein-coupled receptors (GPCR), type A: a common target of disease-
associated mutations in hypogonadotropic hypogonadism. In the GnRH-receptor, the DRY
motif is replaced by DRS (Asp-Arg-Ser).

silico by molecular modelling, a strategy based on the crystallography
co-ordinates of rhodopsin, a prototypic type A GPCR [2].

GnRH and GnRH-R Structure

GnRH (synonym: luteinizing hormone-releasing hormone, LHRH) is syn-
thesized by hypothalamic neurons and secreted in a pulsatile fashion into the
pituitary portal circulation [15]. Binding of GnRH to high-affinity receptors in
cell membranes of gonadotropes in the anterior pituitary induces synthesis and
release of LH and FSH. Pathogenic mechanisms causing isolated hypogo-
nadotropic hypogonadism may affect synthesis or secretion of hypothalamic
GnRH and function of the GnRH receptor. As a consequence, in the GnRH-R
system both ligand and receptor have been analyzed as candidate genes in the
context of isolated hypogonadotropic hypogonadism.

After identification of the hypogonadal mouse (Apg mouse) carrying a
GnRH gene deletion [16], the GnRH gene was considered a promising candi-
date for mutational analysis in patients with idiopathic hypogonadotropic
hypogonadism (IHH). In affected individuals, deficient hypothalamic GnRH or
impaired GnRH action was postulated because exogenous GnRH was able to
stimulate gonadotropin secretion [17]. The human GnRH gene, located on
8p21—p11.2, comprises 3 exons, encoding a protein of 92 amino acids [18]. The
decapetide GnRH is preceded by a signal peptide of 23 amino acids and cleaved
from its precursor protein. However, no mutations of the human GnRH gene
have been identified so far in patients with IHH (OMIM 152760) [19-21].
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The receptor for GnRH (GnRH-R) was initially not considered as the
candidate gene for patients with idiopathic hypogonadotropic hypogonadism
(IHH), as exogenous GnRH administration could induce release of
gonadotropins LH and FSH. The evidence of partial loss-of-function mutations
in other G protein-coupled receptors (GPCRs) like TSH-R [22, 23] and LH-R
[24, 25] associated with human diseases finally led to the discovery of inacti-
vating GnRH-R mutations causing IHH in patients with a normal response to
exogenous GnRH [1]. The human GnRH-R gene is localized on chromosome
4q21.2, comprises 3 exons, encoding a protein of 328 amino acids [26]. The
GnRH-R has several unique features compared to other type A GPCRs, includ-
ing the lack of an intracellular C-terminal domain [27] and replacement of the
conserved DRY motif in transmembrane domain 3 by DRS (Asp-Arg-Ser).
Activation of the GnRH-R by ligand binding results in intracellular activation
of phospholipase C and mitogen-activated protein kinase (MAPK) cascades
and regulates gonadotropin transcription and secretion [28, 29].

GnRH-R Gene Structure and Function in IHH

Inactivating germline mutations of the GnRH-R were identified in several
patients with hypogonadotropic hypogonadism (OMIM 138850), equally affect-
ing male and female individuals [1, 2, 30—40]. In familial cases of normosmic
IHH whose pedigrees suggested autosomal-recessive transmission, in 40% of
patients a mutated GnRH-R was found, while only 12% of sporadic cases of
IHH were associated with GnRH-R variants [36]. These GnRH-R mutations are
predominantly missense mutations and only two nonsense mutations and one
intron mutation were described [3]. Until now, 18 different human substitutions
of the GnRH-R gene were reported. The GnRH-R mutations are distributed
widely throughout the protein (fig. 2) but two ‘hot spots’, the Q106R and R262Q
substitutions are frequently found in affected individuals. Patients with IHH due
to GnRH-R mutations are either homozygous for an inactivating substitution or
compound heterozygous for two different mutations.

In vitro studies of natural GnRH-R substitutions revealed GnRH-R inacti-
vation by reduced or absent ligand binding and signal transduction for all
GnRH-R mutations identified so far [3, 39, 40]. The molecular mechanism for
loss of receptor function may result from disturbed intracellular processing
[37, 41-45] and the GnRH-R mutant may even exhibit a dominant negative
effect with retention of the wild-type GnRH-R in the endoplasmatic reticulum
in vitro [45]. However, heterozygous individuals carrying a dominant negative
GnRH-R mutant do not present any specific phenotype. The loss of GnRH-R
function may also result from specific inactivation in receptors normally
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Fig. 2. Mutations of the GnRH-receptor (GnRH-R) as a cause of hypogonadotropic
hypogonadism. Mutations associated with complete (open symbols) or partial (black symbols)
loss of GnRH-R function. *Most frequently identified GnRH-R mutations.

expressed at the cell surface [2, 32]. For example, the introduction of an addi-
tional hydrogen bond in the GnRH-R variant A171T has been shown to stabi-
lize the GnRH-R in an inactive conformation, thus preventing receptor
activation by the natural ligand [2].

Correlation of GnRH-R Genotype and Phenotype

In vivo and in vitro studies of GnRH-R substitutions distinguish between
complete or partial loss of receptor function [3]. The combination of GnRH-R
substitutions on both alleles determine the clinical phenotype in affected
patients. Clinical severity of GnRH-R inactivation may thus be correlated to the
GnRH-R genotype. While patients homozygous for a partially inactivating
GnRH-R mutation present with partial hypogonadism [46, 47] like fertile
eunuch syndrome, patients with complete inactivating GnRH-R variants on
both alleles present with severe hypogonadism [32, 35, 36, 38, 48, 49]. GnRH
administration in the context of GnRH testing may overcome partially inactive
GnRH receptors and result in normal response to GnRH with increase of
gonadotropins. Comparison of compound heterozygous with homozygous
patients suggests that the phenotype is mainly determined by the GnRH-R vari-
ant with the less severe loss of function.

Identification of GnRH-R mutations may further guide fertility treatment
in affected patients as they are mostly resistant to pulsatile GnRH treatment.
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While repeated exposure to high doses of pulsatile GnRH may result in some
response inducing ovulation in patients with partially inactivating GnRH-R
variants [46, 50], individuals with complete inactivating GnRH-R mutations do
not respond to GnRH treatment [32, 51] but to therapeutic administration of
gonadotropins.

Comparison between patients carrying the same GnRH-R variant revealed
inter-individual phenotypic variation even within the same family [31, 33, 52].
These phenotypic differences in patients with identical GnRH-R mutations are
probably modified by other genes involved in gonadotrope function.

The KISS-1-Derived Peptide Receptor GPR54

The genetic heterogeneity in IHH suggested involvement of so far
undiscovered proteins in the regulation of gonadotropic function [4, 15, 21, 53].
Linkage analysis in informative families with recessive normosmic IHH con-
firmed the presence of further genes encoding proteins playing a major role in
the gonadotropic axis and therefore pathogenesis of IHH [4, 54].

By homozygosity whole genome mapping [55] in a consanguineous
family with IHH, a new locus within the short arm of chromosome 19 (19p)
was identified [4, 54]. Several genes localized within this region are putatively
involved in onset of puberty and were thus considered potential candidate [56, 57].
Finally, inactivating mutations of GPR54 were identified in affected patients
[4, 11]. The gene of the G protein-coupled receptor GPR54 is located on
chromosome 19p13.3, comprises 5 exons, encoding a protein of 398 amino
acids [58]. The GPR54 receptor has typical features of type A GPCRs (fig. 3)
and is expressed in human brain (hypothalamus), pituitary gland and placenta
[59, 60].

The phenotype observed in GPR547/~ mouse is characterized by hypogo-
nadism in male and female mice with low plasma levels for LH and FSH [11].
GnRH administration led to an increase in LH and FSH plasma levels suggest-
ing persistent expression of the GnRH-R in membranes of gonadotrope cells of
GPR547/~ mice. The observation that hypothalamic concentration of GnRH
in GPR547/~ mice was not different from wild-type mice is in favor with a role
of GPR54 function for modulation of GnRH secretion. The natural ligand of
the GPR54 is the KISS-1-derived peptide. Intracerebral and peripheral injec-
tion of kisspeptins led to a significant increase of LH and FSH in mouse and
rat [61-63] confirming that the KISS-1-peptide GPR54 signalling regulates
hypothalamic secretion of GnRH.

KISS-1-derived peptide, the ligand of GPR54, was initially identified as a
human metastasis suppressor gene in melanomas and breast carcinomas [64].
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Fig. 3. Inactivating mutations of the GPR54 identified in patients with isolated hypo-
gonadotropic hypogonadism.

The KISS-1 gene is located on 1q32—q41 and comprises 3 exons encoding
a protein of 145 amino acids. Recently [65] it was demonstrated that a
KISS-1-derived protein of 54 amino acids isolated from human placenta is the
endogenous ligand of the orphan GPR54. This truncated form of KISS-1 was
named metastin. The role of the 54 amino acid peptide for regulation of puberty
was opened with the discovery of inactivating mutations in its receptor GPR54
in patients with hypogonadotropic hypogonadism [4, 11, 57]. The KISS-1 gene
and their encoded proteins are now promising candidates to be investigated in
the context of pubertal development and reproduction.

GPR54 Mutations in IHH

So far four different natural occurring human mutations were described in
patients with IHH and recessive inheritance equally affecting male and female
patients (fig. 3, OMIM 604161). These mutations were homozygous deletion,
missense and nonsense mutations [4, 11] of the GPR54 gene. Inactivation of
the GPR54 gene as a cause of human hypogonadotropic hypogonadism was
confirmed by functional studies in vitro and in a GPR54-deficient mouse
model [11, 66].

The clinical phenotype in patients with inactivating substitutions of the
GPR54 include hypogonadism with small testes (1—4 ml), sparse pubic hair and
a penis length of 7 cm in affected males [4, 21]. In a female patient partial hypo-
gonadism with spontaneous breast development and a single uterine bleeding
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was reported. All patients had retarded bone age and normal sense of smell.
Hormonal measurements revealed low plasma testosterone or estradiol levels,
respectively, with low plasma levels of gonadotropins but blunted response to
exogenous GnRH [4, 11, 21]. In one patient, low-amplitude pulses of LH were
measured with a leftward-shifted dose-response curve as compared to other
patients with IHH but without GPR54 mutation, suggesting reduced secretion
of GnRH and high sensitivity to exogenous GnRH [11]. The frequency of
GPR54 mutations among patients with IHH is low, being approximately 1-2%
in total cases of IHH [4, 11, 57]. Therefore, further and so far undiscovered
mechanisms in the pathogenesis of IHH have to be identified.

Kallmann Syndrome

The genetic nature of hypogonadism associated with the inability to smell
(anosmia) was postulated by Kallmann et al. [67] in 1944 and described as
‘olfactogenital dysplasia’ by de Morsier [68] in 1954. Kallmann syndrome
results from a defect in migration of olfactory nerves and GnRH neurons [69].
Affected individuals typically present with congenital isolated gonadotropin
deficiency and anosmia or hyposmia. Although this disease is genetically
heterogeneous with reports indicating autosomal-dominant, recessive and
X-linked transmission, only the latter was understood at the molecular level
after identification of mutations in the KAL1 gene [10, 70-74]. The KALI1
gene is localized at Xp22.3, comprises 14 exons encoding the glyco-
protein anosminl of 680 amino acids. Anosmin plays a key role in migration of
GnRH neurons and olfactory nerves to the hypothalamus [75, 76]. Several
types of KAL1 gene abnormalities were identified in patients with Kallmann
syndrome (OMIM 308700). They include missense and nonsense mutations,
splice site mutations, intragenic deletions and chromosomal deletions involv-
ing the entire KAL1 gene [10, 74, 77]. The phenotype in males with KALI1
mutations consists of delayed puberty and hypogonadotropic hypogonadism
and variable degree of anosmia/hyposmia and may also include mirror move-
ments and unilateral renal agenesis with clinical heterogeneity in siblings [73].
Female carriers in families with KAL1 mutations have no specific phenotype
[78]. While KAL1 mutations were found in only 14% of familial X-linked
and 11% of males with sporadic Kallmann syndrome, the majority of famil-
ial cases of Kallmann syndrome are caused by defects in autosomal genes
[78, 79].

In 2003, Dode et al. [9] studied two sporadic cases with different contigu-
ous gene syndromes both including Kallmann syndrome. A new candidate
region within the short arm of chromosome 8 was defined for autosomal
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Fig. 4. Synopsis: Genetic causes of isolated hypogonadotropic hypogonadism. *Denotes
KISS-1 derived peptide (dp), which acts either at the hypothalamic or the pituitary level.

Kallmann syndrome. The FGF receptor 1 gene localized within the candidate
region was considered as candidate gene because FGF receptors are involved
in olfactory bulb development [80, 81]. The FGFR1 gene is localized at
8p11.2—12 and comprises 18 exons coding for a protein of 822 amino acids.
Several heterozygous nonsense and missense mutations and small deletions of
FGFRI1 (also called KAL2) were identified in familial and sporadic cases of
Kallmann syndrome [9, 10]. As several mutations concern residues involved in
receptor folding and signal transduction it is concluded that the inactivation of
the FGF receptor 1 causes Kallmann syndrome (OMIM 136350, 147950).
The frequency of FGFR1 mutations in Kallmann syndrome is approximately
10% [9, 10]. Affected individuals present with anosmia, delayed puberty,
variable reproductive phenotype and may include dental agenesis and cleft
palate. A high variability of phenotypic expression was observed in familial
cases. It is suggested that the KAL1 gene product anosminl is involved in
regulation of FGF function. While mutations in the KAL1 and FGFR1 genes
could delineate the disease causing mechanisms in several patients with
Kallmann syndrome, the genetic source of this disease remains to be deter-
mined in cases with recessive forms of Kallmann syndrome (KAL3, OMIM
244200) and in affected individuals without mutations in the KAL1 or
FGFR1/KAL2 genes.
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Conclusion

The recognition of inactivating germline mutations in patients with
isolated hypogonadotropic hypogonadism provided substantial progress in
understanding the molecular pathogenesis of abnormal GnRH function (fig. 4).
GnRH deficiency due to aberrant migration of GnRH and olfactory neurons is
caused by inactivation of anosmin or the fibroblast growth factor receptor 1.
Hypothalamic secretion of GnRH is putatively regulated by the KiSS-1-derived
peptide receptor GPR54. Action of GnRH is transmitted through the GnRH-R
in which amino acid substitutions result in GnRH resistance due to impaired
hormone-receptor interaction. The identification of new pathways in GnRH
synthesis, secretion and action added new information on the regulation of
pubertal development and reproduction in humans and offer novel targets for
therapeutic approaches in patients with hypogonadotropic hypogonadism.
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Abstract

This article discusses the potential mechanisms by which hypothalamic hamartomas
(HHs) are formed and cause precocious puberty. The hypothesis is presented suggesting
that HHs accelerate sexual development by producing bioactive substances that mimic —
in an accelerated time-course — the cascade of events underlying the normal initiation of
puberty. It is also proposed that because HHs contain key transcriptional and signaling
networks required to initiate and sustain a pubertal mode of gonadotropin-releasing hor-
mone (GnRH) release, they are able to trigger the pubertal process at an earlier age. The
cellular components of this activating complex may include: (a) neurons able to produce
GnRH within the HH: (b) controlling neurons synaptically connected to GnRH neurons in
the HH itself and/or to neuronal networks (including GnRH neurons) in the patient’s hypo-
thalamus, and (c) signaling-competent astrocytic and ependymoglial cells. It is also possi-
ble that the developmental abnormalities leading to the formation of HHs result from
sporadic defects affecting the same genes and hence the same morphogenic pathways
involved in the embryonic development of the ventral hypothalamus and the floor of the
third ventricle.

Copyright © 2005 S. Karger AG, Basel

Hamartomas of the central nervous system are rare congenital non-
neoplastic lesions containing mature tissue in a heterotopic location; hamar-
tomas are almost exclusively located at the base of the hypothalamus where
they develop as an outgrowth of the floor of the third ventricle [1-3]. In most
cases, hypothalamic hamartomas (HHs) contain neurons and astroglial cells of
normal aspect [3, 4], in addition to ependymoglial-like cells that may be scattered



throughout the mass of tissue or arranged in clusters [5]. Neuronal processes
reaching adjacent structures frequently form bundles of myelinated fibers [1].
Overall, both neurons and glial cells appear to be normal, although in several
instances the number of astrocytes seems to be increased, and some of them
may show features typical of reactive astrocytes [1, 2, 5].

Most symptomatic HHs are associated with central precocious puberty [2]
and/or gelastic seizures, a form of ictal laughter [6-9]. In fact, a literature
review describing 50 cases of hamartomas over a time period of 47 years
(1934-1981), demonstrated that only 11 of them — diagnosed at autopsy — were
asymptomatic [1]. Neither the factors underlying the formation of HHs nor the
mechanism(s) by which HHs trigger the pubertal process and/or cause gelastic
seizures have been identified. Although it is clear that HHs represent a devel-
opmental aberration, their presence has not been specifically associated to any
genetic disorder; accordingly, HHs are classified as congenital malforma-
tions of the hypothalamus without familiar recurrence [10]. It is, however, inter-
esting to note that HHs can be detected in a number of pleiotropic disorders of
human development [3, 11]. Despite this prevalence, only in Pallister-Hall
syndrome (PHS) the presence of HH is a constant feature with diagnostic
value [12]. Though intriguing, this feature does not explain why the hamar-
toma mass is the only malformation detected in the large majority of HH cases
thus far reported. In contrast, HHs in PHS are always detected in associa-
tion with a plethora of other abnormalities including central polydactyly,
pituitary hypoplasia, dysplastic nails, imperforated anus, and bifid epiglottis
[11, 13].

Sexual precocity caused by a HH occurs at a much earlier age than in idio-
pathic precocious puberty of central origin [14]. The mechanisms by which
HHs causes early onset of the pubertal process remain unknown. Mechanical
pressure, autonomous gonadotropin-releasing hormone (GnRH) secretion,
transsynaptic activation via myelinated fibers connecting the hamartoma to the
hypothalamus, and secretion of glial products able to stimulate the patient’s
GnRH neuronal network are the most favored mechanisms invoked [reviewed
in 1, 3, 15]. The finding that some HH do not induce sexual precocity — despite
a hypothalamic location similar to that of HH associated with precocious
puberty [16, 17] — argues against the idea of mechanical factors underlying
HH-induced precocious puberty. Instead, it strengthens the concept that HHs
accelerate sexual development because they produce substances capable of
eliciting gonadotropin secretion prematurely, either directly or indirectly, via
stimulation of GnRH production. If one accepts the general validity of this
concept, HHs can be envisioned as the keepers of crucial information that can
help us in identifying those factors that, operating within the normal hypothal-
amus, set in motion the pubertal process.
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Fig. 1. a Coronal MRI of the brain showing a small hypothalamic mass (arrow), diag-
nosed as a parahypothalamic hamartoma suspended from a peduncle (arrowhead), and asso-
ciated with isolated precocious puberty. b Coronal MRI view of the brain of another patient
showing a hamartoma (arrow) broadly attached to the hypothalamus in a parahypothalamic
position. This hamartoma also induced isolated sexual precocity.

Anatomical Aspects

Hypothalamic hamartomas are either located adjacent to hypothal-
amic structures — in a parahypothalamic position — or infiltrating the hypothal-
amus [7, 18]. Some parahypothalamic hamartomas are attached to the
hypothalamus by a peduncle (fig. 1a), while others are broadly attached
(fig. 1b) to the base of the third ventricle [18]. In a series of 34 patients with
HH, 12 exhibited seizures — either isolated or in combination with sexual pre-
cocity. In almost all of them (11 of 12) the HH had infiltrated the hypothalamus
(fig. 2a, b) [17]. The use of advanced imaging techniques, such as magnetic
resonance proton spectroscopy, indicated that a large portion of HHs associated
with seizure activity infiltrate the hypothalamus predominantly between the
fornix, the mamillary body and the mammillothalamic tract, tending to dis-
place the post-commissural fornix and hypothalamic gray matter anterolater-
ally [19]. In the same series of patients, larger HHs were shown to be associated
with both sexual precocity and epileptic disorder [19], supporting the observa-
tion that HHs of a diameter above 10 mm are more likely associated with
seizure activity either isolated or in combination with precocious puberty [7,
17]. The association of some of these large HHs with precocious puberty may
not, however, be related at all to their size, but instead to the infiltration of ven-
tral hypothalamic regions involved in the control of GnRH secretion. In con-
trast to HH associated with epilepsy, those associated with sexual precocity are
frequently pedunculated [17, 18]. Yet, little is known about the chemical nature
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Fig. 2. a Sagittal MRI view revealing a large, broad-based intrahypothalamic hamar-
toma (arrow). The hamartoma induced sexual precocity combined with epileptic seizures.
b Dorsal MRI section of the same patient showing infiltration of the hypothalamus and the
third ventricle (arrowhead) by the large hamartoma (arrow).

of the structural connections and/or cell-cell signaling pathways linking the
hamartoma tissue with surrounding hypothalamic structures.

An interesting aspect of HHs is the existence of an apparent relationship
between their anatomical position in the hypothalamus and the sex of the
patient. In a series of 34 patients with HH associated with sexual precocity
and/or gelastic seizure activity, a parahypothalamic, pedunculated, location of
these malformations was seen predominantly in girls and was more frequently
associated with isolated precocious puberty [17]. In contrast, male patients
appeared to be at a higher risk of developing intrahypothalamic HHs compro-
mising the third ventricle. These differences may reflect the establishment of
gender-specific structural connections within the hypothalamus itself and/or
with the HH. Since the first description of sex-related differences in neuronal
connectivity within the developing hypothalamus [20] many more examples of
sex-specific organization of hypothalamic nuclei have been described [for
review, see 21]. Although cell number, size and density tended to be larger in
males in the majority of sexually dimorphic areas of the hypothalamus, in some
regions sexual dimorphism favors females. Sex differences in glial morphology
have also been described in the arcuate nucleus of the neonate rat [22].
However, neither the orientation nor the density of glia seems to contribute to a
more intense medial to lateral migration of neurons in the preoptic area of male
rats [23], suggesting that the differences in migration are due to other influ-
ences, such as a direct effect of sex steroids on the migrating neurons. A factor
that might play a role in brain sexual differentiation is the existence of devel-
opmental programs determined, not by gonadal steroids, but instead by the
complement of sex chromosome genes expressed in phenotypically diverse
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neural cell populations [24]. Whether gonadal steroids and/or sex chromosome
genes influence the location of HHs and/or their integration to surrounding
structures in the developing human hypothalamus remains to be determined.
Nonetheless, there is little doubt that gender is an important factor influencing
the frequency of pubertal manifestations in patients with HH (more evident in
girls than boys) [14, 17, 18, 25], a feature consistent with the overall higher
incidence of idiopathic sexual precocity in females than males [10].

Potential Mechanisms Underlying Sexual
Precocity Induced by HHs

Although a variety of organic lesions — including tumors, cranial irradiation,
infection, hydrocephalus or trauma — can induce sexual precocity [26], the
diverse nature of these lesions suggests that they accelerate the pubertal
process, not by producing bioactive substances, but instead via nonspecific
activation of the surrounding hypothalamic tissue. As in the case of HHs, how-
ever, this activation occurs only if the lesion affects areas of the hypothalamus
near to, or implicated in the control of, the GnRH neuronal network.

In contrast to organic lesions, HHs with similar locations [see for instance
17] can either induce precocious puberty, epileptic seizures, or both, suggesting
that — as indicated above — it is the nature of their connectivity and/or secretory
capacity that determine their ability to hasten sexual development.

Because HHs are composed of normal — but ectopically situated — neural
elements, including neurons, glial cells and their processes, it would appear rea-
sonable to argue that HHs represent a focal site of autonomous neuroendocrine
activity able to initiate and sustain the pubertal process using mechanisms sim-
ilar to those that — initiated within the hypothalamus — underlie the normal ini-
tiation of puberty (fig. 3). Support for this concept comes from the detection of
GnRH neurons within some HHs [27], a finding that led to the hypothesis that
these neurons represent a functionally independent cohort of neurosecretory
cells able to prematurely activate endogenous pulsatile GnRH release and
induce premature sexual maturation [27, 28] (fig. 3). However, not all HHs
associated with sexual precocity contain GnRH neurons [29-31]. We recently
reported [31] two cases of sexual precocity caused by HHs in which the mal-
formation, instead of containing GnRH neurons, displayed a network of astro-
cytes expressing transforming growth factor-a (TGFa) and its erbB-1 receptor.
TGFa is a growth factor member of the epidermal growth factor family,
involved in mediating the facilitatory control that glial cells exert on the GnRH
neuronal network [32]. According to these and other results obtained in labora-
tory animals [reviewed in 32, 33], it has been proposed that HHs containing
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Fig. 3. Potential mechanisms implicated in the development of HHs, and underlying
the ability of HHs to activate GnRH secretion and induce sexual precocity. @ The formation
of an HH may be determined by sporadic/de novo somatic mutations in genes required for
hypothalamic morphogenesis. The identity of genes whose defects lead to formation of HHs
is not known. b The HH itself may contain all the necessary components to activate GnRH
release either from GnRH neurons intrinsic to the HH or those of the patient’s hypothalamus.
¢ The patient’s hypothalamus can respond to both bioactive substances produced by the HH
and to transsynaptic inputs provided by neuronal connections established between the HH
and the hypothalamus.

TGFa-producing cells secrete bioactive substances able to act on GnRH
neurons located on adjacent, normal hypothalamic tissue to stimulate GnRH
secretion [15, 31] (fig. 3). In keeping with this notion, cells genetically engi-
neered to produce TGFa were found to induce sexual maturation in female rats
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when grafted near either GnRH nerve terminals or GnRH cell bodies [34]. A
very recent study [35] showed that normal ependymoglial cells (which, as indi-
cated above, are also present in HHs) contain erbB-1 receptors and respond to
TGFa with production of prostaglandin E, (PGE,) and transforming growth
factor-1, two molecules involved in the control of GnRH neuronal function.
While PGE, stimulates GnRH release in vivo [36] and in vitro [37], TGFB1
appears to only stimulate GnRH release from a GnRH neuronal cell line [38].
However, TGFB1 increases expression of the GnRH gene in both this GnRH-
secreting cell line [38] and native GnRH neurons in situ [39]. Thus, the pres-
ence of astrocytes and ependymoglial cells in HHs, coupled to the expression of
both TGFa and its receptor, indicate that HHs have the necessary components
to engage in the same signaling events that, set in motion by erbB-1 signaling
in normal hypothalamic astrocytes and ependymoglial cells of the median emi-
nence, lead to stimulation of GnRH secretion at puberty [40].

Disruption of a melatonin-mediated inhibitory control of the GnRH secreting
system has been also suggested as another potential mechanism by which HH may
accelerate sexual development [41, 42]. However, others have questioned this idea
and have instead favored the concept proposed above, i.e. that malformations
and/or tumors compromising the pineal gland induce central precocious puberty
because they produce bioactive substances [43]. In fact, HHs have been found
to produce several neuropeptides in addition to GnRH and TGF, including
corticotrophin-releasing hormone (CRH) [7, 44], met-enkephalin [7], growth
hormone [45], B-endorphin and oxytocin [46], and somatostatin and thyroid-
stimulating hormone [47]. Importantly, some of these peptides have been shown
to be involved in the regulation of GnRH secretion [48-52].

These considerations bring up the issue of the potential mechanisms
underlying the development of HHs. It would appear intuitively logical to
assume that HHs develop as a consequence of discrete defects of the same
processes governing normal embryonic hypothalamic development (fig. 3).
Initial support for this idea comes from the identification in PHS patients [53]
of mutations in the Gli3 gene, a regulator of the sonic hedgehog protein (SHH)
morphogenic pathway [54, 55]. SHH controls hypothalamic development, at
least in part, by promoting the transcriptional activity of three genes of the Nkx
family of homeodomain genes: T/ebp/Nkx2.1, Nkx 2.2 and Nkx 2.9 [56]. T/ebp
also known as TTF-1 is required for the development of several hypothalamic
nuclei, including the ventromedial and arcuate nucleus [57]. Importantly, T/ebp
null mice fail to form the ventral portion of the third ventricle [57], indicating
that T/ebp plays a critical role in the morphogenesis of the very same region
implicated in the formation of HHs. Nkx 2.2, on the other hand, plays a critical
role in specifying ventral neuronal identities in response to inductive SHH
signaling [58]. Nkx 2.9 expression in the ventral nervous system precedes and
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spatially overlaps that of Nkx 2.2 [59], suggesting a close functional relation-
ship among the two.

Though important in PHS, it does not appear that mutations of the Gli3
gene are responsible for the development of HHs. Mice carrying targeted muta-
tions of the same region in the Gli3 gene identified in patients with PHS do not
develop HHs despite exhibiting most of the abnormalities present in PHS [60].
While this finding might simply reflect a lack of involvement of Gli3 mutations
in the genesis of HH, it is important to note that mutations of the Gli3 gene
display marked phenotypic heterogeneity [60], showing either gain or loss-of
function in their ability to inhibit SHH signaling [54, 55]. It is, therefore,
possible that low-penetrance mutations of this and/or other downstream genes
involved in hypothalamic morphogenesis might lead to the isolated formation
of HHs. In recent studies, we have observed that expression of T/ebp in a glial
progenitor cell line prevents the proliferative response of the cells to TGFa
stimulation [61], and promotes the differentiation of the cells towards a tany-
cytic, ependymoglial phenotype. Thus, it is possible that defects in morpho-
genetic pathways controlling development of the ventral hypothalamus might
result in abnormalities favoring the formation of HHs (fig. 3). A complicating
feature of this interpretation is the almost unavoidable need to invoke the exis-
tence of cell-specific abnormalities affecting discrete cellular subsets of the
embryonic hypothalamus. These cellular subsets would also have to be embry-
ologically linked to originate normal sub-domains of the hypothalamic land-
scape. A precedent for such cell-specific genetic abnormality can be found in
the sporadic appearance of mutations in UBE3A4, the imprinted gene affected in
Angelman syndrome [62]. The UBE3A gene, which encodes a ubiquitin ligase,
is expressed biparentally in all cells except for Purkinje, hippocampal and
olfactory mitral neurons [62], in which only the maternal allele is expressed. In
these cells, the paternal allele is silenced, i.e. the gene is maternally imprinted.
Mutations of the expressed maternal allele lead to the neurological symptoms
characteristic of Angelman syndrome, including ataxia, tremor, epilepsy and
learning deficits.

Three imprinted genes with paternal monoallelic expression, Peg3,
Mest/Pegl and Necdin, are expressed in the developing hypothalamus [63—65].
Importantly, mice carrying mutations in the Mest/Pegl and Necdin genes do
not exhibit gross abnormalities of hypothalamic structure, but instead they dis-
play defects in hypothalamic-dependent behaviors [64], and discrete defects in
the differentiation/survival of specific hypothalamic cell populations, including
oxytocin and GnRH neurons [65]. Necdin is one of the paternally imprinted
genes involved in Prader-Willy syndrome [66]; Necdin-deficient mice show
some hypothalamic and behavioral abnormalities similar to those seen in
patients affected by Prader-Willi syndrome [65]. It would not be unreasonable,
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therefore, to entertain the almost heretical possibility that formation of HHs
involves the loss of expression of imprinted genes in “uniparental’ cells of the
hypothalamus [67, 68]. In support of this idea, recent studies in the mouse have
made it abundantly clear that imprinted genes play a crucial role in brain devel-
opment [68, 69]. Obviously, new strategies will have to be developed to clarify
this important issue.

Using Affymetrix arrays, we recently interrogated 18,400 genes to
compare a HH associated with precocious puberty with HHs that do not induce
sexual precocity and found a discrete subset of genes whose expression is sig-
nificantly changed in the HH associated with sexual precocity in comparison to
the other HHs [Parent et al., unpubl. results]. It is possible that an in-depth
analysis of these results will provide us with valuable hints towards the identi-
fication of the gene networks that operating within HHs might be responsible
for their puberty-inducing activity.

Conclusion

Based on the above considerations, we hypothesize that hypothalamic
hamartomas (HHs) accelerate sexual development by producing bioactive sub-
stances that mimic — in a highly compressed time frame — the cascade of events
underlying the normal initiation of puberty. We also submit that, because HHs
are congenital malformations and contain the key transcriptional and signaling
networks required to initiate and sustain a pubertal mode of GnRH release, they
are able to trigger the pubertal process at a much earlier age than other forms
of precocious puberty, including idiopathic puberty of central origin. The
cellular components of this activating complex may include neurons able to
produce GnRH, controlling neuronal networks synaptically connected to GnRH
neurons in the HH itself and/or to neurons (including GnRH neurons) in the
patient’s hypothalamus, in addition to astrocytes and ependymoglial cells
endowed with glia-to-neuron signaling capabilities. Lastly, it is also possible
that the developmental abnormalities leading to the formation of HHs result
from sporadic/de novo defects affecting the same homeotic genes and hence
the same pathways involved in the embryonic development of the ventral hypo-
thalamus and the floor of the third ventricle. The possibility that some of these
genes are imprinted and expressed in ‘uniparental’ cells should also been given
proper consideration. It thus appears that the functional and molecular analysis
of HHs may offer new and compelling insights into both the etiology of sexual
precocity and the central mechanisms underlying the initiation of normal
puberty.
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Abstract

Central precocious puberty (CPP) is the premature onset of puberty due to a precocious
activation of gonadotropin-releasing hormone (GnRH) neurons in the hypothalamus. This
condition results in accelerated development of secondary sex characteristics, accelerated
bone maturation, impaired final height with disproportioned body appearance and can have a
disturbing impact on the psychosocial behavior of children suffering from CPP. It is therefore
necessary to assess the hormonal status of children who show pubertal signs before the age
8 years in girls and 9 years in boys. The indication for treatment should be made after evalu-
ating pubertal progression, progression of bone age maturation and final height prognosis,
development of reproductive function, and psychosocial adjustment and well-being. This
paper summarizes the experience of GnRH agonist treatment, which is momentarily the
treatment of choice for central precocious puberty in children.

Copyright © 2005 S. Karger AG, Basel

Puberty is the transitional period in life during which the individual
reaches sexual maturity and reproductive function. The initiation of puberty is
due to events taking place in the central nervous system independently from the
presence or absence of the gonads [1]. The result of these so far unknown
events is the pulsatile secretion of gonadotropin-releasing hormone (GnRH)
from a subset of highly specialized neurons located in the hypothalamus, which
set in motion a cascade of downward events which finally lead to the production



of gonadal sex steroids inducing the development of secondary sex char-
acteristics and maintaining regular reproductive function in humans.

The premature activation of this cascade and the subsequent clinical
appearance of precocious puberty have a profound impact on growth, develop-
ment and psychosocial well-being of the patient. The outcome of untreated
patients with precocious puberty is short stature, obesity and body dispropor-
tion [2—4]. In addition to psychosocial distress, the risks of sexual abuse [2, 5]
and pregnancies in young children [6, 7] have been described.

After the introduction of short-acting GnRH agonists for the suppressive
therapy of central precocious puberty (CPP) in 1981 [8], depot preparations of
GnRH agonists have been available since the mid-1980s and have become the
treatment of choice for CPP [9, 10]. Their suppressive effect on the pituitary-
gonadal axis has been well documented, and its reversibility has been demon-
strated [11, 12].

In this paper, we review some of the salient clinical, laboratory and radio-
logical features of the possible causes of CPP and discuss current treatment
options, monitoring requirements and long-term outcome.

Normal Puberty

Based on the large clinical trials performed by Marshall and Tanner [13, 14]
in the United Kingdom at the end of the 1970s and Largo and Prader [15, 16]
in Switzerland at the beginning of the 1980s, it has been generally accepted that
approximately 95% of healthy girls start puberty with the enlargement of
breasts (thelarche or stage B2) between 8.5 and 13 years of age. This stage is
generally followed by pubic and axillary hair development. The mean start of
puberty occurs around 11 years of age, the —2 SD limit is close to 9 years and
the —3 SD limit close to 8 years of age. The age at which the appearance of
secondary sex characteristics is considered to be normal in girls has been
objected to discussion by a 1997 cross-sectional study of over 17,000 girls per-
formed in the United States in a pediatric office setting [17]. According to this
study based on mothers’ reports and photographs, breast development occurred
about 1 year earlier in Caucasian girls and 2 years earlier in African-American
girls with a similar tendency for pubic hair development. Surprisingly, the age
at menarche was not significantly different in Caucasian girls but 3 months
advanced in African-American girls. However, a large cross-sectional survey
performed in the Netherlands, investigating pubertal development from 1965 to
1997 did not observe this dramatic advancement of the onset of puberty [18].
Their observations, based on careful physical examination, demonstrated that
50% of girls had reached breast stage B2 at the age of 10.7 years and experienced
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menarche at 13.15 years of age. In boys the 50th percentile of pubertal stage
G2 was reached at age 11.5 years [18].

Central Precocious Puberty

Definition

In girls, precocious puberty is generally defined as the appearance of
thelarche before the age of 8 years. Menarche before the 9th birthday may
serve as an additional criterion. In boys, the appearance of secondary sex
characteristics before the 9th birthday is considered premature [19]. These
diagnostic age thresholds were derived from studies investigating normal
pubertal development and have a statistical basis which is somewhat arbitrarily
chosen, since they are not equivalent to the generally applied age limits for the
normal range as mentioned above (e.g. mean = 2 SD). In addition, these diag-
nostic age limits may be subject to change over time [20], since the secular
trend of advancement seems to continue in the future [21, 22]. The arbitrary
nature of these age limits becomes clear when one considers that the diagnostic
age limit for premature thelarche corresponds to approximately —2.5 to —3.0 SD
below the normal mean age (10.9 = 1.2 years [15]; 11.2 £ 1.1 years [13],
10.7 years [18]) and not to the usual limit of —2.0 SD. Even more pronounced
is the cut-off age for menarche, in the range of —4 SD (11.32 years = 3rd
centile, [23]; 11.77 = 10th centile, [21]). In addition, it is important to note
that two percent of healthy girls may manifest pubertal stage B2 before their
8th birthday [15]. In boys the diagnostic age limit of 9 years for Tanner stage
G2 corresponds to approximately —2.5 SD [14, 16, 24].

Incidence

Precocious puberty is a rare disorder, which occurs in approximately
1:5,000 to 1:10,000 children [25, 26] with a striking female gender preference
of 3-23 to 1 (girls to boys) [27, 28]. Notably in boys neurological causes were
as common as idiopathic CPP, whereas in girls neurological lesions were 5 times
less common than idiopathic CPP [19, 28]. Thus, the risk of organic CPP is much
higher in boys than in girls.

Etiology

The etiology of precocious puberty is variable and it is of utmost importance
to distinguish between CPP which results from premature activation of the
hypothalamic-pituitary-gonadal axis (GnRH-dependent) and GnRH-independent
pseudoprecocious puberty [29, 30]. This distinction needs to be made in regard
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Table 1. Etiology of central precocious puberty (gonadotropin dependent)

Category Underlying disease

L. Permanent precocious puberty
1. With abnormalities of the — hypothalamic hamartoma
central nervous system — tumors. astrocytoma, craniopharyngioma,
ependymoma, glioma, LH-secreting
adenoma, pinealoma
— congenital malformations: arachnoid cyst,
suprasellar cyst, phakomatosis, hydrocephalus
(= spina bifida), septo-optic dysplasia
— acquired disease: CNS infections, CNS abscess,
radiation, chemotherapy, trauma
2. Without abnormalities of the
central nervous system
Precocious CNS maturation — congenital adrenal hyperplasia
— sex steroid-producing tumors
— male-limited precocious puberty (familial or
sporadic; constitutively activated LH receptor;
e.g. Williams-Beuren syndrome)
— adopted girls from developing countries

Idiopathic — sporadic
— familial
1I. Transient precocious — idiopathic sporadic
puberty — arachnoid cyst
— hydrocephalus

to diagnostic strategies and treatment strategies. Below we will focus on different
etiologies of CPP and its variants (table 1).

Hypothalamic hamartomas are responsible for CPP in 2-28% of patients
[29, 31]. These are congenital, non-neoplastic tumor-like lesions formed by
heterotopic grey matter, neurons, glial cells and fiber bundles located at the
base of the brain at the floor of the third ventricle, near to the tuber cinereum
or to the mamillary bodies [32—-35]. Hypothalamic hamartoma are more likely
to cause precocious onset of pubertal development at a young age, usually
<4 years [36-39] (fig. 1).

There is a predisposition for the development of CPP in children with
neurofibromatosis type 1 [40, 41], in children with hydrocephalus [42, 43],
meningomyelocele [44, 45], craniopharyngioma [46], neonatal encephalopathy
[47], in children with chromosomal aberrations [48—50], and in children who
have undergone low dose cranial irradiation [51, 52]. An association of
Williams-Beuren syndrome with an increased frequency of CPP was recently
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Fig. 1. Growth chart of a boy with central precocious puberty due to a hypothalamic
hamartoma. Onset of puberty was at the very young age of 6 months. The patient had experi-
enced a pubertal growth spurt between age 6 and 12 months when GnRH agonist treatment was
started. CA = Chronological age (filled circle); BA = bone age (open square); PAH = pre-
dicted adult height (filled triangle); inset: SDS, = filled circle; SDSg, = open circle.

reported [53—-57]. Furthermore, early and precocious puberty is frequently
observed in children adopted from developing countries. Improved nutritional,
psychological and/or environmental conditions are thought to trigger the onset
of puberty in these children [58—64].

In some cases, long-term exposure to sex steroids results in the maturation
of central nervous system centers that are important for the initiation of puberty.
The drop in sex steroids during treatment of the primary disease causes an acti-
vation of the prematurely matured hypothalamic GnRH pulse generator via
feedback mechanisms, resulting in so-called secondary CPP. Thus, secondary
CPP can occur after successful treatment of congenital adrenal hyperplasia
[65-68], after removal of a sex steroid producing tumor [69—71] familial or
sporadic male-limited precocious puberty [72—76] and has been described in a
few patients with McCune-Albright syndrome [77, 78].
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Fig. 2. Spectrum of precocious pubertal development.

As mentioned above, approximately 50% of the cases of CPP in boys and
over 70% of the cases in girls remain so-called ‘idiopathic’ CPP. It is currently
believed that increased GnRH secretion at the onset of puberty is a consequence
of an increase in neuronal activity, also known as the central drive [79]. Two
complementary mechanisms have been postulated to trigger this major event,
one of them, known as the ‘central restraint’ of puberty, presumes that the tonic,
inhibitory input affecting the GnRH network during childhood is lost at puberty.
The second mechanism is the gain of excitatory inputs facilitating GnRH release
at the time of puberty [19, 80]. A vast amount of research is underway to eluci-
date the neuroendocrine mechanisms controlling the normal initiation of
puberty. GnRH neurons are affected by inhibitory and stimulatory inputs from
different sources [81, 82]. It has become clear now that they are regulated by
neurotransmitters, signalling peptides and growth factors communicating via
neuron to neuron and glia to neuron communication networks [39, 80, 83—86].
It can be hypothesized that disturbances of the homeostasis of these functional
networks could result in alterations to the time point of the onset of puberty,
similar to those already demonstrated for delayed puberty [87, 88].

Course

Due to the sequence of hormonal events, CPP is usually consonant
although there may be marked variations in the effect of sex steroids on the
development of secondary sex characteristics, height velocity, bone maturation
and psychosocial disturbances. Furthermore, partial or incomplete forms of
precocious puberty (e.g. premature thelarche, premature pubarche) should be
distinguished from complete forms, as should persistent from transient forms
of CPP [30, 89] in order to avoid unnecessary treatment of these patients (fig. 2).
In rapidly progressive CPP, pubertal development is highly accelerated and
proceeds much faster than in normal puberty. Furthermore, the hormonal
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milieu is pathological: spontaneous LH pulses are of increased amplitude and
plasma LH shows markedly increased levels after GnRH stimulation compared
with the normal range for the respective pubertal stage [90, 91].

Diagnostic Evaluation

Clinical Signs/Auxology

The evaluation of a patient with CPP is based on the history of first
manifestation of pubertal signs and how fast they progressed. A positive family
history of precocious puberty may suggest familial cases of CPP, especially
in cases of familial male precocious puberty. Growth rate over the last
6—12 months, presence of secondary sex characteristics and additional pubertal
signs such as acne, oily skin, erections, nocturnal emissions in boys and vaginal
discharge and menstrual bleedings in girls need to be assessed. Progression of
pubertal maturation is usually increased in patients with CPP.

The physical examination includes the pubertal stages according to Tanner
and the measurement of height, weight and body proportions. A growth curve
including all available height data should be plotted (fig. 1). Height velocity is
calculated on the basis of the available height data: most CPP patients have a
height velocity >75th centile (fig. 3). An X-ray of the non-dominant (left) hand
and wrist is taken to determine the biological age of the child. If the bone age (BA)
is accelerated by more than 2 SD [177] for chronological age (CA), it is unlikely
that the child has a normal variant of pubertal development. The SD of bone age
is dependent on age and bone age [177]. The SD is between 7 and 11 months, and
between 7 and 10 months for girls and boys aged 48 years, respectively [177]. In
clinical practice, a bone advancement of more than 1 year can be taken as a
significant acceleration in 4- to 8-year-old children. Whenever possible, the ratio
of ABA/ACA should be calculated during a pretreatment observation period. This
ratio is over 1.2 in the majority of patients with progressive CPP [92].

Hormonal Findings

Plasma gonadotropin levels, gonadal steroid levels, frequency of luteinizing
hormone (LH) pulses [93] and LH response to GnRH administration are within
the pubertal range. The GnRH test is an important tool to distinguish between
central true precocious puberty and pseudo-precocious GnRH-independent
precocious puberty [90]. It has been demonstrated that it is sufficient to take
only one blood sample after 30 min of GnRH administration [94]. Remarkably,
the GnRH-stimulated LH concentration is not only higher than the prepubertal
range but is also in excess of the normal range for the respective pubertal stage
in 55% of girls with CPP [90].
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Fig. 3. Growth rate of 40 girls with central precocious puberty before treatment with
depot GnRH agonist.

The rapid growth is associated with increased growth hormone secretion,
and elevated IGF-1 and IGFBP3 levels can be detected in most children [95].

Additional laboratory investigations include thyroid function tests,
17-hydroxyprogesterone and hCG determination to exclude other causes of
precocious puberty.

Imaging Techniques

All children with CPP should undergo magnetic resonance imaging (MRI)
to rule out central nervous system (CNS) tumors or other CNS lesions as a
cause of or associated with CPP [35, 96]. Recent studies have shown that CPP
may be the only presenting symptom of an intracranial tumor or lesion
[36, 96-98]. Restricting neuroradiological imaging to a certain subgroup of
CPP patients, i.e. only boys or young girls, is not justified, because the occur-
rence of intracranial lesions has been demonstrated to be present in both sexes
and all age groups [28, 36, 99].
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Pelvic and abdominal ultrasound investigations are useful for two reasons,
first to assess the enlargement of the uterus and ovaries caused by CPP and
second to exclude other causes of sexual precocity, such as autonomous ovar-
ian cysts or ovarian or adrenal neoplasms. The volumes of ovaries are important
diagnostic sonographic parameters for CPP [100-102], in the case of CPP
usually showing a bilateral enlargement of ovarian volume and development
of macrocystic follicular structures [103, 104]. The volume of the uterus is
increased and pear-shaped in contrast to a tubular shape in prepubertal children
and in advanced cases the endometrium is clearly visible [102, 105-107].

Treatment of Central Precocious Puberty

Indications

There is no general consensus in the literature on the indication for treatment
of CPP children [108—112]. However, there is consensus that not all patients
with CPP may need medical suppression of the activity of the pituitary-gonadal
axis [89, 109, 112]. The indication for treatment may be either for psychosocial
and behavioral reasons or it may be for auxological reasons. A combination of
both indication fields is also possible.

Psychosocial and Behavioral Aspects

Some psychological problems and long-term psychological sequelae have
been described in CPP patients [6, 113] and early maturing girls [112, 114].
Two major concerns of parents with a child with CPP are the risks of sexual
abuse and of early pregnancy [2, 5]. In fact, girls with early menarche consider
themselves more mentally mature and they often peer up with older friends.
Their relationship with parents and teachers is more critical and their school
performance drops compared to their age peers [112, 114]. In patients with
mental retardation and/or specific character traits, e.g. children with Williams-
Beuren syndrome, early sexual activity, excessive masturbation and sexual
aggression cause particular concern in both the families and the peer groups
(e.g. kindergarten). While the psychosocial and behavioral aspects are
completely ignored by several authors as potential indications for treatment in
CPP [108, 109], we and others believe that these psychosocial/behavioral indi-
cations for treatment of CPP have to be considered individually together with
the parents [111, 115]. Some general and evidence-based criteria are now avail-
able [113, 114] but will probably not be applicable in the individual case.

Auxological (Somatic) and Hormonal Aspects
There is much uncertainty regarding adequate criteria in regard to the
auxological indication for treating children with CPP [110]. A specific bone
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age [110], or rapid advancement of bone age [109], or compromised predicted
adult height [111] are stated by different authors as indications for treatment.
To come to a minimum consensus, it is generally agreed that it is necessary to
treat children with complete and progressive CPP in combination with some
evidence for pubertal gonadotropin secretion and a pathological GnRH test.
This implies that many children must undergo careful follow-up examinations
before a decision on the indication for treatment can be made [109, 110]. In
contrast to others [108, 111], our experience is that sex steroid levels are helpful
in the decision-making process for or against treatment only if they are
constantly elevated to the pubertal range [12, 16, 110]. Clear cut-off values do
not exist [112].

We therefore suggest the following indications for treatment:
1. Complete precocious puberty and

Pubertal LH level after GnRH stimulation + peak LH/FSH ratio above

diagnostic limit (e.g. 1.0) and
3. Rapid pubertal development (progression from one pubertal stage to the

next in a markedly shorter period of time than normal) and
4. Abnormal height potential:

— height prediction below the 3rd centile or

— height prediction below target height range or

— height SDS for bone age below —2.0 or

— loss of height potential during follow-up and/or
5. Psychosocial reasons with:

— behavioral disturbances or

— emotional immaturity or

— mental retardation or

— specific personality patterns (e.g. as in Williams-Beuren syndrome)

— menstrual hygiene in handicapped girls (e.g. meningo-myelocele).

GnRH agonist treatment is not indicated on auxological grounds in
patients with no evidence of pubertal gonadotropin secretion and with slowly
progressing CPP [30, 89, 109]. In the case of uncompromised or normal height
potential additional indications should be present, otherwise treatment is not
necessary [108, 110, 111].

Treatment Aims

Treatment goals are the maintenance of psychosocial well-being, prevention
of early menarche and early sexual activity, regression of secondary sexual
characteristics, avoidance of unfavorable body proportions, preservation of
normal height potential within the target height range and diminishing the
increased risk of breast cancer associated with early menarche [116].
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Treatment Options

Three principle agents have been used in CPP therapy: medroxyprogers-
terone acetate (MPA), cyproterone acetate (CPA) and GnRH agonists. MPA and
CPA reverse or arrest the progression of secondary sex characterises but have
little to no effect on hormonal suppression [117, 118] and auxological outcome
[4, 119]. In addition, both agents have undesirable side effects [4, 120].

With the availability of GnRH agonists, synthetic analogues of the natural
GnRH decapeptide, MPA and CPA have become obsolete in the treatment of
children with CPP. GnRH agonists bind to the GnRH receptor in the pituitary
gland resulting in desensitization of the gonadotropins to GnRH and down-
regulation of pituitary GnRH receptors [121, 122], so that gonadotropin release
is gradually inhibited after an initial stimulatory phase (‘flare-up’) [123].
Additionally, GnRH agonist treatment leads to a disturbed transcription of LH
o and B subunit gene. The 3 subunit amount decreases dramatically, the o subunit
secretion is stimulated by exogenous GnRH administration [124], resulting in
an ineffective LH.

The first reports of successful short-term pituitary-gonadal suppression in
CPP patients by GnRH agonists date back to 1981 [8, 125, 126]. Since then
numerous studies have been performed to investigate the psychological,
hormonal and auxological effects of GnRH agonists in CPP children and to
define the outcome after treatment.

Several GnRH agonists have been used in studies on treatment of CPP,
since different compounds are licensed for the use in children in different coun-
tries. Routes and frequency of administration include 1-3 daily subcutaneous
injections, multiple daily intranasal applications, and monthly intramuscular or
subcutaneous depot injections.

Depot preparations of GnRH agonists [9] suppress the pituitary-hormonal
axis far better than the daily subcutaneous or nasal preparations [127-129],
probably due to improved patient compliance.

The most widely used drugs are triptorelin depot [9, 10, 130, 131] and
leuprorelin depot [132—135]. Both leuprorelin depot and triptorelin depot were
initially applied intramuscularly; however, these injections were very painful
for the patients. Pharmacotechnological development has now made the con-
siderably less painful subcutaneous route of administration possible for both
compounds [135, 136].

The recommended dosage of triptorelin is 75-100 wg/kg body weight/
4 weeks [9, 137], for leuprorelin a dose of 90 pg/kg body weight was shown to
be efficacious for achieving pituitary-gonadal suppression [134, 138]. For practi-
cal reasons a starting dose of 3.75 mg (1 ampoule) for body weight =20 kg and
1.875mg (1/2 ampoule) for body weight <20kg is recommended in Europe
[132, 136]. However, in the US a starting dose of 7.5 mg is used [133, 134]. Since
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no difference in long-term results between the European and the US patients
has been demonstrated to date, we believe that the European dose should be used.
Thus, a minimal injection volume (1 ml) can be administered, local reactions (e.g.
sterile abscesses) can be reduced and treatment costs can be lowered.

Recently a 3-month depot formulation of leuprorelin has been developed
[139] and licensed for prostate cancer [140]. In a couple of pilot studies the
efficacy of this preparation for treating CPP has been successfully tested [141,
142] and has now been licensed for CPP in France and Italy. From the children’s
point of view it would be desirable to make treatment more convenient by
lengthening the injection intervals.

Additionally, GnRH-receptor antagonists, which immediately block the
effect of GnRH, have recently been developed for clinical use [143]. Currently,
they serve as treatment in assisted reproduction. So far no clinical data exist to
show whether these agents would also work in CPP, although animal experiments
are encouraging [144, 145].

Treatment effects

3,155 publications are available under the key words precocious puberty in
the electronic data base on scientific literature, Medline; however, only 26 can be
found with the search limitation ‘randomized controlled trial’. These numbers
highlight the paucity of evidence-based studies in the field. Two of these 26
randomized studies deal with advanced or early-normal puberty [130, 146]. One
study is about partial precocious puberty [129]. One study reports about the treat-
ment of short children with GnRH agonists [147]. Three studies report on
combined treatment with GnRH agonist and GH in patients with either CPP or
early puberty [148—150], and two of these are on adopted children with early or
precocious puberty [148, 150]. Two studies compare the effects of two different
agonists in a randomized trial [128, 129], and one study deals with bone mass at
final height, comparing the outcome with and without calcium supplementation
[151]. It has to be accepted that no evidence-based data are available on the effects
of treatment on hormonal suppression (exception [128]), on side effects and on
outcome parameters such as final height (exception [128]), body proportions,
bone mineral density (exception [151]), obesity, and psychosocial adjustment,
psychosocial benefit or behavioral changes. A similar response to GnRH treat-
ment has also been reported in adopted children with early onset of puberty [152].

Clinical, Hormonal and Psychological Effects
The suppressive effect of GnRH agonists on the pituitary-gonadal axis has
been well documented in several studies [9, 91, 131]. As a consequence of the
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Fig. 4. Basal plasma LH levels (@), and after GnRH stimulation () in girls with central
precocious puberty at diagnosis, during three years of treatment with the depot GnRH agonist
triptorelin, and after recovery of the hypothalamic-pituitary-gonadal axis.

suppression of LH (fig. 4), estradiol and testosterone return to prepubertal
levels [25, 94]. Reduction of breast size, pubic hair and ovarian and uterine size
in girls, and decrease of testicular volumes in boys has been observed. Penile
erections are less frequent and aggressive behavior, which occurs particularly
in boys, shows a profound decrease in frequency and severity. Both boys and
girls often show a remarkable improvement in terms of attention and school
performance.

Auxological Effects

Height velocity and bone maturation rate are reduced in both sexes. The
gap between height SDS for CA and height SDS for BA decreases continu-
ously during treatment (fig. 5). The auxological effect of long-term depot
GnRH agonist treatment is shown in figures 1, 5 and 6.

Side Effects

Due to the mode of action of GnRH agonists, LH and sex steroids increase
in the initial phase of treatment (‘flare-up phase’) following the first injection
of the agonist. The stimulation of LH and estradiol or testosterone lasts for at
least 4 days [153]. Following this, transient vaginal withdrawal bleedings may
occur in girls [9, 135, 154].

In one study, prolonged and recurrent vaginal bleeding in 8 of 28 patients
treated with triptorelin depot was observed [155], however we did not see this
side effect in two large multicenter trials [91, 131]. Further side effects include
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Fig. 5. Longitudinal growth data of 24 girls with progressive central precocious puberty.
Height standard deviation score (SDS) for chronological age (CA; upper panel, mean = SEM)
and height SDS for bone age (BA, lower panel, mean = SEM) before treatment with a depot
GnRH agonist (leuprorelin acetate) and during the first 3 years of treatment. * p < 0.05.

minor menopausal symptoms in girls (e.g. head ache, nausea, hot flushes in
2-5% of patients) and local allergic reactions in up to 10% of patients
[135, 141, 142], as well as the formation of sterile abscesses at the injection site
in both sexes [132, 133, 156—-158]. In our experience the risk of a sterile abscess
increases with the injection dose and volume and is greater when injected in
the abdomen than in the thigh. While a prospective, double-blind placebo-
controlled study showed an increase in depressive mood symptoms in women
treated with GnRH agonists for endometriosis [159], no such study is available
in girls (or boys) with CPP. Weight gain during GnRH agonist treatment has
been of particular concern to the patients and their families. Obesity after end
of treatment has been reported in patients with hypothalamic hamartoma [160];
however, an increased BMI SDS was already present in these patients at diag-
nosis [91]. It has been demonstrated that GnRH agonists do not cause obesity
during treatment [91, 161, 162]. The development of body mass index during
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Fig. 6. Growth chart of a girl with idiopathic central precocious puberty and onset of
puberty at age 2 years. CA = Filled circle; BA = open square; PAH = filled triangle; inset:
SDS, = filled circle, SDSg, = open circle.

GnRH agonist treatment is shown in figure 7. Antibody formation against the
agonist has not been reported, even in patients with allergic skin reactions
[163]. In general, the side effects of GnRH agonist treatment in children are of
minor severity and acceptable [91, 164].

Monitoring Treatment

In most patients a halt or involution of secondary sex characteristics,
uterus and ovarian size, growth rate, and bone maturation can be observed after
initiation of therapy.

To monitor these effects clinical examination with determination of puber-
tal stages and measurement of height, weight and body proportions at regular
3-monthly intervals during the first treatment year and at 6 monthly intervals
thereafter are indicated. Height velocity must be calculated at yearly intervals
to ensure normal growth and to indicate pathological growth deceleration with
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agonist treatment per se does not cause girls with precocious puberty to become obese. Panel d
BMI SDS at diagnosis of precocious puberty (white circles) and at final height (grey circles);
light line, median; heavy line, mean; circles, Sth to 95th percentile.

the possible need for additional growth-promoting treatment. In addition, bone
age evaluation is necessary in at least yearly intervals in order to estimate any
changes in height potential (height SDS for bone age, PAH; fig. 6)

The most useful single test to ensure adequate suppression of the hypothal-
amic-pituitary-gonadal axis is the GnRH stimulation of LH release [165]. If the
recommended injection interval and the recommended dosage for depot GnRH
agonist preparations are strictly adhered to, a sufficient suppression of GnRH-
stimulated LH can be expected in all patients after varying durations of therapy
(fig. 4) [91, 131, 132, 154]. However, in some patients an increase in GnRH
agonist dosage may be necessary in order to achieve suppression [132, 135].

Several alternatives to the i.v. GnRH stimulation test have been proposed. In
the single sample subcutaneous GnRH stimulation test one blood sample is drawn
for LH determination 40 min after s.c. injection of 100 g GnRH [166]. There
was a fairly good correlation between peak LH after i.v. and s.c. GnRH (r = 0.88,
p < 0.0001). Validation of this test yielded favorable results. As a second
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alternative to the standard i.v. GnRH test, a single blood sample taken 12 h after
the injection of the GnRH agonist for determination of LH, FSH and estradiol
may be used to monitor pituitary-gonadal suppression [153]. The advantages
of this test are (a) a single blood sample is sufficient, no iv line is necessary;
(b) GnRH can be saved, thus costs are reduced; (c) not only the pituitary response
but also the ovarian response (plasma estradiol increase) is tested (additional
information that may help to identify non responders or poor responders early).
However, the 12-hour interval may not be compatible with outpatient settings in
all places. The monitoring of girls during treatment solely by following plasma
estradiol levels is considered inadequate because of overlapping plasma levels
between prepubertal and pubertal girls; girls with CPP have prepubertal estradiol
levels in up to 50% of cases before treatment [135], and because of marked intra-
individual variations. In boys a low morning plasma testosterone level below
35ng/dl is a clear indication of adequate suppression [165]. A puberty suppres-
sion score which includes clinical, hormonal, and auxological parameters has
been proposed to evaluate GnRH agonist-induced suppression [167], but this
score has several inherent problems and has not found its way into clinical rou-
tine. To date, the use of urinary gonadotropin determination has been proven
itself to be an adequate replacement for the GnRH stimulation test [168, 169].
The involution of enlarged ovarian volumes [102—104] and uterus volume
and shape [102, 105] are monitored by ultrasound. Ovarian volume and uterine
volume return to the normal range within 3 to 12 months of treatment [9, 132,
170]. However, these parameters should neither be used as the only diagnostic tool
for identifying CPP patients nor as the only tool for monitoring treatment [171].

Final Outcome

Pituitary and Gonadal Function

Complete reversibility of suppression of the hypothalamic-pituitary-gonadal
axis after discontinuation of GnRH agonist therapy has been demonstrated
[12, 91, 95, 104, 172]. It is important to note that there is a further maturation of
the GnRH pulse generator during GnRH agonist treatment [173]. Thus, the levels
of gonadotropins, the pulsatile characteristics of gonadotropin secretion, and the
levels of sex steroids reach a late pubertal state within a short period of time after
the end of GnRH agonist treatment [173, 174]. This explains why menarche
occurs within a few months after stopping treatment in many girls [11, 12, 91,
173, 174]. In terms of gonadal function and morphology, discrepant results are
reported in the literature. One study reported an increased prevalence of polycys-
tic ovaries in CPP girls who received combined treatment with GnRH agonist and
GH [103]; however, PCO-like ovaries were seen only rarely or not at all in studies
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with GnRH agonists alone [91, 104, 170]. Furthermore, the clinical significance
of polycystic ovaries on ultrasound in young women without reproductive prob-
lems is still unclear [174]. Although data on large numbers of former patients are
not yet available, our own experience (normal pregnancies with 5 healthy children
in over 50 former CPP patients) and that of other centers indicate that fertility and
pregnancy outcome are probably normal, even after prolonged GnRH agonist
treatment (up to 10 years in our series). Correspondingly, there is an indication
that spermatogenesis is unaffected after GnRH agonist treatment in boys, once
the pituitary-gonadal axis has recovered from hormonal suppression. These
human data are in accordance with results from several animal studies which
show that spermatogenesis recovers completely after long-term GnRH agonist
treatment in juvenile and adult primates [144].

Final Height

To date, a considerable number of CPP patients who were treated with
various GnRH agonists over many years have reached final height (FH)
and adult age. The long-term outcome with respect to final height is summa-
rized in table 2 for girls and in table 3 for boys. It has now become clear that
treatment with GnRH agonists, particularly when administered as depot prepa-
ration, preserves adult height potential, and that adult height is increased in most
studies of girls with CPP compared to untreated patients as well as to individual
height prediction before treatment (for example, see fig. 6). While there are no
randomized studies available in the literature which report final height in CPP
patients, four studies reported on final height in advanced or early normal
puberty [130, 146, 175, 176]. From these reports it is clear that GnRH agonists
do not improve mean final height in girls over 8 years of age at start of treatment
(with a mean bone age of 10.9, 10.6, 9.97 and 12.6 years, respectively).

When final heights are compared to initial height predictions, the results
are less positive in boys with CPP than in girls (table 3). However, results are
impressively positive when compared with untreated patients. This discrepancy
is most probably due to the methodological problems and limitations of adult
height prediction in children with CPP. In fact, the height prediction methods
most widely used in clinical practice [177-179] have not been validated in
large numbers of patients with CPP. However, in the absence of a prediction
alternative the Bayley-Pinneau method has been investigated for its application
to patients with CPP [180-182]. These studies clearly showed that final height
is overestimated in CPP patients by up to 13 cm. The use of the B&P tables for
average girls and boys instead of those for children with accelerated bone age
resulted in more accurate height predictions [181, 182] (tables 2, 3).

Therefore, the inaccuracy of adult height predictions and the remaining
over-prediction with the use of the average tables should be taken into account
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Table 2. Survey of final height of girls with central precocious puberty or early nor-
mal puberty without treatment or with treatment by progestational agents or by various

GnRH agonists

Reference n PAH Final Target Treatment
cm height cm  height cm

Untreated
Thamdrup, 1961 [2] 15 - 150.5 - none
Sigurjonsdottir and Hayles, 21 - 153.2 - none

1968 [3]
Werder et al., 1974 [119] 7 - 154.0 161.8 none
Lee, 1981 [193] 15 1563 155.3 164.3 none
Schoevaart et al., 1990 [192] 8 - 161.7 - none
Brauner et al., 1994 [194] 15 162.5 162.0 161.1 none (SP)
Stasiowska et al., 1994 [195] 10 — 149.8 153.3 none (control)
Antoniazzi et al., 1994 [128] 10 1533 149.6 156.4 none (control)
Paul et al., 1995 [196] 8 - 153.8 - none
Kauli et al., 1997 [181] 28 1614 155.5 159.3 none (control)
Bertelloni et al., 1998 [188] 9 163.1 161.8 161.0 none (SP)
Bouvattier et al., 1999 [130] 10 1552 156.1 157.8 none (SP)
Cassio et al., 1999 [146] 23 1593 158.6 158.5 none (EP)
Palmert et al., 1999 [89] 20 - 165.5 164.0 none (SP)
Lazar et al., 2002 [175] 63 1527 156.6 157.9 none (EP)
Progestational agents
— CPA or MPA
Lee, 1981 [193] 13 1532 155.6 164.0 MPA
Sorgo et al., 1987 [4] 11 157.1 153.1 161.0 CPA
Schoevaart et al., 1990 [192] 16 - 162.2 - CPA
Kato et al., 1993 [197] 16 - 151.3 155.4 CPA
Kauli et al., 1997 [181] 27  156.8 157.6 155.8 CPA
GnRH agonists
— Daily s.c. or i.n.
Boepple et al., 1991 [198] 27 1475 149.9 - Des/His s.c.
Oerter et al., 1991 [183] 38 151.8 157.0 165* Des s.c.
Antoniazzi et al., 1994 [128] 15 1529 153.2 155.5 Bus i.n.
Cacciari et al., 1994 [199] 12 156.7 159.5 162.5 Bus i.n.
Stasiowska et al., 1994 [195] 12 - 157.3 155.6 Bus s.c.
Klein et al., 2001 [200] 80 1493 159.8 163.7 Des/His s.c.
GnRH agonists
— Depot (i.m. or s.c.)
Kauli et al., 1990 [201] 8 1453 151.2 - Tripto
Brauner et al., 1994 [194] 19 152.1 159.0 160.2 Tripto
Antoniazzi et al., 1994 [128] 15 154.1 160.6 157.6 Tripto
Paul et al., 1995 [196] 26 - 160.5 - Naf/Des/Leupro
Oostdijk et al., 1996 [137] 31 1582 161.6 168.7 Tripto
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Table 2 (continued)

Reference n PAH Final Target Treatment
cm height cm  height cm
Kauli et al., 1997 [181] 48 156.6 159.6 157.7 Tripto
Bertelloni et al., 1998 [188] 14 1535 158.1 161.0 Bus—Tripto
Galluzzi et al., 1998 [202] 22 1552 158.5 163.5 Tripto
Arrigo et al., 1999 [185] 71 1555 158.4 161.5 Tripto
Carel et al., 1999 [203] 58 1564 161.1 160.1 Tripto
Cassio et al., 1999 [146] 23 1578 158.1 157.0 Tripto (EP)
Heger et al., 1999 [91] 50 1549 160.6 163.6 Tripto
Mul et al., 2000 [204] 87 1553§ 1625 168* Tripto
Lazar et al., 2002 [175] 63 1529 157.2 157.7 Tripto
Kempers et al., 2002 [152] 17 164.2 166.2 168.1 Tripto
Antoniazzi et al., 2003 [151] 48 1529 159.9 161.9 Tripto
Pucarelli et al., 2003 [205] 18 153.9 156.6 157.2 Tripto
Lanes et al., 2004 [208] 8 153.6 162.6 157.4 Tripto/Leupro
Paterson et al., 2004 [209] 11 - 159.7 160.9 Goserelin

EP = Early puberty (7.5-8.5 years); SP = slowly progressive precocious puberty;
CPA = cyproterone acetate; MPA = medroxyprogesterone acetate; Bus = buserelin;
Des = deslorelin; His = histrelin; Leupro = leuprorelin; Naf = nafarelin; Tripto = triptore-
lin; control = control group from a treatment trial (see corresponding reference in another
part of the table). * Taken from figure in reference no. 183 and 204, § average tables [177].

when interpreting height gain data in CPP patients. In addition, the last height
prediction during treatment certainly over-estimates final height and patients
will not grow to this calculated height [12, 91, 183] (fig. 6).

Even more important than the overall group data is the benefit of treatment
to the individual. With depot GnRH agonist treatment, more than 75% of female
CPP patients will reach their genetic target height range [91], approximately
40% will reach their individual target height, and more than 90% of patients
will have a final height > 150cm [181, 184—186]. These figures are clearly
superior to untreated patients or those treated with CPA [181]. The main reasons
for the lack of favorable final height results in some patients are the compro-
mised height potential at start of treatment, i.e. patients are presented too late
in the course of their precocious pubertal development or CPP patients borne
short for gestational age (SGA) and additional familial factors (in many
patients a component of familial short stature is found).

In contrast to the unfavorable body proportions with inappropriately short
legs and arms seen in untreated patients [2], proportions are normal after GnRH
agonist treatment at final height [91].
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Table 3. Survey of final height of boys with progressive CPP after treatment with
GnRH agonists or untreated

Reference n PAH Final Target Treatment
cm height  height
cm cm

Without treatment

Thamdrup, 1961 [2] 8 - 155.4 - none
Sigurjonsdottir and Hayles, 1968 [3] 14 - 156.1 - none

Paul et al., 1995 [196] 23 - 155.6 - none

GnRH agonists

— Daily s.c. or i.n.

Oerter et al., 1991 [183] 6 1613 168.0 180%* Des

Paul et al., 1995 [196] 6 1728 166.3 - Naf/Des/Leu
Klein et al., 2001 [200] 18 156.1 171.1 178.3 Des/His
GnRH agonists

— Depot i.m. or s.c.

Oostdijk et al., 1996 [137] 5 1774 171.5 178* Tripto
Galluzzi et al., 1998 [202] 11 1683 175.5 174.5 Tripto
Carel et al., 1999 [203] 8 1742 172.8 171.8 Tripto

Mul et al., 2000 [204] 9 171.5§ 1708 179%* Tripto
Rizzo et al., 2000 [206] 12 1699 176.1 174.2 Bus—Tripto
Lazar et al., 2001 [182] 11 174*§ 172.3 170.6 Tripto

Mul et al., 2002 [207] 26 166* 172.9 176* Tripto

Bus = Buserelin; Des = deslorelin; His = histrelin; Leu = leuprorelin; Naf = nafarelin;
Tripto = triptorelin. * Taken from figure in references, § average tables [177].

Bone Mineral Density

Bone mineral density (BMD) is often increased for chronological age at
diagnosis of CPP and then declines during agonist treatment [151, 187, 188] or
remains unchanged [189]. However, in the long-term, BMD remains within the
normal range in female patients at final height [91, 151, 188—190]. Thus, GnRH
agonist treatment does not cause osteopenia or osteoporosis.

Body Weight

Many children with CPP are significantly overweight at first presentation:
48% with BMI SDS above 85th centile [161], 40% with BMI SDS above +2.0
[91, 162]. However, BMI SDS did not change significantly within the patient
groups during treatment (fig. 7). At the last visit, off treatment, 44% of patients
showed a BMI SDS >85th centile [161] and 31% still had a BMI SDS >2.0
(fig. 7). There was a significant correlation between BMI SDS at diagnosis and
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at final height. The strongest predictor of an elevated BMI SDS after treatment
was the BMI SDS before treatment. Thus, it has now been clearly demonstrated
that GnRH agonists do not cause obesity, but rather that children with CPP are
prone to be overweight and obese from the start [91, 161].

Psychosocial Outcome

No evidence-based material is available with respect to psychosocial
adjustment and outcome. Some studies suggest that precocious development
can lead to specific behavioral problems in the patients such as negative
feelings about their own physical appearance [191], and that patients with a
risk factor may need psychosocial support [114]; others report no negative
effect of early maturation on psychosocial well-being later in life [191]. All our
female patients (n = 50) reported a good quality of life. None was unemployed
or had dropped out of the educational system [91]. The psychological eval-
uation of adopted children with early puberty did not reveal any consistent
abnormalities [113].

Conclusion

Since the management of CPP patients involves clinical, hormonal, sono-
graphic and radiological aspects, expertise in all these areas is necessary to estab-
lish the diagnosis without delay and to make a judgment on the prognosis. The
decision for or against treatment has to be made on an individual basis, and may
require an observation period of 6—12 months to define the rate of progression of
CPP. Depot GnRH agonists have now proven themselves to be the treatment of
choice for this condition, resulting in effective suppression of pituitary-gonadal
function in practically all patients. Side effects are of minor severity and are
acceptable, rendering long-term treatment in young children with CPP both feas-
ible and well tolerated. Hormonal suppression is fully reversed when treatment
ends and there are no severe long-term sequelae of GnRH agonist treatment. In
particular, fertility seems not to be compromised. It is possible that future devel-
opments will see the application of GnRH antagonists in the treatment of preco-
cious puberty, in order to avoid the biological effect of the initial flare-up phase
caused by GnRH agonists; however, antagonistic compounds are not yet available
as depot preparations, which is a prerequisite for their use in children.
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Abstract

Short- and long-term psychosocial effects of precocious or early normal puberty are
probably more important for individuals than the moderate losses in final height they experi-
ence. Despite this, pediatric endocrinologists have focused much more on final height than
psychosocial outcomes. As a surrogate for long-term follow-up studies of girls with precocious
puberty, we have reviewed the results of a very long-term study of physical and psychosocial
development of girls with normal early puberty. Results revealed that at age 15-16, girls with
menarche before age 11 (early) were more norm-breaking, including being delinquents. In
addition, they had earlier advanced sexual experiences. By adult age, there were no differences
in psychosocial adjustment between the early- and late-developed women. Thus, the effects of
early pubertal timing for psychosocial problems seem to be adolescent-limited. At ages 27 and
43, early-developed women had lower academic education. Regarding somatic development, at
age 43, women with early menarche were shorter and heavier, had worse physical fitness and
dieted more frequently compared to other women. There was no difference in quality of life. In
searching for reasons for the antisocial behaviors in adolescence and the lower educational
levels among early developers, early heterosexual relations seem to be the most crucial.

Copyright © 2005 S. Karger AG, Basel

Early pubertal development in girls is one of the most frequent causes of
referral to pediatric endocrinology clinics. Some girls may be classified as true
precocious puberty (in Caucasians two signs of puberty before age 8 years), but
worries are frequent even if the pubertal development can be regarded as ‘early
normal’. In most cases, there is no pathology to be found even after extensive
work-up. Still, both parents and referring physicians may be worried about
the early development, and questions about possible long term somatic and
psychosocial consequences of the early maturation are common. To answer



these questions, the pediatric endocrinologist needs to consult publications that
describe the natural outcome of precocious puberty and early normal puberty
what concerns both soma and psyche. The conclusions are critical, since if the
short- or long-term outcome is expected to be disadvantageous, treatment with
gonadotropin-releasing hormone superagonists (GnRH agonists) for many
years will be considered.

There is an abundant literature on growth of early maturing girls, with and
without treatment [1—4]. There is consensus that precocious puberty that starts
before age 6 will end up with shorter adult stature than the average girl, and the
final height of these early maturers will benefit from long-term GnRH agonist
treatment. Even if puberty starts somewhat later (up to 8 years), the girls with
a rapid advancement of pubertal signs and advanced bone age will probably
also end up taller if treated [5]. It is remarkable that almost all studies have
focused on the outcome in centimeters, rather than in quality of life. The latter
has been the subject of many studies of short young adults in general, with or
without a specific diagnosis, with and without treatment aimed to improve
final height. To our knowledge, none of these studies has been able to demon-
strate that the quality of life is poorer among short adults than among those
with average height. Neither has it been shown that adding some centimeters to
the final height will significantly increase their quality of life. Therefore, other
factors than final height should be considered when the decision to treat or not
to treat girls with precocious or early puberty is made.

At the time of consultation, girls with precocious puberty have signifi-
cantly more concerns over physical differences from peers, and as a group, they
are more depressed, moody, withdrawn. Treatment with GnRH agonists reduces
concerns, if breasts disappear or regress markedly [6—8] [TJ5]. For some girls
this is important and GnRHa treatment is thus indicated. Yet, others may be less
worried. The long-term somatic and psychosocial consequences of their early
maturation should still be evaluated in order to counsel the girls and the parents
in a professionally correct way.

To our knowledge, there are no follow-up studies performed for girls with
precocious puberty into adulthood. However, the very long-term studies of girls
with early normal puberty [9, Stattin et al., unpubl., Johansson et al., unpubl.]
to be reviewed below, in addition to new data on weight, height, dieting behav-
ior, and quality of life presented here, should work as a reasonable surrogate.

Study Population

In 1965, all girls born during the year 1955 in a middle Swedish town of
100,000 inhabitants were invited to participate in a prospective study of growth
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Table 1. Number and percentage of girls that reported
menarche at the different age groups: mean age of menarche
for the whole group was 12.9 years

Age at menarche n Percent of total
<11 years (‘early’) 49 10.5

11-12 years 108 232

12-13 years 186 39.9

>13 years (‘late’) 123 26.4

Total 466 100

and psychosocial development. More than 90% of the girls in the town born in
1955 (466 girls and their families) accepted. Information about a wide variety of
psychological and social issues was collected at the age of 10, and participants
were then measured and interviewed at 13, 15, 27 and 43 years of age. The
participation rate at the latest time of study (1998) was 89%. All studies were
approved by the appropriate ethics committees. The subjects of this study have
been divided into four menarcheal groups (table 1). First, we present new data on
adult height and weight, physical fitness and dieting behavior for girls of the four
groups. Next, we will summarize the findings that relate to the role of age of
pubertal development (age of menarche) for psychosocial adjustment in adoles-
cence and adulthood. In the final section of this chapter, we discuss lessons to be
learned for the management of early puberty in the pediatric endocrine clinic.

Development of Height and Weight

At age 13, there was a negative correlation between height and the age of
menarche, as expected (fig. 1), with early-developing girls being taller than
other girls were.

The degree of pubertal maturation was also reflected by a greater body
mass index (BMI) of the early maturing girls. The difference in height between
the early and the late-developed group had reverted to the opposite at age 43,
when the early group was 3 cm shorter than the latest group. However, they were
6 kg heavier. Thus, the BMI at age 43 was 3 units higher in the women with early
menarche than in those with late menarche (fig. 2). In accordance with their
higher BMI scores, compared to late-maturing women, the circumference of
early maturers’ waistlines and hips were on average 6 cm wider respectively. The
differences were significant. However, the waist/hip ratios were not different
between the groups.
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Fig. 1. Height at ages 13 and 43 of the four groups with different age of menarche.
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Fig. 2. BMI at ages 13 and 43 for the groups with menarche at the indicated ages.

Physical Fitness

Next, we were interested in physical fitness of the subjects. At age 43, the
women graded their physical fitness as their ability to walk, jog or run for 2 km
(table 2). They were asked if they agreed to one of the statements shown in
table 2.

Figure 3 shows a summary of the answers. The women with early menar-
che considered themselves less fit (p < 0.05) than those with average or late
menarche.
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Table 2. Questions asked in order to estimate the degree
of physical fitness

Statement Fitness score
I cannot walk 2 km without a rest 1
I can walk 2 km without a rest 2
I can jog 2km if I stop and rest a 3
couple of times
I can jog 2 km without a rest 4
I can run 2km at a good speed, if 5
I can stop and rest a couple of times
I can run 2km at a good speed 6

without a rest
I can run 2 km at high speed without a rest 7

Body Dissatisfaction: Dieting Behavior

At age 43, participants reported on their dieting behaviors. The question
was ‘How often do you diet?” Answers ranged from (1) No, never, (2) Yes,
occasionally, to (3) Yes, often or almost always. The results revealed that women
with early menarche were dieting significantly more often than other women
did (fig. 4); indicating lower satisfaction with body weight among early maturers
compared to other women.

Psychosocial Development

The psychosocial development of the different groups will be published
elsewhere [Johansson et al., unpubl. data, Stattin et al., unpubl. data]. A short
summary will be given below in addition to new data on the influence of pubertal
maturation and height on quality of life in middle adulthood.

The relations between adolescent psychosocial problems and early puberty
have been investigated thoroughly. Several reviews [9—13], along with empirical
studies on clinical samples [6, 7] have reported that girls with early pubertal
timing seem to have more social problems and more internal distress in adoles-
cence than other girls do. The question is if this is a temporary, adolescent
phenomenon, or if these problems continue in adulthood.

In agreement with previous research [11, 13], the study summarized here
revealed that the mid-adolescent years were problematic in many ways for the
early-maturing girls: At age 15-16, those with menarche before age 11 were
more delinquent, were more often in conflict with parents and teachers, used
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Fig. 4. Frequency of dieting at age 43 for the four groups with different ages at menarche.

more of alcohol and drugs and they had more advanced sexual experiences.
They were also more often registered for criminal offences. However, by the
age of 27 years, there were no differences between the early and late-developed
women with the respect to drinking, criminal offences, or other measures of
psychosocial problems. This was also the situation when the subjects were
43 years of age. Thus, the more problematic conduct of the early developers
seems to be limited to adolescence.

On the other hand, at the age 27 there were differences in attained
education between the four menarcheal groups. First, it should be observed
that there were no differences in IQ between the four groups. At the ages of
10 and 13, school performances were equal between the groups. On the other
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hand, by 15-16 years of age the girls with menarche before age 11 had
significantly lower grades and were less motivated for schoolwork. They
finished school at an earlier age, and at age 27, they had reached a lower level
of academic studies than those with late puberty. By age 43, the early devel-
opers had caught up in academic training. Nevertheless, even at this age,
fewer women with early menarche had a university education compared to the
late developers.

In searching for the reasons for the differences in education between the
early and late maturers, one factor dominates: In mid-adolescence, girls with
early menarche significantly more often had advanced opposite sex relations,
often with an older male. Actually, heterosexual relations was the factor that cor-
related most strongly with social problem behaviors when the influence of puber-
tal timing and regular heterosexual relations were compared. Socioeconomic
status of the girls’ families did not seem to be of important in this regard.

The girls in the original study were born in 1955. The findings reported
here for the adolescent years seem to be valid also for present day adolescents,
since studies performed in 1998 of 15-year-old Swedish girls show very similar
findings [Stattin et al., unpubl. data].

Quality of Life in Adulthood

Several studies have reported that early-maturing girls are more depressed
and have worse self-images, particularly body images, than other girls in
adolescence [10—12]. Are early maturers likely to be less happy in adulthood as
well? We used a battery of instruments to measure life satisfaction and positive
self-image at age 43. Positive affect was measured with the scale ‘General
positive affect’ in the Mental Health Inventory [14]. The scale comprises nine
questions concerning subjects’ feelings of being happy, satisfied, forward look-
ing, relaxed, calm and peaceful, etc., during the past month (alpha = 0.92).
Self-image is a scale that measures positive perception of oneself. It contains
four questions like ‘I am proud of the type of person I have become’
(alpha = 0.72). Family satisfaction was tapped by one item asking subjects
‘Are you happy with your family life?” Work satisfaction was measured with a
scale comprising four items such as ‘I am satisfied with my current work posi-
tion’ (alpha = 0.84). Subjects’ reported on their leisure satisfaction by answer-
ing a single question about how happy they were with their leisure times. Life
satisfaction, finally, was assessed using two questions, ‘Are you satisfied with
your life” and ‘How do you like your current life?” The correlation between
these two items was 0.35. According to the alpha values, the scales showed
satisfying reliabilities overall.
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Table 3. Correlations between age at menarche and positive affect, self-image,
satisfaction with family, work, leisure and life at age 43

Age at Significance Height Significance
menarche (n) ()

Positive affect —0.03 (388) n.s. —0.03 (475) n.s.

Self-image —0.03 (270) n.s. 0.04 (298) n.s.

Family satisfaction —0.02 (273) n.s. —0.07 (300) n.s.

Work satisfaction —0.02 (376) n.s. 0.04 (434) n.s.

Leisure satisfaction 0.06 (281) n.s. —0.08 (308) n.s.

Life satisfaction —0.01 (399) n.s. 0.03 (476) n.s.

According to the results presented in table 3, there were no significant
correlations between pubertal timing and positive affect (i.e. a general feeling
of well-being), self-image, or satisfaction in various life domains. Thus, the
early-developed women were as happy with themselves and their life as the
later-developed women at 43 years of age. Moreover, we correlated height at
age 43 with the quality of life measures (table 3). We found no significant
correlation between height and quality of life. Women of short stature were
equally content with life as tall women were.

Do the Differences between the Early- and the
Late-Developed Girls Matter at Age 43?

In the present study, we found that neither pubertal timing nor adult height
matters for quality of life in adulthood. Thus, the 3 cm lower adult height of the
early girls has little influence on psychological well-being. The higher BMI
scores might possibly put them in a higher risk for metabolic problems later
in life.

The studies of early maturers’ psychosocial development in adolescence
are of more concern. The strained relationships with parents and teachers, and
their higher frequency of antisocial behaviors at age 15—16 will certainly cause
parental distress during adolescence, even if by age 27 everything had
‘normalized’. However, some lasting sequelae of their early puberty remained:
At the age of 43, the early-developed women perceived themselves to be less
physically fit and showed lower body satisfaction. The latter finding is similar
to others [15], who have noted that the age of menarche predicts body esteem
in midlife. Furthermore, women with early puberty had lower educational
levels. Fewer of the early maturing girls had university degrees.
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Lessons to be Learned for the Management of
Early Puberty in the Pediatric Endocrine Clinic

In the absence of long-term follow-up of girls with precocious puberty, the
present and reviewed findings on girls with early normal puberty can serve as
a surrogate. The studies summarized showed that the social problems of the
early girls were associated with certain types of interpersonal relationships in
adolescence. Early pubertal timing was an instigating factor for developing
heterosexual relationships early. Early-developed girls with more advanced
social relationships, including opposite sex relationships, had more problem-
atic adjustment situations than other girls. The explanation given was that
through opposite-sex relations with older males and older peers, early maturing
girls encounter peer environments with more advanced social behaviors and are
brought into leisure-time settings in which these types of behaviors are more
typical. Early-developed girls adjust to the peers that are more advanced, and
start to act and behave accordingly. The early developers, who did not establish
early opposite sex relations, were not more likely to be problematic in adoles-
cence. The early-maturing girls, who establish heterosexual contacts early in
life, seem to lose interest in getting higher education and pursuing academic
careers, rather they start having children early. Lower educational attainment
was the sole adverse social adult outcome for the early developers with early
heterosexual relations.

The obvious message is that parents of early-maturing girls should be
informed that girls with early pubertal timing are likely to acquire socially
more advanced behaviors at an earlier age. However, in the reviewed studies it
is only under conditions that promote access to more advanced peer groups, and
particularly opposite-sex relations (often with an older male); that early puber-
tal timing is linked to problem behavior in adolescence.

It is not known whether the future psychosocial development of early
maturing girls will benefit from GnRHa treatment in early pubertal years. The
best way of avoiding the problematic situations that early-developed girls will
encounter in adolescence and the antisocial behaviors that they might develop
is probably through family interaction, or possibly, in some instances, facilitated
by GnRH treatment.

Conclusions

Information about natural outcomes of early pubertal maturation is essen-
tial to pediatric endocrinologists when counseling early-developed girls and
their families. The aim of this chapter was to summarize the findings of a very
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long-term follow-up of girls with early and late menarche as well as presenting
some new related data. At age 43, females with early puberty were shorter and
heavier, had worse physical fitness and dieted more frequently compared to
women with later age at menarche. The early-developed girls had more
psychosocially problematic behaviors at ages 1516, problems that had disap-
peared by age 27. Apart from the somatic differences, lower and later achieve-
ment of academic training was the only difference that remained at 43 years of
age between the menarcheal groups of girls. Regarding quality of life, early-
developed females were as happy with themselves, with their works and their
families, as later developed females were in midlife. According to the results
presented in this chapter, adult height within normal limits does not seem to
matter for quality of life.
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Abstract

Polycystic ovary syndrome (PCOS) is a prevalent cause of menstrual disorders, acne
and hirsutism presenting during adolescence. In the majority of cases, a familial trait is
obvious but the offending genes have yet to be identified. However, much of the pathophys-
iology of the syndrome causing the overproduction of ovarian androgens is now becoming
clearer. The early diagnostic signs are often mistakenly dismissed as ‘normal’ changes of
adolescence but it is important to make an early diagnosis in order to save the adolescent
from the early and late stigmata of the syndrome. The avoidance of overweight, frank obesity
and the consequential exaggeration of symptoms by the associated insulin resistance is of
prime importance as hyperinsulinemia plays a key role in the pathogenesis. Anti-androgens
are the most widely used medication and, in combination with estrogen, are capable of
restoring menstrual regularity and reducing the symptoms of acne and hirsutism, so impor-
tant for the improvement of the disturbing psychosocial effect that they may play at this age.
The use of metformin, an insulin sensitizer, for affected adolescents is the topic of a presently
heated debate.

Copyright © 2005 S. Karger AG, Basel

Introduction

Presenting around the time of the menarche, polycystic ovary syndrome
(PCOS) is a very prevalent syndrome in adolescence. Although the pathogenesis
of this heterogeneous syndrome is still incompletely determined, the management
of the specific symptoms in adult women is now fairly well determined. In ado-
lescents however, the subject of management leaves many questions unanswered.



As some of the accepted symptoms of PCOS (menstrual irregularities, acne) have
been associated with a ‘normal’ adolescence, definitive diagnostic criteria have
been blurred. Biochemical features such as increased androgen and insulin secre-
tion, typical of PCOS, are also often a feature of a normal adolescence. Even when
the diagnosis of PCOS has been well established, should the condition be man-
aged symptomatically, prophylactically or not at all, at such a young age? These
are just some of the questions that the presentation of PCOS in adolescence poses.

Presentation of PCOS in Adolescence

The commonest form of presentation of PCOS in adolescence is persistent
menstrual irregularity and/or symptoms of hyperandrogenism. The menstrual
irregularities usually consist of oligomenorrhea (>35 days between menstrua-
tion) or amenorrhea (>6 months without bleeding). These symptoms reflect
ovulatory dysfunction. Oligomenorrhea in adolescents has widely been
regarded as a stage in the physiological maturation of the hypothalamic
pituitary-ovarian axis. However, today, following close investigation of
oligomenorrheic adolescents, it seems that a very large proportion of these
have biochemical markers typical of PCOS and eventually develop the further
clinical features of the syndrome. For example, 57% of 52 oligomenorrheic
15-year-olds had LH and testosterone levels above the 95th percentile of girls
with regular menstrual cycles [1]. Similarly, 32% of adolescents with
oligomenorrhea were found to have clinically obvious hirsutism [2] and 21%
had acne [3]. If the oligomenorrhea of adolescence does ‘correct itself” it is
most likely to do so in the first two postmenarchal years. If, after this time,
oligomenorrhea persists, it may be regarded as a probable early clinical sign of
PCOS and this should be investigated at this stage.

The commonest forms of clinical expression of hyperandrogenism, the
fundamental problem in PCOS, are mainly expressed at the level of the skin in
the form of hirsutism and acne. Hirsutism is defined as an excess of pigmented,
thick terminal hair that appears in a male distribution in androgen sensitive
areas. These areas include face, chest, abdomen and thighs. Before puberty,
body hair is primarily composed of fine, short, unpigmented villus hairs which
during pubarche are stimulated by androgens to become coarse, pigmented,
thickened terminal hairs. An excess of androgens will produce such hair growth
in a male distribution. Hirsutism may be quantified using the Ferriman-Gallwey
score.

Acne vulgaris is a very common condition particularly in adolescents. It is
basically caused by increased activity in sebaceous glands which is a manifes-
tation of cutaneous androgenization. It often appears in the teenage years,
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induced by the burst of pubertal androgenic activity, but if persistent, particu-
larly severe or of late onset, is commonly associated with PCOS.

Although overweight (body mass index, BMI, 26-30) and frank obesity
(BMI >30) are not regarded as direct diagnostic signs of PCOS, they are associ-
ated with the syndrome in about 40% of adults. Fortunately, they are less common
and less pronounced in adolescents but when occurring have a very significant
effect on the presenting symptoms.

The typical morphological features of the polycystic ovary can be rela-
tively easily seen on ultrasound examination and their imaging is the single
most prevalent diagnostic sign of this heterogeneously presenting syndrome.
Biochemical features include raised serum testosterone, androstendione or free
androgen index, raised serum LH concentrations and hyperinsulinemia. Similar
to the presentation of the symptoms, the biochemical features are inconsistently
present, especially when a single blood sample is analyzed and are unnecessary
and unreliable for diagnostic purposes.

The earliest recognized sign of PCOS is a premature pubarche. Girls who
present in mid-childhood with premature growth of pubic hair, elevated DHEA
levels and hyperinsulinemia, are at high risk for developing the full PCOS phe-
notype, including ovarian hyperandrogenism and chronic anovulation [4].

Diagnosis

The great variation in the presenting signs and symptoms has lead to many
difficulties in the formulation of uniform diagnostic criteria for PCOS.
Clinicians and researchers have been using different definitions and uniformity
has been conspicuously absent making comparisons of data almost impossible.
A meeting in Rotterdam in 2003 has created a consensus proposal [5] and it is
recommended that this be used forthwith. Any 2 of the following will make the
diagnosis of PCOS:

1. Oligo- or anovulation.
2. Hyperandrogenism — clinical and/or biochemical.
3. Polycystic ovaries.

Other disorders with a similar presentation, congenital adrenal hyperplasia,

Cushing’s syndrome and androgen secreting tumors, should be excluded.

Investigations

Needless to say, thorough history taking and physical examination are essen-
tial. Oligo- or amenorrhea accompanied by symptoms of hyperandrogenism such
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as hirsutism or persistent acne, virtually make the diagnosis. The typical ultra-
sound features of the polycystic ovary, 12 or more follicles of 2—8 mm diameter
and/or an ovarian volume of >10 cm? [5] are best seen using the vaginal route but
can be amply viewed transabdominally in adolescents.

The biochemical features of PCOS are very heterogeneous and inconsistent
and therefore cannot be relied upon for the diagnosis of the syndrome. They may
include increased serum concentrations of testosterone, androstendione and LH
and low sex hormone binding globulin (SHBG, <35 nmol/l) as well as evidence
of insulin resistance. An estimation of serum testosterone is helpful if an andro-
gen producing tumor is suspected; 17-hydroxy-progesterone concentrations can
rule out congenital adrenal hyperplasia to a large extent and Cushing’s syn-
drome, if suspected, can be confirmed in the usual fashion.

While insulin resistance and impaired glucose intolerance are not essential
features of the diagnosis, their unveiling may be important at an early stage for
the prevention of future health hazards. For obese adolescents or those with a
family history of diabetes, screening can be performed relatively easily by
employing a fasting glucose:insulin ratio of <7 as a useful index of insulin
resistance in adolescents [6]. Regular checks with a 2-hour oral glucose chal-
lenge test and fasting lipid profiles should be contemplated as part of the future
management of this particular subgroup.

Prevalence

It has been estimated in adults that PCOS occurs in some 5-10% of women
in the fertile age group. Data on the prevalence of PCOS in adolescence is very
limited but there is no reason to suspect that this is any different to that in adult
life as the symptoms are mostly obvious during this early period in life. In the
fertile age group, 92% of women presenting with hirsutism had polycystic
ovaries diagnosed by ultrasound scanning as had 87% of those presenting with
oligomenorrhea and 26% of those with amenorrhea [7].

More than 50% of adolescents who had PCOS have moderate to severe
acne [8]. The vast majority of women who have acne have polycystic ovaries as
seen from a large study [9] which examined the ultrasound appearance of the
ovaries in 82 females referred to a dermatology clinic with acne vulgaris as the
presenting symptom. Of these 82 women, 68 (83%) had polycystic ovaries.
This staggering figure compares with 19% of women in a control group with
no acne who had polycystic ovaries on ultrasound examination. Smaller studies
[10] have found a prevalence of ultrasound diagnosed polycystic ovaries in
52-80% of women with persistent, moderate to severe acne. To my mind, these
types of study have revolutionized much of the treatment of acne, by informing
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and emphasizing for dermatologists and gynecologists alike, the role of PCOS
in its etiology and applying anti-androgenic therapeutic principles accordingly.

Regarding the prevalence of menstrual disturbances in PCOS, using ultra-
sonically diagnosed polycystic ovaries as the marker [11] 29.7% had normal
cycles, 47% oligomenorrhea, 19.2% amenorrhea, 2.7% polymenorrhea and
1.4% menorrhagia. A similar study that examined the prevalence of menstrual
disturbance in women who had both ultrasound features of polycystic ovaries
and clinical and/or biochemical evidence of hyperandrogenism [12] found
almost identical results in that 73.6% had oligo/amenorrhea and 26.4% had
regular menses. Clearly, in adolescents, menstrual disturbance is a very preva-
lent presenting feature of PCOS and polycystic ovaries are found in the vast
majority of adolescents with persistent oligomenorrhea.

Pathophysiology

An overproduction of ovarian androgens is the primary dysfunction in
PCOS. Ovarian androgen production is basically dictated by the level of activ-
ity of the enzyme cytochrome p450c17a whose actions are mediated by the
enzymes 17-hydroxylase and 19.20 lyase. The activity of p450cl7« is, in turn,
influenced by LH and particularly in PCOS, by the combination of insulin and
LH which hyperactivates the enzyme. The amount of free (bioavailable) testos-
terone in the circulation is regulated by SHBG whose levels are decreased by
both high insulin and high androgen concentrations. It is the amount of biolog-
ically active free testosterone (normally about 1% of total testosterone) that
dictates the severity of the clinical symptoms and even small changes in the
concentration of SHBG can make a significant difference. Alternatively, hyper-
androgenism may be expressed as a result not of elevated androgen levels but
rather of increased sensitivity of the pilosebaceous unit to androgen. This is the
probable explanation of the ethnic and genetic differences in the incidence of
hirsutism in PCOS which, for example, is much lower in Asian women.

Androgens are known to play a central role in the etiology of acne and
hirsutism and increased concentrations of testosterone, androstendione, dehy-
droepiandrosterone (DHEA) and its sulfate (DHEAS) from ovarian and/or
adrenal origin and testosterone and its Sa-reduced metabolite, dihydrotestos-
terone (DHT), as target-tissue produced androgens have all been implicated.

High androgen concentrations have a deleterious effect on the develop-
ment, growth and activity of the sebaceous glands and hair follicles. Testosterone
is a strong androgen which binds to intracellular androgen receptors in the skin
and is converted by Sa-reductase to DHT which has even more potent androgen
effects on the hair follicle and sebaceous gland.
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Increased sebaceous gland function is of major importance in the etiology
of acne. Fueled by overstimulation of the androgen receptors, an excess of
sebum is produced. Following this, there are changes in the pattern of follicu-
lar keratinization with cornification of the infrainfundibulum of the sebaceous
gland. This results in impaired drainage and consequently, the formation of
comedones. Abnormal microbial colonization of the pilosebaceous duct by
Proprionibacterium acnes is the next step down the acne pathway which termi-
nates in inflammation.

Although acne and hirsutism are both androgen driven conditions, both
involving the single morphological entity of the pilosebaceous unit and quite
often presenting simultaneously, especially in PCOS, they do not always appear
concomitantly. It was hypothesized therefore that there may be some dichotomy
in the final pathway of endocrine pathogenesis and, indeed it was found that
dihydrotestosterone is further reduced to 3a-androstanediol and its glucuroner-
ide only in hirsute patients but not in acne patients [13]. It was concluded that
dihydrotestosterone may undergo different metabolic pathways at skin level,
supporting the hypothesis that the two clinical entities may be expressions of
the different metabolic fate of dihydrotestosterone itself.

The etiology of acne in early adolescence has been associated with increas-
ing serum levels of DHEAS whereas hirsutism has been more directly linked
with high concentrations of free testosterone. The two structures comprising
the pilosebaceous unit may have different degrees of sensitivity to similar
androgenic stimulation [13].

The hormonal profile of women who have acne and ultrasonically demon-
strated polycystic ovaries compared with women who have acne but morpholog-
ically normal ovaries differs [10]. Those with polycystic ovaries had raised
concentrations of androstendione, DHEA, DHEAS, and LH:FSH ratio compared
to those with normal ovaries. However, within the group of women with poly-
cystic ovaries, hormonal levels differ. In a large group of women with polycystic
ovaries, those with acne alone were much less likely to have the biochemical
features of PCOS (e.g. raised LH and testosterone concentrations) compared to
those who had hirsutism and other non-dermatological manifestations of PCOS.

The presence and severity of menstrual disturbances have variously been
associated with a number of factors. These include obesity, insulin resistance,
androgen and LH concentrations and the size of the follicle cohort.

Insulin sensitivity is significantly decreased in women with PCOS with
oligomenorrhea compared with women with PCOS but regular cycles and
compared with controls with normal ovaries [12]. The combination of insulin
insensitivity and polycystic ovaries is thus associated with anovulation and
irregular cycles. Menstrual irregularity may be related to the magnitude of
insulin sensitivity or insulin secretion [14].
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High LH concentrations have also been associated with menstrual irregu-
larity. In a series of 1,741 women with ultrasonically detected polycystic ovaries,
those with LH concentrations >101U/]1 had a very significantly increased
incidence of cycle disturbance compared with those who had an LH concentra-
tion <10IU/1 [11]. In adolescents, hypersecretion of LH is the most common
abnormality in those with oligomenorrhea with or without hyperandrogenism.

Treatment

The stigmata of hyperandrogenism can be devastating to a young woman.
Hirsutism and acne are blatantly obvious and may have an often disturbing
effect on the social life and psychological make up of a teenager. In addition,
hyperandrogenism will often upset menstrual rhythm, hinder ovulation and
consequently cause infertility. Long-term sequelae of hyperandrogenism, often
accompanied by hyperinsulinemia, are now coming to light and failure to relate
to the symptoms and signs at an early stage may threaten general health over
the age of 40. The management options in adolescent PCOS are numerous,
usually symptomatic and, possibly, preventative. Weight loss for the obese and
treatment with anti-androgens are well established whereas the use of insulin
sensitizers for adolescents with PCOS is still a debatable topic.

Weight Loss and Life Style Changes

Obese adolescents with PCOS have insulin resistance and a consequent
hyperinsulinemia. They almost inevitably have the stigmata of hyperandro-
genism and irregular menstruation. Insulin stimulates LH and ovarian androgen
secretion and decreases SHBG [15]. In addition, high levels of insulin lower
insulin-like growth factor binding protein I (IGFBP-I) concentrations, releasing
more free IGF-1 which in turn promotes the action of LH. Central obesity and
BMI are major determinants of insulin resistance, hyperinsulinemia and hyper-
androgenemia.

Just as obesity expresses and exacerbates the signs and symptoms of
insulin resistance, then loss of weight can reverse this process by improving
ovarian function and the associated hormonal abnormalities. Adolescence is a
window for education compared with the difficulties of resetting the life-style
of adults. The opportunity to correct eating and life-style habits in these young-
sters must be taken as it is excellent strategy in order to achieve short and long
term goals such as reduction in hirsutism and acne, return of ovulation and
later, conception and almost certainly, a decreased prevalence of cardiovascular
disease, hypertension and diabetes mellitus in later life. Curiously, in obese
women with PCOS, a loss of 5-10% of body weight is enough to restore
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reproductive function in 55-100% [16, 17] and greatly improve hirsutism in
40-55% within 6 months of weight reduction [17]. This weight loss can be suc-
cessfully achieved with a low calorie diet, exercise and a change in lifestyle.
Weight loss has the undoubted advantages of being effective and cheap with no
side effects.

Insulin Lowering Agents

Metformin is an oral biguanide used for the treatment of diabetes for many
years. It is an antihyperglycemic which inhibits hepatic glucose production in
hyperglycemic but not euglycemic patients and increases the number of insulin
receptors. Insulin concentrations are therefore decreased as a secondary
phenomenon with a resulting decrease in androgen and LH concentrations and
increase in SHBG. Metformin may also have a direct action on theca cells
reducing androgen production. There are now many reports of clinical improve-
ment with metformin in, mostly obese, adult women with PCOS. In doses of
1,500-2,550 mg/day, gastrointestinal side effects have proved troublesome and
common in adults but serious side effects have not been reported in an adoles-
cent population [18].

Adolescents with PCOS are inevitably disturbed by the blatant stigmata of
acne and hirsutism, and are worried by menstrual irregularity or absence of
menstruation but the long-term sequelae of the syndrome are of less immediate
concern to them. A debate has now evolved regarding the use of insulin sensi-
tizing agents, notably metformin, in this age group [19, 20]. Theoretically, this
treatment, as evidenced in adults, will reduce hyperandrogenism and therefore
will improve hirsutism, acne and ovulatory dysfunction in the short to medium
term. In the long-term, it would hypothetically help to prevent the onset of type
IT diabetes, beta cell exhaustion and maybe cardiovascular disease after the age
of 40, by eliminating persistent hyperinsulinemia. While traditional treatments
with oral contraceptives and anti-androgens correct menstrual irregularity and
hyperandrogenemia and consequently acne and hirsutism, they do not posi-
tively affect hyperinsulinemia and its consequences.

The question of whether to employ metformin as part of the therapeutic
armamentarium in adolescent PCOS is a difficult one based on today’s knowl-
edge. There are no large, randomized, controlled trials in adolescents. A handful
of studies, short-term and with small numbers, have shown a distinct improve-
ment in obese and non-obese adolescents with PCOS in restoring menstrual
regularity and improving androgen concentrations. Glueck et al. [21] gave
metformin for a mean of 10 months to 11 oligo- or amenorrheic adolescents
with PCOS. Ten responded by resuming regular, ovulatory cycles. Although
this sounds encouraging, the results are confounded by a concomitant diet-
induced weight reduction. Ibanez et al. [22] gave metformin for 6 months to
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18 non-obese girls with anovulatory, hyperinsulinemic hyperandrogenism with
success in that 14 started ovulating regularly and no serious side effects were
noted. A recent study by the same team [23] examined the effects of a low-dose
combination of flutamide and metformin on 30 teenagers who had hyperinsu-
linemic hyperandrogenism. Hirsutism, serum androgens, insulin sensitivity,
lipid profile, abdominal fat and ovulation rate all showed marked improvement
on this treatment.

Several questions still remain unanswered. Is metformin effective in
preventing the long-term sequelae of the syndrome? Will it prove as completely
safe as present data suggest? What will be the effect of committing a teenager
to maybe 20 years of medication? Well-controlled, randomized, long-term trials
are needed to answer these questions. A further question relates to the fact that
a correct diet and life style have already proven value in the prevention of
diabetes, hypertension and cardio-vascular disease in adults. Can this kind of
education be impressed upon adolescent girls with PCOS and continued into
the reproductive years? If so, there is much to be gained.

Anti-Androgens

As acne and hirsutism associated with PCOS undoubtedly arise from over
stimulation of the pilosebaceous unit by androgens, then anti-androgens are the
most effective long-term treatment option. Although anti-androgens are today
the cornerstone of the treatment, more traditional dermatological treatment is
still being used, either alone or combined with anti-androgen therapy. These
include antibiotics, administered either topically or systemically, usually tetra-
cyclines in combination with topical benzoyl peroxide 5% or tretinoin, widely
prescribed by dermatologists.

A number of anti-androgen medications that block the synthesis or action
of androgens: cyproterone acetate (CPA), spironolactone, flutamide or finas-
teride are employed today.

Excluding North America, a combination of CPA (an orally active
progestogen) and ethinyl estradiol (EE) is probably the most widely used anti-
androgen. CPA has an anti-androgen action at several sites: (1) In combination
with EE, suppression of LH release by the anterior pituitary. (2) Competition
for the androgen receptor which it blocks. (3) As a progestogen in suppressing
the action of Sa-reductase. (4) With EE, increases SHBG concentrations. The
combination of CPA (2 mg/day) and EE (35 ng/day) given cyclically has proved
very effective in the treatment of hirsutism and acne as well as serving as an
excellent contraceptive. A reduction of more than 50% in the hirsutism score
has been demonstrated after 9 months of treatment and acne has been success-
fully treated in almost 100% of cases using this minimal dose [24]. The addi-
tion of CPA in a dose of 10-100 mg/day on the first 10 days of the combined
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medication has proved effective for more severe cases. Success rates in revers-
ing or severely diminishing symptoms and maintaining improvement with min-
imal side effects are high but patients need to be informed that this treatment is
not ‘instant’ and that at least 4-9 months are needed to see an improvement in
hirsutism and 3—5 months for acne. Acne will be cleared in 60% of patients in
6 months and after 12 months, 95% should be completely free. Side effects of
CPA in combination with ethinyl estradiol are similar to those of oral contra-
ceptives, are usually mild and transient and include mastodinia, increased
appetite and headaches. No adverse effects on insulin metabolism or lipid levels
by CPA were recorded in a 1-year trial [25].

Other anti-androgens, spironolactone, flutamide and finesteride are also
being employed, mainly in North America where CPA is unavailable. However,
they are not well established therapeutic options for PCOS and for adolescent
PCOS in particular.

However effective these anti-androgen medicines may be, they ameliorate
symptoms while they are being taken but fail to ‘cure’ the cause. After the with-
drawal of treatment with spironolactone, flutamide or CPA, hirsutism relapses
to 60—-80% of the original score, regardless of which anti-androgen therapy is
used [26]. However, the longer the duration of treatment with CPA/EE, the less
chance of relapse within a given time. Using long term treatment with CPA
(25-50 mg/day) and EE (0.01-0.02 mg/day) in a reverse sequential regimen,
hirsutism was absent for 6 months following cessation of treatment in all
patients [27]. After 12 months without treatment, 28% had worsened and after
24 months, 44% were still showing an improvement on the original hirsutism
score.

The full compliance of the adolescent on anti-androgen treatment is very
much dependent on the accuracy and fullness of information given to her by the
physician. First and foremost, the information that a good clinical response to
treatment takes time must be explained. Secondly, the need for long-term main-
tenance treatment of 3—4 years, even when obvious clinical improvement has
been achieved. Thirdly, the possibility of relapse some time after treatment is
terminated.

The aim of treatment for the menstrual disturbances associated with PCOS
is to provide a regular menstrual cycle. This can be achieved using measures
which will also relieve symptoms associated with hyperandrogenism, particu-
larly hirsutism and acne, will prevent endometrial hyperplasia and may help
prevent long-term health consequences.

As with the treatment of all other symptoms associated with PCOS in
obese patients, weight loss should be the first line of treatment. This alone has
an excellent chance of restoring normal menstrual regularity in patients who
succeed in losing >5% of their body weight [16]. This improvement is associated
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with a reduction in circulating insulin and androgen levels which can also be
achieved using insulin sensitizing drugs. Metformin improves cyclicity in about
50% of patients with oligo/amenorrhea (see above). In a compilation of data
from controlled trials, Harborne et al. [28] found that women on metformin had
41 cycles per 100 patient months compared with 21 cycles per patient months
in those receiving placebo. They concluded that these improvements were vari-
able and modest. It seems therefore that insulin sensitizers cannot yet be rec-
ommended as treatment for adolescent PCOS when menstrual irregularity is
the sole complaint.

For symptoms of hyperandrogenism associated with their menstrual irreg-
ularity, the cyclical administration of CPA/EE would seem to be the optimal
treatment. This has been described at length above. As untreated PCOS may be
regarded as a progressive syndrome, at least up to the age of 40, it is reasonable
to assume that treatment with this combination of EE and CPA, which markedly
reduces androgen concentrations and their untoward effects, will put the
syndrome ‘on hold’ so improving the prospects of success of fertility treatment
when it is discontinued. All other cyclically administered contraceptive pills
will of course regularize the cycle.

Conclusions

Persistent oligomenorrhea is a common symptom of PCOS in adolescence
and PCOS also underlies many a case of moderate to severe acne and hirsutism.
Awareness of the early symptoms of PCOS is essential for diagnosis and cor-
rect symptomatic management. The combination of cyproterone acetate and
ethinyl estradiol is very effective for the treatment of acne, hirsutism and cycle
disturbances. Treatment with insulin sensitizers for the adolescent is a possibil-
ity but not yet scientifically established; for the obese adolescent, loss of weight
is equally as effective.
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Abstract

During puberty, the acquisition of skeletal mass and areal bone mineral density (BMD)
mainly reflects an increase in bone size (length and perimeters) and not true volumetric
BMD. Sexual dimorphism in bone mass and areal BMD is also explained by differences in
bone size (longer and wider bones in males) and not by differences in volumetric BMD.
Androgens stimulate skeletal growth by activation of the androgen receptor, whereas estro-
gens (following aromatization of androgens and stimulation of estrogen receptors) have a
biphasic effect on skeletal growth during puberty. Recent evidence from clinical cases has
shown that many of the growth-promoting effects of the sex steroids are mediated through
estrogens rather than androgens. In addition, skeletal maturation and epiphyseal fusion are
also estrogen-dependent in both sexes. Nevertheless, independent actions of androgens in
these processes also occur. Both sex steroids maintain volumetric BMD during puberty.
Androgens interact with the growth hormone (GH)—insulin-like growth factor-I (IGF-I) axis
neonatally, resulting in a sexual dimorphic GH pattern during puberty, whereas estrogens
stimulate GH and hereby IGF-I in both sexes. Hypogonadism in adolescents impairs not
only bone size but also maintenance of volumetric BMD, hereby severely reducing peak
areal BMD. Delayed puberty in boys and Turner’s syndrome in women impair both bone
length and size, reducing areal BMD. Whether volumetric BMD is also reduced and whether
fracture risk is increased in these conditions remains controversial. Replacing sex steroids
according to a biphasic pattern (starting at low doses and ending at high-normal doses)
seems the safest approach to reach targeted height and to optimize bone development.

Copyright © 2005 S. Karger AG, Basel

Puberty has a fundamental role in the development of the skeleton. Indeed,
skeletal mass approximately doubles between the onset of puberty and young



adulthood. This accelerated skeletal growth and modeling is needed because
of increased mechanical demands imposed upon the skeleton. The pubertal
increase in growth velocity and accumulation of bone mass are regulated by the
interactions between sex steroids, growth hormone (GH), and insulin-like
growth factor-1 (IGF-I), along with nutritional and environmental factors [1, 2].
The accrual of bone mass during puberty is a major determinant of peak bone
mass, and, therefore, of the risk of osteoporotic fractures occurring later in life.
Puberty thus represents a vulnerable period during which a deficiency or even
a delay of sex steroid action may irreversibly impact on bone mass and
structure. During puberty, both androgens and estrogens have anabolic effects
on the skeleton. Sex steroids predominantly stimulate bone formation through
direct activation of sex steroid receptors [androgen receptor (AR), estrogen
receptor-a (ERa), ERB] in different bone cells and compartments. In addition,
they may also exert their effects indirectly through interaction with the
GH-IGF-I axis as well as by mechanical stimulation following muscle growth.
In this chapter, we will review the role of sex steroids in the skeletal changes
during puberty.

Bone Development during Puberty

During childhood and adolescence, bone mass and bone mineral density
(BMD) increase in boys and girls, with a maximal accumulation of BMD at the
lumbar spine and femoral neck in the final stages of puberty (fig. 1a) [3]. The
enhancement of BMD is mainly caused by the increase in bone size, leading to
a proportional increase in bone mineral. During puberty, sex differences in bone
width are established. This sexual dimorphism of the skeleton is characterized
by a larger bone size in males, with both a larger diameter and greater cortical
thickness. This is the result of increased periosteal bone formation in men, with
less periosteal apposition in women. At the endocortical site, men experience
greater expansion during puberty, whereas in females endocortical contraction
occurs, narrowing the marrow cavity (fig. 2) [4]. Growth velocity is different
during childhood and adolescence in the different regions of the skeleton. Before
puberty, appendicular growth remains more rapid than axial growth. At puberty,
sex steroid production slows long bone growth by epiphyseal fusion and accel-
erates axial growth [5]. This differing pattern of growth between axial and
appendicular sites will cause site-specific deficits in case of illness. Exposure to
illness during the prepubertal period will affect the dimensions of the appendic-
ular skeleton. In contrast, illness during pubertal years, e.g. delayed or deficient
sex steroid production, will enhance epiphyseal growth resulting in longer leg
length whereas the failure of the axial growth spurt produces a short trunk. This
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Fig. 3. Effect of object size on commonly measured bone mineral parameters. Using
densitometry techniques based on a 2-dimensional projection of a 3-dimensional structure,
the region of interest or projected area is equal to the front face of the sample. The bone
mineral content (BMC) is the total amount of bone mineral in the sample. The areal density
is calculated as BMC over a projected area. The areal BMD of the larger sample is twice that
of the smaller sample. Volumetric BMD, however, is similar in both samples. Reproduced with
permission from Carter et al. [7]. “The American Society for Bone and Mineral Research.

so-called eunuchoid phenotype is well documented in Klinefelter’s syndrome
(KS) and aromatase deficiency (see below). The timing of pubertal growth is
also sex-specific. Since boys enter puberty at a later age, and thus have a longer
prepubertal (appendicular) growth period and longer pubertal growth spurt, they
achieve greater height and have longer bones than girls [6]. As a result, at the
end of puberty males have longer and wider bones compared to females. Areal
BMD at the end of puberty, expressed as the bone mineral content over the
projected area and measured by dual-energy X-ray absorptiometry (DXA), is
greater in men compared to women (fig. 1a). This is due to the fact that men
have a larger bone size, not a denser bone. Volumetric bone density, expressed
as the bone mineral content over the bone volume, is similar in both sexes in
long bones and independent of age (fig. 1b). Volumetric trabecular BMD of the
spine remains independent of age until puberty, when it increases to a similar
degree in both boys and girls. Bone density assessments by methods which rely
on two-dimensional projection of a three-dimensional structure are largely influ-
enced by the size of the region and should therefore be interpreted with caution
(fig. 3) [7]. These techniques may overestimate the bone mineral deficit during
growth in patients with altered growth patterns. Relevant clinical examples of
such discrepancies between volumetric and areal bone density are delayed
puberty in boys and Turner’s syndrome (TS) in girls (see further).
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Fig. 4. a The effect of ovariectomy on periosteal bone formation rate. The mean = SE
(vertical bar) and tetracycline labeling period (horizontal line) for intact controls (O) and
ovariectomized (®) rats are shown as a function of time after ovariectomy. p < 0.01 for all
time points compared to intact controls. b The effect of orchidectomy on periosteal bone
formation rate. The mean * SE and tetracycline labeling period for intact controls (A) and
orchidectomized rats (A) are shown as a function of time after orchidectomy. p < 0.01 for
all orch time points compared to the same labeling period in intact controls. Reproduced
with permission from Turner et al. [10].

Effects of Sex Steroids on Bone Mass during Puberty

During pubertal development, rising concentrations of androgens and
estrogens enhance longitudinal growth in boys and girls, respectively, either
directly or indirectly by stimulating GH secretion. At the end of puberty, higher
concentrations of estrogens induce growth plate closure in both sexes [8]. In
boys, cortical width increases by periosteal apposition, which is mediated by
androgens, whereas estrogens inhibit periosteal bone formation, resulting in a
smaller bone in girls. The endocortical apposition in females, narrowing the
marrow cavity, is regulated by estrogens and probably dependent on the
GH-IGF-I axis [9]. Accordingly, studies in orchidectomized and ovariec-
tomized rodent models have shown that androgens stimulate periosteal bone
formation whereas estrogens inhibit periosteal expansion (fig. 4) [10].

Role of Aromatization of Androgens in Estrogens
Androgens have the unique feature that they can be converted into estrogens,
even within bone (fig. 5). Recently, the pivotal role of estrogens in male skeletal
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Fig. 5. Metabolism of testosterone. Testosterone may activate the androgen receptor
either directly or indirectly following transformation by the 5Sa-reductase enzyme into the
non-aromatizable androgen dihydrotestosterone. Alternatively, it can be converted into
17B-estradiol via aromatization and activate one or both estrogen receptors.

development and maintenance has received much attention [for extensive
review see 11]. Indeed, men suffering from estrogen deficiency (due to a
mutation in the aromatase gene) or resistance (secondary to a mutation in the
ERa gene) have delayed skeletal maturation and impaired bone mass, resulting
in low areal bone density. In addition, these patients do not experience a puber-
tal growth spurt but continue to grow into adulthood. Treatment of aromatase
deficient men with estrogens increases skeletal maturation. This indicates that
androgens alone are not sufficient for epiphyseal maturation and skeletal
mineralization in boys and that estrogens appear crucial for pubertal growth,
acquisition of peak bone mass and epiphyseal fusion not only in girls but also
in boys [12].

A dual mode of action of androgens on bone via both the ER and AR
pathways is now well established [13]. During male hypogonadism, the degree
of estrogen deficiency may vary according to the capacity to aromatize andro-
gens. Patients with very low androgens also have limited capacity for aromati-
zation. Male hypogonadism should therefore be regarded as a combination of
varying degrees of androgen and estrogen deficiency, which may impact
differently on bone.

Effects of Androgens Mediated Directly via the Androgen Receptor

The role of aromatization of androgens into estrogens in skeletal mineral-
ization and epiphyseal fusion in boys has been well established. Therefore, the
question arises to what extent androgens affect skeletal development directly via
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the AR. Clear evidence for the contribution of androgens to male skeletal devel-
opment and maintenance comes from men affected by the complete androgen
insensitivity syndrome (cAIS). Low areal bone density at the hip and spine is a
frequent finding in these phenotypically female cAIS patients [14-17]. When
correcting these DXA measurements for tall stature, the skeletal deficits are
even more severe [18]. These findings suggest that androgens may directly
stimulate bone density via the AR, not only indirectly after aromatization into
estrogens. However, bone density values in androgen-resistant patients may be
confounded by surgical castration and (inadequate) hormone replacement
therapy [18]. In addition, estrogens increase areal bone density at the spine and
hip in most patients with cAIS [16, 17], although these measurements have not
always been adjusted for their tall stature. Also, cAIS patients on long-term
estrogen replacement therapy still have reduced areal BMD compared to controls,
indicating that both androgens and estrogens contribute to peak bone mass.
Finally, androgen resistance in humans is not associated with impaired longitu-
dinal growth or an abnormal pubertal growth spurt, providing further evidence
for the pivotal role of estrogens in longitudinal bone growth and epiphyseal
closure in men [8]. The lack of eunuchoid skeletal development in these patients
also supports this view. Whether androgen resistance in men affects periosteal
bone formation — as would be expected from animal research — is not known.

Interaction of Sex Steroids with the GH-IGF-I Axis

Prepubertally, GH is essential to longitudinal growth. During puberty,
androgens and estrogens increase the spontaneous secretion of GH, initializing
the pubertal growth spurt. More importantly, the dynamic interaction between
increasing levels of GH and sex steroids determines the acquisition of peak
bone mass and skeletal maturation [1]. In general, IGF-I levels are stimulated
by sex steroids due to an increased GH secretion. However, especially for estro-
gens, direct effects on the hepatic IGF-I secretion which are not mediated by
GH are also important. Estrogens modulate longitudinal growth in a biphasic
manner: low doses of estrogen stimulate IGF-I production, but higher doses
inhibit IGF-I production at the hepatic level. Androgens indirectly stimulate
IGF-I following aromatization into estrogens at the pituitary [19]. Studies in
male rats have confirmed that aromatase inhibitors lower serum levels of
IGF-I [20], whereas antiestrogens which do not penetrate the blood-brain
barrier do not affect serum IGF-I [21]. Interestingly, non-aromatizable andro-
gens such as dihydrotestosterone and oxandrolone may initiate pubertal growth
in boys with delayed puberty without a concomitant increase in serum GH or
IGF-I [22]. Taken together, these findings support the view that not only local
but also central action of sex steroids on the GH-IGF-I axis may be important
for the regulation of skeletal dimensions and bone (re)modeling.
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Role of Estrogens and Androgens in Women

As mentioned before, puberty and the associated growth spurt start earlier
in girls. This increase is related to an earlier rise of estrogen levels in prepuber-
tal girls compared to prepubertal boys [23]. Pubertal growth spurt and skeletal
mineralization precede normal breast development in girls, suggesting that
increased growth occurs at even lower estrogen levels than those necessary for
the development of secondary sexual characteristics. These very low but
biologically active estrogen concentrations can only be measured by an ultra-
sensitive bioassay and not by conventional immunoassays. It is also clear that
the rise of these low but biologically active estrogen levels occurs later in boys,
as does their corresponding increase of growth and skeletal development [23].
Most, if not all, of the growth-stimulatory action of these low estrogen levels is
mediated by stimulation of GH and IGF-I in girls as well as boys. The GH
pattern in girls, however, differs from the one in boys and is characterized by a
higher basal secretion with less and lower peaks. After menarche, estrogen
levels rise and continued exposure leads to epiphyseal fusion. The exact
molecular and cellular mechanism of this process remains to be clarified.

The role of androgens in female skeletal development is not well established.
In women, serum androgen concentrations vary considerably: although testo-
sterone concentrations are lower than in men, serum concentrations of other
‘weaker’ androgens like androstenedione and dehydroepiandrosterone-sulfate
are similar [24]. Androgens may therefore stimulate skeletal development dur-
ing puberty in women and contribute to clinically relevant differences in bone
density. Most data in support of such a bone-stimulatory action are based on a
number of studies in women suffering from the polycystic ovary syndrome
(PCOS) [25 and references therein]. Studies in the PCOS model have provided
evidence that hirsute women have higher peak bone density than age-matched
controls, even after correction for body mass index [26, 27]. It is important to
note that this increase in bone density has been confirmed by cancellous
peripheral quantitative computed tomography (pQCT) and, thus, reflects real
changes in bone tissue composition, rather than changes in bone size. Still, it
remains unclear to what extent adrenal androgens have direct AR-mediated
skeletal effects or mainly represent a source for aromatization into estrogens in
both sexes.

Effects of Delayed Puberty on Bone in Men

During puberty, delay of androgen production adversely affects skeletal
growth, as evidenced by reduced peak bone mass and decreased spinal and
femoral areal BMD in patients with constitutional delay of puberty [28-31].

Gonadal Failure and Bone Development 157



Again, bone density assessments based on projectional methods should be
interpreted with caution. These methods may overestimate the bone mineral
deficit during growth because of the associated failure to expand bone during
delayed puberty. In this regard, measurements of density using (p)QCT are
more appropriate. In fact, volumetric BMD in adult men with a history of late
puberty tended to be normal in one [32], but not all studies [33], suggesting
that the impairment of bone size may be more important in these men than
changes in bone tissue composition. Body proportions may also be modified,
with long leg length compared to trunk length.

Effects of Gonadal Failure on Skeletal Growth in Men

In young hypogonadal men, skeletal growth is impaired and, therefore,
areal BMD will be even more affected than during adult hypogonadism.
Isolated hypogonadotropic hypogonadism (IHH) represents the most complete
and early form of male hypogonadism. In contrast to most other types of hypo-
gonadotropic hypogonadism, men with IHH have isolated sex steroid deficiency
without other metabolic abnormalities, making IHH a good model to examine
the effects of sex steroids and sex steroid deficiencies in men. Compared to
age-matched controls, patients with IHH have lower bone density at the spine
and radius, not only before but also after growth plate closure [34].
Interestingly, both areal and volumetric bone densities are reduced. This sug-
gests that bone size and composition may both be impaired in the context of
IHH. In these patients, assessing bone turnover has produced inconsistent
results, demonstrating histomorphometric evidence for low-turnover osteo-
porosis in some patients [35] but increased levels of markers of bone formation
and resorption in others [36].

Lower bone density (at radius and spine) is well documented in hyperpro-
lactinemic hypogonadal men as well [37]. Moreover, reversal of the hypogo-
nadism will significantly increase cortical bone density, irrespective of the
serum levels of prolactin, suggesting that it is the T deficiency and not prolactin
excess which impairs skeletal homeostasis in these patients [38].

Finally, KS is the most frequent form of hypergonadotropic hypogonadism
in men. According to most studies — with one exception [39] — bone density
(areal BMD as well as calculated volumetric BMD) is decreased in KS [40—44].
Low bone density has even been reported in patients who have already been
receiving long-term T replacement [43, 44], questioning the role of androgen
deficiency as the cause of the bone deficit (as well as the role of androgen
replacement to maintain bone density in this patient group) and sugges-
ting other, disease-specific effects on bone which may be independent of the
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associated hypogonadism. Varying degrees of hypogonadism have been
observed in patients with KS and only those with severe hypogonadism may
experience bone loss [39, 42]. However, because of the small numbers of
subjects and the lack of appropriate control groups in most studies dealing with
KS, controversy is likely to persist until large prospective and controlled studies
document the skeletal impact of different degrees of hypogonadism (and their
response to T replacement).

Effects of Gonadal Failure on Skeletal
Growth in Women

TS is caused by partial or total absence of a second X chromosome and is
characterized by ovarian failure, short stature, and multiple skeletal abnormalities
[45]. The two latter features have been attributed to haploinsufficiency for SHOX,
a pseudoautosomal homeobox gene involved in skeletal development [46].

Early densitometric studies in TS patients have indicated that bone mass is
decreased at both cortical (radius) and trabecular (spine) sites [47, 48]. These
studies did not account for the variables (height, bone age, body size) that may
impact on bone density measurements. Of these factors, correcting for height is
particularly important in TS patients. The observed areal BMD reduction is
thus likely the result of their impaired growth and hereby reduced bone size.
After adjusting for height, bone mass was indeed adequate for bone size, at
least at trabecular sites [49—53]. Several studies have recently shown a selective
reduction in volumetric BMD at sites with predominantly cortical bone
[54-56]. In addition, Bechtold et al. [51], using pQCT, reported decreased
cortical bone mass and thickness due to failure of endocortical apposition
during puberty in young patients with TS. The reduced amount of cortical bone
resulted in a decreased bone strength, which may explain the higher fracture
incidence observed in TS patients [49, 57, 58]. In contrast, Bakalov et al. [55]
recently reported that the prevalence of osteoporosis and bone fractures is not
increased in women with TS who received adequate estrogen therapy.

Management of Gonadal Failure

Hypogonadal boys are treated with sex steroids in order to induce a normal
pubertal growth spurt and secondary sex characteristics. Although the skeleton
of prepubertal boys already responds to T [59], the benefits of T replacement
have been most extensively documented in adult hypogonadal men. The interest
of the scientific community in the potential benefits of androgen administration
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currently extends not only to adult male hypogonadism but also to young men
with gonadal failure.

As mentioned earlier, the skeletal effects of gonadal failure during puberty
(deficient peak bone mass acquisition and loss of volumetric BMD) will be
much more severe than during gonadal failure after peak bone mass acquisition
(mainly loss of volumetric BMD). Indeed, peak bone mass acquisition (25% of
total bone calcium) occurs shortly after peak growth velocity whereas about
50% of total calcium is accumulated during entire puberty. Unfortunately, the
diagnosis of hypogonadism (especially in those with partial hypogonadism)
and initiation of treatment is often delayed. Therefore, androgen treatment will
inhibit further loss and some gain of volumetric BMD may be expected, but it
is unlikely that the expected peak bone mass and bone size will be obtained.
Finkelstein et al. [35] have shown that the effect of testosterone treatment on
BMD is related to the initial degree of bone maturation. In boys with open
epiphyses at the start of the study, both cortical and trabecular BMD increased.
Androgen replacement in boys with closed epiphyses only increased cortical
BMD and the increase was smaller than in the former group. Neither group,
however, attained normalization of BMD after treatment. Although no studies
have compared bone mineral acquisition in those receiving early versus late sex
steroid replacement, we would currently advise to start sex steroid replacement
as soon as possible in order to optimize bone development, even when the
differential diagnosis between delayed puberty and hypogonadism is unclear.

Most studies on TS have focused on height optimization. Treatment of TS
patients with GH, given alone or in combination with oxandrolone, improves
final height [60, 61]. It is tempting to speculate that such treatment not only
optimizes height but also bone width and areal bone density. As mentioned
earlier, areal BMD, corrected for height, seems normal in TS patients.

If spontaneous puberty seems unlikely in TS, puberty is induced with
estrogen replacement therapy at an appropriate bone age, taking into account
growth optimization [45]. Trabecular BMD values of women with TS given
appropriate estrogen replacement therapy differ little from healthy matched
controls [50, 53], suggesting that such replacement maintains volumetric BMD
in TS. High-dose subcutaneous E2 implants may even increase trabecular bone
volume and wall thickness in young women with TS [62]. However, it is unclear
whether such an increase of volumetric BMD is beneficial. A selective reduc-
tion in cortical volumetric BMD has recently been reported in TS patients, but
this may be related to the chromosomal abnormality per se and not to the treat-
ment they received [54, 56].

Whether postponing estrogen replacement therapy in TS patients (to
optimize height) is also optimal for peak bone mass acquisition and skeletal
maturation remains to be clarified.
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Management of Delayed Puberty

Constitutional delay of growth and puberty represents another potential
indication for T therapy [63]. Studies in a small number of adolescents with
delayed puberty suggest that monthly injections of low T may increase bone den-
sity [29, 64]. However, the ultimate impact of this treatment on adult bone
density has not been documented. It is also not clear to what extent such increase
in bone density is due to an increase in bone size. According to Bertelloni et al.
[32], no differences in areal and volumetric BMD of the spine were found in
boys with delayed puberty, either untreated or treated with T.

The nonaromatizable androgen oxandrolone has been reported to increase
height gain and bone maturation to the same extent as T in boys with delayed
puberty [65, 66]. In boys treated with oxandrolone, the predicted adult height is
significantly increased [66]. To date, no data are available on its effect on bone
density in these patients, except one study in a small number of patients indi-
cating that neither T nor oxandrolone increases areal or volumetric BMD [32].

Recently, Wickman et al. [67] demonstrated that combined treatment of
testosterone and an aromatase inhibitor appears to increase the predicted final
height more than testosterone alone by delaying bone maturation and epiphy-
seal fusion. This type of treatment did not seem to impair peak bone mass
acquisition [64], but the number of observations and the duration of the study
were limited. In growing male rats, however, aromatase inhibitors impair peak
bone mass acquisition and volumetric BMD [68].

Conclusions

Gonadal failure (or even a delay of sex steroid secretion) during the period
when the skeleton acquires 50% of its bone mineral is a major health problem,
potentially with consequences into old age. In this regard, age-associated osteo-
porosis may in part be considered a pediatric disease. To date, most studies
have focused only on issues such as the development of secondary sex charac-
teristics, the acquisition of optimal height and body distribution. The classical
DXA tool that is used to measure skeletal changes in adults does not appropriately
differentiate the dramatic changes in trabecular and cortical compartments that
occur during peak bone mass acquisition. Thus, many challenges remain for the
everyday clinician.

Although evidence to allow firm recommendations is still lacking, it would
seem that replacement therapy should aim to mimic sex steroid levels as closely
as possible to those in the context of normal sex steroid secretion. Studies that
advocate postponing sex steroid replacement in TS patients in order to increase
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height or interference with aromatization of androgens in delayed puberty
should also document that peak bone mass acquisition in the different skeletal
compartments is not blunted by this approach.

Acknowledgments

D. Vanderschueren and S. Boonen are senior clinical investigators of the Fund for

Scientific Research, Flanders, Belgium (FWO-Vlaanderen). This review was supported by
grant G.0171.03 from the Fund for Scientific Research, Flanders, Belgium to S. Boonen.
S. Boonen is holder of the Leuven University Chair in Metabolic Bone Diseases.

10

11

12

13

14

15

16

17

18

References

Saggese G, Baroncelli GI, Bertelloni S: Puberty and bone development. Best Pract Res Clin
Endocrinol Metab 2002;16:53-64.

Soyka LA, Fairfield WP, Klibanski A: Clinical review 117: Hormonal determinants and disorders
of peak bone mass in children. J Clin Endocrinol Metab 2000;85:3951-3963.

Lu PW, Cowell CT, LLoyd-Jones SA, Briody JN, Howman-Giles R: Volumetric bone mineral
density in normal subjects, aged 527 years. J Clin Endocrinol Metab 1996;81:1586—1590.
Seeman E: Pathogenesis of bone fragility in women and men. Lancet 2002;359:1841-1850.

Bass S, Delmas PD, Pearce G, Hendrich E, Tabensky A, Seeman E: The differing tempo of growth
in bone size, mass, and density in girls is region-specific. J Clin Invest 1999;104:795-804.
Riggs BL, Khosla S, Melton LJ 3rd: The assembly of the adult skeleton during growth and
maturation: implications for senile osteoporosis. J Clin Invest 1999;104:671-672.

Carter DR, Bouxsein ML, Marcus R: New approaches for interpreting projected bone densitometry
data. J Bone Miner Res 1992;7:137-145.

Juul A: The effects of oestrogens on linear bone growth. Hum Reprod Update 2001;7:303-313.
Kim BT, Mosekilde L, Duan Y, Zhang XZ, Tornvig L, Thomsen JS, Seeman E: The structural and
hormonal basis of sex differences in peak appendicular bone strength in rats. J Bone Miner Res
2003;18:150-155.

Turner RT, Wakley GK, Hannon KS: Differential effects of androgens on cortical bone histomor-
phometry in gonadectomized male and female rats. J Orthop Res 1990;8:612-617.

Riggs BL, Khosla S, Melton LJ 3rd: Sex steroids and the construction and conservation of the
adult skeleton. Endocr Rev 2002;23:279-302.

Khosla S, Melton LJ 3rd, Riggs BL: Estrogen and the male skeleton. J Clin Endocrinol Metab
2002;87:1443-1450.

Vanderschueren D, Vandenput L, Boonen S, Lindberg MK, Bouillon R, Ohlsson C: Androgens
and bone. Endocr Rev 2004;25:389-425.

Munoz-Torres M, Jodar E, Quesada M, Escobar-Jimenez F: Bone mass in androgen-insensitivity
syndrome: Response to hormonal replacement therapy. Calcif Tissue Int 1995;57:94-96.

Soule SG, Conway G, Prelevic GM, Prentice M, Ginsburg J, Jacobs HS: Osteopenia as a feature
of the androgen insensitivity syndrome. Clin Endocrinol 1995;43:671-675.

Mizunuma H, Soda M, Okano H, Kagami I, Miyamoto S, Ohsawa M, Ibuki Y: Changes in bone
mineral density after orchidectomy and hormone replacement therapy in individuals with andro-
gen insensitivity syndrome. Hum Reprod 1998;13:2816-2818.

Bertelloni S, Baroncelli GI, Federico G, Cappa M, Lala R, Saggese G: Altered bone mineral
density in patients with complete androgen insensitivity syndrome. Horm Res 1998;50:309-314.
Marcus R, Leary D, Schneider DL, Shane E, Favus M, Quigley CA: The contribution of testo-
sterone to skeletal development and maintenance: Lessons from the androgen insensitivity
syndrome. J Clin Endocrinol Metab 2000;85:1032—1037.

Vanderschueren/Vandenput/Boonen 162



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Weissberger AJ, Ho KK: Activation of the somatotropic axis by testosterone in adult males:
Evidence for the role of aromatization. J Clin Endocrinol Metab 1993;76:1407-1412.
Vanderschueren D, Boonen S, Ederveen AGH, De Coster R, Van Herck E, Moermans K,
Vandenput L, Verstuyf A, Bouillon R: Skeletal effects of estrogen deficiency as induced by an
aromatase inhibitor in an aged male rat model. Bone 2000;27:611-617.

Vandenput L, Swinnen JV, Van Herck E, Verstuyf A, Boonen S, Bouillon R, Vanderschueren D:
The estrogen receptor ligand ICI 182,780 does not impair the bone-sparing effects of testosterone
in the young orchidectomized rat model. Calcif Tissue Int 2002;70:170—175.

Keenan BS, Richards GE, Ponder SW, Dallas JS, Nagamani M, Smith ER: Androgen-stimulated
pubertal growth: The effects of testosterone and dihydrotestosterone on growth hormone and
insulin-like growth factor-I in the treatment of short stature and delayed puberty. J Clin Endocrinol
Metab 1993;76:996-1001.

Klein KO, Baron J, Colli MJ, McDonnell DP, Cutler GB Jr: Estrogen levels in childhood deter-
mined by an ultrasensitive recombinant cell bioassay. J Clin Invest 1994;94:2475-2480.

Labrie F, Belanger A, Cusan L, Gomez J-L, Candas B: Marked decline in serum concentrations
of adrenal C19 sex steroid precursors and conjugated androgen metabolites during aging.
Endocrinology 1997;82:2396-2402.

Zborowski JV, Cauley JA, Talbott EO, Guzick DS, Winters SJ: Bone mineral density, androgens,
and the polycystic ovary: The complex and controversial issue of androgenic influence in female
bone. J Clin Endocrinol Metab 2000;85:3496-3506.

Buchanan JR, Hospodar P, Myers C, Leuenberger P, Demers LM: Effect of excess endogenous
androgens on bone density in young women. J Clin Endocrinol Metab 1988;67:937-943.
Dagogo-Jack S, al-Ali N, Qurttom M: Augmentation of bone mineral density in hirsute women.
J Clin Endocrinol Metab 1997;82:2821-2825.

Finkelstein JS, Neer RM, Biller BM, Crawford JD, Klibanski A: Osteopenia in men with a history
of delayed puberty. N Engl J Med 1992;326:600-604.

Bertelloni S, Baroncelli GI, Battini R, Perri G, Saggese G: Short-term effects of testosterone
treatment on reduced bone density in boys with constitutional delay of puberty. J] Bone Miner Res
1995;10:1488-1495.

Finkelstein JS, Klibanski A, Neer RM: A longitudinal evaluation of bone mineral density in adult
men with histories of delayed puberty. J Clin Endocrinol Metab 1996;81:1152—1155.
Moreira-Andres MN, Canizo FJ, de la Cruz FJ, Gomez-de la Camara A, Hawkins FG: Bone
mineral status in prepubertal children with constitutional delay of growth and puberty. Eur
J Endocrinol 1998;139:271-275.

Bertelloni S, Baroncelli GI, Ferdeghini M, Perri G, Saggese G: Normal volumetric bone mineral
density and bone turnover in young men with histories of constitutional delay of puberty. J Clin
Endocrinol Metab 1998;83:4280—4283.

Finkelstein JS, Klibanski A, Neer RM: Evaluation of lumber spine bone mineral density (BMD)
using dual energy X-ray absorptiometry (DXA) in 21 young men with histories of constitutionally-
delayed puberty. J Clin Endocrinol Metab 1999;84:3400-3401;author reply 3403-3404.
Finkelstein JS, Klibanski A, Neer RM, Greenspan SL, Rosenthal DI, Crowley WF Jr: Osteoporosis
in men with idiopathic hypogonadotropic hypogonadism. Ann Intern Med 1987;106:354-361.
Finkelstein JS, Klibanski A, Neer RM, Doppelt SH, Rosenthal DI, Segre GV, Crowley WF Jr:
Increases in bone density during treatment of men with idiopathic hypogonadotropic hypogo-
nadism. J Clin Endocrinol Metab 1989;69:776-783.

Guo C-Y, Jones TH, Eastell R: Treatment of isolated hypogonadotropic hypogonadism effect on
bone mineral density and bone turnover. J Clin Endocrinol Metab 1997;82:658—665.

Greenspan SL, Neer RM, Ridgway EC, Klibanski A: Osteoporosis in men with hyperprolactinemic
hypogonadism. Ann Intern Med 1986;104:777-782.

Greenspan SL, Oppenheim DS, Klibanski A: Importance of gonadal steroids to bone mass in men
with hyperprolactinemic hypogonadism. Ann Intern Med 1989;110:526-531.

Luisetto G, Mastrogiacomo I, Bonanni G, Pozzan G, Botteon S, Tizian L, Galuppo P: Bone mass
and mineral metabolism in Klinefelter’s syndrome. Osteoporosis Int 1995;5:455-461.

Smith DAS, Walker MS: Changes in plasma steroids and bone density in Klinefelter’s syndrome.
Calcif Tissue Res 1977;22:225-228.

Gonadal Failure and Bone Development 163



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Foresta C, Ruzza G, Mioni R, Meneghello A, Baccichetti C: Testosterone and bone loss in
Klinefelter syndrome. Horm Metab Res 1983;15:56-57.

Horowitz M, Wishart JM, O’Loughlin PD, Morris HA, Need AG, Nordin BEC: Osteoporosis and
Klinefelter’s syndrome. Clin Endocrinol 1992;36:113-118.

Wong FH, Pun KK, Wang C: Loss of bone mass in patients with Klinefelter’s syndrome despite
sufficient testosterone replacement. Osteoporosis Int 1993;3:3-7.

van den Bergh JP, Hermus AR, Spruyt Al, Sweep CG, Corstens FH, Smals AG: Bone mineral
density and quantitative ultrasound parameters in patients with Klinefelter’s syndrome after long-
term testosterone substitution. Osteoporosis Int 2001;12:55-62.

Batch J: Turner syndrome in childhood and adolescence. Best Pract Res Clin Endocrinol Metab
2002;16:465-482.

Clement-Jones M, Schiller S, Rao E, Blaschke RJ, Zuniga A, Zeller R, Robson SC, Binder G,
Glass I, Strachan T, Lindsay S, Rappold GA: The short stature homeobox gene SHOX is involved
in skeletal abnormalities in Turner syndrome. Hum Mol Genet 2000;9:695-702.

Davies MC, Gulekli B, Jacobs HS: Osteoporosis in Turner’s syndrome and other forms of primary
amenorrhoea. Clin Endocrinol (Oxf) 1995;43:741-746.

Shaw NJ, Rehan VK, Husain S, Marshall T, Smith CS: Bone mineral density in Turner’s syndrome:
A longitudinal study. Clin Endocrinol (Oxf) 1997;47:367-370.

Ross JL, Long LM, Feuillan P, Cassorla F, Cutler GB Jr: Normal bone density of the wrist and
spine and increased wrist fractures in girls with Turner’s syndrome. J Clin Endocrinol Metab
1991;73:355-359.

Bertelloni S, Cinquanta L, Baroncelli GI, Simi P, Rossi S, Saggese G: Volumetric bone mineral
density in young women with Turner’s syndrome treated with estrogens or estrogens plus growth
hormone. Horm Res 2000;53:72-76.

Bechtold S, Rauch F, Noelle V, Donhauser S, Neu CM, Schoenau E, Schwarz HP: Musculoskeletal
analyses of the forearm in young women with Turner syndrome: A study using peripheral quanti-
tative computed tomography. J Clin Endocrinol Metab 2001;86:5819-5823.

Sas TC, de Muinck Keizer-Schrama SM, Stijnen T, van Teunenbroek A, van Leeuwen WJ, Asarfi A,
van Rijn RR, Drop SL, Dutch Advisory Group on Growth Hormone: Bone mineral density
assessed by phalangeal radiographic absorptiometry before and during long-term growth hormone
treatment in girls with Turner’s syndrome participating in a randomized dose-response study.
Pediatr Res 2001;50:417-422.

Gravholt CH, Lauridsen AL, Brixen K, Mosekilde L, Heickendorff L, Christiansen JS: Marked
disproportionality in bone size and mineral, and distinct abnormalities in bone markers and
calcitropic hormones in adult turner syndrome: A cross-sectional study. J Clin Endocrinol Metab
2002;87:2798-2808.

Bakalov VK, Axelrod L, Baron J, Hanton L, Nelson LM, Reynolds JC, Hill S, Troendle J, Bondy
CA: Selective reduction in cortical bone mineral density in turner syndrome independent of ovar-
ian hormone deficiency. J Clin Endocrinol Metab 2003;88:5717-5722.

Bakalov VK, Chen ML, Baron J, Hanton LB, Reynolds JC, Stratakis CA, Axelrod LE, Bondy CA:
Bone mineral density and fractures in Turner syndrome. Am J Med 2003;115:259-264.

Hogler W, Briody J, Moore B, Garnett S, Lu PW, Cowell CT: Importance of estrogen on bone
health in Turner syndrome: A cross-sectional and longitudinal study using dual-energy X-ray
absorptiometry. J Clin Endocrinol Metab 2004;89:193—199.

Landin-Wilhelmsen K, Bryman I, Windh M, Wilhelmsen L: Osteoporosis and fractures in Turner
syndrome-importance of growth promoting and oestrogen therapy. Clin Endocrinol (Oxf)
1999;51:497-502.

Gravholt CH, Vestergaard P, Hermann AP, Mosekilde L, Brixen K, Christiansen JS: Increased
fracture rates in Turner’s syndrome: A nationwide questionnaire survey. Clin Endocrinol (Oxf)
2003;59:89-96.

Mauras N, Haymond MW, Darmaun D, Vieira NE, Abrams SA, Yergey AL: Calcium and protein
kinetics in prepubertal boys: Positive effects of testosterone. J Clin Invest 1994;93:1014-1019.
van Pareren YK, de Muinck Keizer-Schrama SM, Stijnen T, Sas TC, Jansen M, Otten BJ, Hoorweg-
Nijman JJ, Vulsma T, Stokvis-Brantsma WH, Rouwe CW, Reeser HM, Gerver WJ, Gosen JJ,
Rongen-Westerlaken C, Drop SL: Final height in girls with turner syndrome after long-term growth

Vanderschueren/Vandenput/Boonen 164



61

62

63

64

65

66

67

68

hormone treatment in three dosages and low dose estrogens. J Clin Endocrinol Metab 2003;
88:1119-1125.

Nilsson KO, Albertsson-Wikland K, Alm J, Aronson S, Gustafsson J, Hagenas L, Hager A,
Ivarsson SA, Karlberg J, Kristrom B, Marcus C, Moell C, Ritzen M, Tuvemo T, Wattsgard C,
Westgren U, Westphal O, Aman J: Improved final height in girls with Turner’s syndrome treated
with growth hormone and oxandrolone. J Clin Endocrinol Metab 1996;81:635-640.

Khastgir G, Studd JW, Fox SW, Jones J, Alaghband-Zadeh J, Chow JW: A longitudinal study of
the effect of subcutaneous estrogen replacement on bone in young women with Turner’s
syndrome. J Bone Miner Res 2003;18:925-932.

Pozo J, Argente J: Ascertainment and treatment of delayed puberty. Horm Res 2003;60(suppl 3):
35-48.

Wickman S, Kajantie E, Dunkel L: Effects of suppression of estrogen action by the p450
aromatase inhibitor letrozole on bone mineral density and bone turnover in pubertal boys. J Clin
Endocrinol Metab 2003;88:3785-3793.

Schroor EJ, van Weissenbruch MM, Knibbe P, Delemarre-van de Waal HA: The effect of
prolonged administration of an anabolic steroid (oxandrolone) on growth in boys with constitu-
tionally delayed growth and puberty. Eur J Pediatr 1995;154:953-957.

Lampit M, Hochberg Z: Androgen therapy in constitutional delay of growth. Horm Res
2003;59:270-275.

Wickman S, Sipila I, Ankarberg-Lindgren C, Norjavaara E, Dunkel L: A specific aromatase
inhibitor and potential increase in adult height in boys with delayed puberty: a randomised
controlled trial. Lancet 2001;357:1743-1748.

Vanderschueren D, Van Herck E, Nijs J, Ederveen AG, De Coster R, Bouillon R: Aromatase
inhibition impairs skeletal modeling and decreases bone mineral density in growing male rats.
Endocrinology 1997;138:2301-2307.

Dirk Vanderschueren, MD, PhD

Laboratory for Experimental Medicine and Endocrinology

Katholieke Universiteit Leuven, Campus Gasthuisberg

Onderwijs & Navorsing, Herestraat 49, BE-3000 Leuven (Belgium)

Tel. +32 16 345970, Fax +32 16 345934, E-Mail dirk.vanderschueren@uz.kuleuven.ac.be

Gonadal Failure and Bone Development 165



Delemarre-van de Waal HA (ed): Abnormalities in Puberty. Scientific and Clinical Advances.
Endocr Dev. Basel, Karger, 2005, vol 8, pp 166-175

@ececccccccccccccccccccooe

Present and Future Options
for the Preservation of
Fertility in Female Adolescents
with Cancer

C.C.M. Beerendonk, D.D.M. Braat

Department of Obstetrics and Gynaecology,
University Medical Centre St Radboud, Nijmegen, The Netherlands

Abstract

Fertility and sexuality are important aspects in the quality of life of long-term survivors
of cancer. Adolescents in particular are in a very vulnerable period of their lives with respect
to future fertility and sexuality. Special attention should be paid to preserve their fertility
whenever possible. The gonadotoxic effect of chemotherapy is largely drug- and dose-
dependent and is related to age. The effect of radiotherapy is also dependent on dose and age and
on the radiation therapy field. The prepubertal ovary is the least susceptible to gonadotoxic-
ity. Ablative regimens for stem cell transplantation have an extremely high risk of ovarian
failure. Alternative chemotherapy protocols can reduce long-term gonadotoxicity. Alkylating
agents impose the highest risk in causing ovarian failure and should be avoided whenever
possible. Up to now, the results of gonadoprotective hormonal therapy have been disap-
pointing and contradictory. Transposition of the ovaries should be considered in each case of
planned pelvic or whole body irradiation, where ovarian involvement is unlikely and
chemotherapy not necessary. Cryopreservation of preimplantation embryos will seldom be
possible in female adolescents due to the lack of a stable relationship with a male partner.
Cryopreservation of mature and immature oocytes (necessitating in vitro maturation) is still
assumed not to be safe for the offspring. Cryopreservation and transplantation of ovarian
tissue seems to be the most promising way of future fertility preservation in female adoles-
cents. At present, it is in its early experimental stage. Its safety and possibilities for fertility
preservation in humans are not proven as yet. Additionally, technical and ethical issues need
to be addressed. The counseling of female adolescents who are facing the threat of cancer
needs careful consideration with regards to the psychosocial impact of the treatment and its
consequences. Special attention should be paid to aspects of future quality of life, in particular:
fertility and sexuality.

Copyright © 2005 S. Karger AG, Basel



As long-term survival of cancer is improving, the awareness of long-term
consequences of cancer therapy is growing. In general, quality of life after can-
cer therapy is widely researched. Fertility and sexuality are important aspects
within this field. Especially in cases of cancer therapy in adolescence care
should be taken for the (future) endocrine, sexual, and fertility consequences.
Adolescents are in a particular vulnerable period of their lives with many new
challenges with regards to their psychosocial development (sexual maturation,
marriage, employment, etc.). They deserve special attention when cancer
threatens their lives. The overall incidence of cancer in 15- to 19-year-olds is
approximately 50% higher than the incidence of cancer in children less than
15 years of age [1]. Although the survival rates have improved during recent years,
they have not kept pace with the survival rates in younger patients. The partic-
ipation rate alone in clinical trials in this age group is very low in comparison
with the children and adult groups. The cause of this so-called adolescent and
young adult gap is largely unknown and multifactorial. It appears that adoles-
cents are not considered a separate group, but squeezed in between pediatric
and adult oncological care. As this problem has been identified already many
years ago, it is only recently that special attention is paid to the consequences.

In this chapter, we will focus on the possibilities of preservation of fertil-
ity in female adolescents with cancer. Apart from the clinical aspects, ethical
issues will be considered. Furthermore, the counseling of these patients and
their parents with regard to their future fertility will be addressed.

Effects of Chemotherapy and Radiotherapy on
Female Fertility

Normally, at birth around 1,000,000 oocytes are present. This number
declines to 250,000 at menarche, after which only 400-500 eggs will eventu-
ally ovulate. At the age of 37, the number of eggs declines even faster (for
unknown reasons), resulting in a significant impairment of fertility. At a mean
age of 52 (around 1,000 eggs left), normal menopause takes place. Normal
fertility already appears to be decreased 5—10 years before menopause, also in
case of regular cycles. The first sign of this decrease in fertility is a higher
follicle-stimulating hormone (FSH) level in the early follicular phase (day 1-3)
of the menstrual cycle. Criteria for elevated FSH levels differ per clinic, but
often levels >10 or >151U/1 are considered to be abnormal, whereas an FSH
level >401U/1 is considered to be menopausal. Chemotherapy and radiother-
apy will damage the ovary. In contrast to the situation in men, there is no clear
separation in a hormonal and a fertility effect of ovarian dysfunction. The
gonadotoxic effects of chemotherapy in females are drug- and dose-dependent
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(cumulative) and are related to the age at the time of treatment. The smaller the
dose, the later the age ovarian failure occurs. Alkylating agents (cyclophos-
phamide, L-phenylalanine mustard, chlorambucil, busulfan) are deleterious for
the ovarian function. They interact with DNA and thus damage ovarian tissue
permanently. It appears that not only follicular maturation is impaired but that
primordial follicles are also depleted. Methotrexate, 5-fluorouracil, etoposide
and doxorubicin do not induce permanent ovarian failure [2]. Induction of
apoptosis in pre-granulosa cells appears to be the primary way of action of
chemotherapy-induced follicle loss. The prepubertal and adolescent ovary is
less susceptible to alkylkating chemotherapy than the ovaries of women in their
late twenties and beyond [3, 4].

The response of the ovaries to radiation is also dependent on dose and age.
An ovarian dose of 4 Gy leads to sterility in 30% of young women and in 100%
of women over age 40. Recently, Wallace et al. [5] estimated the LDs, of the
human oocyte to be <2 Gy. According to his mathematical model, the age of
menopause can be predicted for a given dose of radiotherapy.

The presence of normal reproductive parameters after chemotherapy
and/or radiotherapy does not imply that no ovarian damage has occurred.
Partial loss of primordial follicles can lead to premature ovarian failure (POF)
as a delayed reaction to treatment. Byrne et al. [6] interviewed 1,067 women
after treatment for cancer during childhood and adolescence. They found rela-
tive risks of POF during the early twenties of 9.2 after alkylating agents alone
and of 3.7 after radiotherapy alone. Abdominal radiotherapy in combination
with alkylating agents increased the risk of POF 27-fold. By the age of 31, 42%
had reached menopause compared with 5% for controls. Larsen et al. [7] eval-
uated 100 female childhood cancer survivors who had a median age of
25.7 years at study entry. Seventeen of these women had already reached
menopause. The investigators performed multiple linear regression analysis to
predict the total antral follicle number per ovary. It showed a reduced number
with ovarian irradiation, alkylating chemotherapy, older age at diagnosis and
longer time period off treatment. Consequently, childhood and adolescent
cancer survivors with spontaneous cycles are still at risk for POF and may have
a small fertility window.

Pelvic irradiation can lead to impaired uterine growth in premenarchal
girls and failure of uterine expansion during pregnancy, leading to miscarriages
and premature births [8]. The radiation effect on the uterus is unpredictable, but
higher doses are more likely to be associated with vascular and uterine damage
[9]. One cohort study of female survivors of childhood cancer (treated with
either chemo- and/or radiotherapy) has shown no significant differences in
pregnancy outcome by treatment. A higher, but not statistically significant, risk
of miscarriage was present among women whose ovaries were in the radiation
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therapy field. Furthermore, the offspring of women who received pelvic irradi-
ation are at risk for low birth weight [10].

Effects of Stem Cell Transplantation on Female Fertility

Stem cell transplantation (SCT) is the treatment of choice in most cases of
hematological malignancies at young age. The conditioning regimens used for
SCT include high-dose chemotherapy, usually combined with total body irradi-
ation (TBI). These ablative regimens have an extremely high risk for ovarian
failure, even in girls treated prepubertally [11]. In 20—-65% of girls who receive
SCT with high-dose chemotherapy and TBI before puberty, menarche and the
onset of puberty occur spontaneously [11-14]. Girls who receive SCT after their
menarche and with an ablative conditioning regimen almost all develop amen-
orrhoea [11, 14]. Basal FSH is elevated in all of these girls and LH is elevated
in most. If the onset of puberty is delayed, hormonal therapy (HT) may be nec-
essary [13]. Conditioning with chemotherapy alone and SCT before menarche
lead to the best chance of recovery of ovarian function [11]. In a study by
Sanders et al. [4], in all women treated with high-dose cyclophosphamide alone,
before 26 years of age, recovery of ovarian function occurred. As addressed
above already, however, this does not exclude an early menopause.

Androgen levels are lower after SCT than after chemotherapy or in healthy
controls. Subnormal androgen production might be one factor of importance
behind the problems in puberty development and in adult sex life after
SCT [14].

Twenty to 50% of patients develop chronic graft vs. host disease (GVHD)
after allogeneic SCT. The role of GVHD in fertility disorders, sexual dysfunc-
tion and pregnancy has to be determined. Marks et al. [15] found that 5 of
6 patients with GVHD had sexual dysfunction.

Present and Future Options for Gonadoprotection
in Case of Chemotherapy

The use of alternative chemotherapy protocols with or without additive
radiotherapy can reduce long-term gonadotoxicity. Alkylating agents should be
avoided when possible as they impose the highest risk in causing ovarian fail-
ure [2]. Several strategies have been proposed to suppress the gonadostat:
gonadotropin-releasing hormone agonists, oral contraceptive pills, medroxy-
progesterone acetate. A protective effect was expected as dividing cells are
much more sensitive to chemotherapeutics than resting cells. However, study
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results are contradictory and as yet no randomized controlled trials with suffi-
cient power have been performed. Therefore, we agree with Sonmezer and
Oktay [16] that in the absence of convincing evidence, we do not recommend
ovarian suppression as an effective means of fertility preservation. Whenever
ovarian suppression is considered, it should only be applied within the setup of
a randomized controlled trial.

When the molecular and genetic framework of chemotherapy-induced
germ cell death is identified, apoptotic inhibitors may be developed in the
future. Genetic manipulation may also play a future role in reducing the dam-
age imposed by chemotherapeutics [17].

Present and Future Options for Gonadoprotection
in Case of Radiotherapy

Hormonal suppression of the gonadostat by MPA or GnRH-a appears to
radiosensitize the ovaries in rats instead of protecting them [18, 19]. The radia-
tion doses used with standard pelvic irradiation will induce ovarian failure. To
reduce the dose in adolescents and young women, ovarian transposition should
be performed before pelvic irradiation. Of course, this can only be considered
when the risk of ovarian involvement is negligible. When abdomino-pelvic
surgery is not planned, ovarian transposition can best be performed laparo-
scopically just before the start of radiation therapy because of the risk of spon-
taneous migration back to the original position [17]. The optimal way to
preserve ovarian reserve is lateral transposition of the ovaries above the iliac
crest in contrast to medial transposition behind the uterus. An alternative to
ovarian transposition before pelvic irradiation is shielding of the ovaries by
lead slabs during radiotherapy [20]. Both techniques are only partially success-
ful [21]. Consequently, the value of ovarian transposition or shielding in women
over 40 years of age is limited because lower irradiation doses already cause
ovarian failure. In a recent experiment, heterotopic transposition was under-
taken of an intact ovary with vascular anastomosis in a patient with cervical
cancer [Hilders et al., COBRA-dagen, Noordwijkerhout, The Netherlands,
2004]. The functional result of this procedure is not yet known.

Present and Future Options for Gonadoprotection
in Case of Stem Cell Transplantation

By using a less aggressive, non-ablative approach for conditioning before
SCT (high-dose melfalan) in cases of Hodgkin’s disease and non-Hodgkin’s
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lymphoma, a substantial part of fertility can be preserved. This non-ablative
approach has been as effective as the more aggressive regimens in treating the
malignancy [22]. It was additionally shown that fractionated TBI is less toxic to
the ovaries than single-dose TBI, even in higher doses [11]. As far as known to
us, no studies have been performed as yet to investigate the effect of suppres-
sion of GVHD on future gonadal function.

Other Present and Future Options for Fertility Preservation

Cryopreservation of embryos is a standard procedure in established IVF
programs. This procedure can also be offered as fertility preservation in case of
cancer therapy. After egg collection all oocytes are inseminated and subse-
quently all fertilized eggs are cryopreserved. These embryos might be thawed
and transferred into the uterus in later life (after recovering from cancer). This
procedure can only be performed in case of a stable relationship, because only
fertilized eggs (embryos) can be frozen. Although sometimes it is suggested to
use donor sperm, this isn’t a realistic option for most women. It is difficult to
predict the chances of success, in normal IVF procedures the pregnancy rate
per embryo transfer of frozen embryos is around 10%. Another factor is that
the patient should be physically and psychologically able to undergo hormonal
stimulation and follicular puncture, and she should have the time to postpone
cancer treatment. In this treatment, after freezing, the normal procedures take
place (as in freezing in routine IVF procedures) with respect to informed
consent and destination of the embryos in case one or both partners die.
Consequently, IVF with freezing all embryos will seldom be the method of
choice in adolescents.

Cryopreservation of mature oocytes is still experimental and very debat-
able because of low pregnancy rates per thawed oocyte (about 1.5%) and wor-
ries about the safety of the method for the offspring. In 1986, the first
pregnancy by this method was reported [23]. Since then 2 major congenital
abnormalities were reported in only 32 pregnancies [16]. This treatment also
requires time for ovarian stimulation and follicle aspiration, and can therefore
only take place if there is time to postpone cancer treatment.

It is possible to collect and freeze immature oocytes [24]. Immature
frozen-thawed oocytes need in vitro maturation. During this process spindle
and chromosome abnormalities have been reported. Only a few pregnancies
using frozen-thawed immature oocytes have been reported thus far [16].

Up to now, cryopreservation and transplantation of ovarian tissue seems to
be the most promising way of fertility preservation in adolescents. Although
this procedure is now offered worldwide in many clinics, this too is still an
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experimental procedure. The limiting factor in cryopreservation of a whole
human ovary is the rate of uniform penetration with cryoprotectants. At pre-
sent, small ovarian cortical strips have been cryopreserved successfully. After
transplantation of these frozen-thawed ovarian cortical strips, up to two-thirds
of follicles are lost due to initial ischemia. In animals, pregnancies and deliver-
ies have been reported after ovarian cryopreservation and transplantation. In
humans, resumption of endocrine activity has been demonstrated and the first
embryo has been obtained after subcutaneous transplantation of frozen-thawed
ovarian tissue [25]. The first human pregnancy has been reported on June 30,
2004 by Professor Donnez (Brussels, Belgium). Because of the possibility of
ovarian metastases and therefore the risk of reintroducing the cancer, trans-
plantation of ovarian tissue in case of hematological cancers like leukemia,
Burkitt’s lymphoma, some breast and colon cancers and neuroblastoma cases
should not be performed [26-28].

Endocrine activity appears to be better after heterotopic transplantation
(maximum 3 years) than after orthotopic transplantation (maximum 9 months).
However, these conclusions are all based on case-reports and not on large
prospective trials. Xenografting of human ovarian tissue to immunodeficient
mice is an ideal model to study different aspects of human ovarian tissue auto-
transplantation. In case of a high probability of ovarian metastatic disease,
xenografting may be considered as a means to utilize banked ovarian tissue in
the future. This technique, however, raises many technical and ethical concerns.

Alternatives

As gonadotoxicity by chemotherapy and radiotherapy is less in adoles-
cents, one can also consider a wait and see policy, particularly in a case of high-
risk ovarian involvement. In that case, the woman should be aware of the high
risk of premature ovarian failure although ovarian function appears to be
restored shortly after cancer therapy. Another alternative is oocyte donation in
case of ovarian failure after cancer treatment. This is a very successful estab-
lished treatment option with potentially high pregnancy rates (up to 60% per
embryo transfer). The pregnancy rate is predominantly related to the age of the
egg donor. The option of adoption should also be discussed with these patients.

Ethical Considerations and Counselling

Patients suffering from cancer and their parents should be informed about
the (im)possibilities of preservation of fertility. Although many procedures are
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possible, they still all are experimental. This should be discussed with the
patients and their parents. They also should be carefully informed about the
risks and the uncertainties of the procedures as well as the uncertainties of its
use in the future. In case of freezing ovarian tissue the patient should sign an
informed consent. She should know that there is a chance that it might never be
used [29].

Ideally, the patient should be referred to a gynecologist who is familiar
with these procedures and with the potential risks and complications.

Conclusions

Attention for preservation of fertility in female adolescents with cancer is
important because long-term survival of cancer is increasing and the ability of
procreation represents an important aspect of the quality of life. These young
women are also in a particular vulnerable period of their lives with already
many uncertainties with regards to their psychosocial development.

Pharmacological protection up to now has been very disappointing. Less-
aggressive chemotherapy regimens with less risk of ovarian failure need to be
developed. When pelvic or total body irradiation is necessary and ovarian
involvement is unlikely, laparoscopic ovarian transposition should be consid-
ered shortly before the start of irradiation.

In the future, ovarian cryopreservation and transplantation are the most
promising procedures for fertility preservation in female adolescents with can-
cer. Up to now it still is an experimental treatment of which the future possibil-
ities can not be overseen as yet. Many technical and ethical issues need to be
addressed. In counseling these young women, all of these aspects need to be
considered. Alternatives such as oocyte donation, adoption or acceptance of
being unable to have children should also be mentioned.
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