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Over the past 20 years, a clear secular trend toward the earlier
Pubertal development

Precocious puberty onset qf _pl_lberty has b_een described. A better kpowledge should

Delayed puberty help clinicians attempting to define both precocious and delayed

Girls puberty (PP and DP, respectively). The definition of PP for girls is
the appearance of secondary sex characteristics development
before the age of 8 years, while DP is based on the absence of
thelarche at the age of 13 years.
Regarding PP, one should clinically distinguish between true
precocious puberty, i.e., complete or central PP, and incomplete PP,
which refers to premature thelarche, premature pubarche, and
isolated menarche. Evaluation of girls of PP requires careful
examination of the clinical expression, a GnRH test, and imaging of
the central neurosystem. GnRH analog is considered the gold
standard treatment of central precocious puberty. Peripheral PP
should be managed according to the underlying causes.
DP is suspected in girls with no breast development by the age
of 13 years, or absence of menarche at 15 years with secondary
sex characteristics. The clinical examination along with endo-
crine, radiological, and genetic investigation should be able to
identify girls with permanent hypogonadism as opposed to
those with transitory hypogonadism, who undergo spontaneous
but DP. Estrogen therapy should be discussed according to the
causes of DP.
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In all cases, emotional and psychosocial disorders should be
considered for these girls with disorders of puberty.

Introduction

Puberty is a sensitive period of physical, psychological, and social development for girls. A girl and
her parents view any deviation from the normal course of puberty with great anxiety, whether the
variant is normal or pathological.

Puberty is not a single event but is the culmination of a complex series of maturational events that
start in utero, are activated in the neonatal period, and are then reactivated at the onset of pubertal
maturation. Puberty has even come to be regarded as a biological sensor, and changes in its timing
suggest that it may serve as a potential biomarker for negative environment influences on develop-
ment [1].

The diagnosis of abnormal puberty requires a good understanding of normal pubertal development
and its temporal course, including the variations that affect 30—50% of girls. It is described as consonant
if it follows a normal sequence of pubertal changes and discordant if it is abnormal.

Onset of puberty

The onset of puberty is determined by familial or genetic heritability and neuroendocrine factors and
can be modulated by general health, nutritional adequacy, exercise, and environmental chemicals [2,3].

The neuroendocrine activation or reactivation of the hypothalamic-pituitary-ovarian axis is
essential for the completion of puberty [4] and is regulated by a complex network of genes, neuro-
transmitters, and glial neuronal interactions within the hypothalamus (Fig. 1).
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Fig. 1. Neurosecretory control of the onset of puberty.



Puberty starts with the activation of this neuroendocrine network, which results in the release of
pulsatile GnRH secretion. In addition, secular trends appear to influence the physiological range for
onset [5].

Neuroendocrine factors

The secretion of GnRH is regulated by kisspeptin and its receptor kiss-R1, a G protein-coupled
receptor, and is modulated by neurokinin B (and its receptor) and dynorphin (and its receptor). At
puberty, the stimulatory effect of neurokinin b increases, while inhibition from dynorphin A is blocked.
This results in an increase in GnRH secretion.

Several studies have detected loss-of-function mutations in kiss-R in idiopathic hypogonadotropic
hypogonadic patients, which suggests that this receptor is a regulator of GnRH secretion after its
activation by kisspeptin binding. These three supra-GnRH regulators compose the KNDy neurons,
which are the key players in pubertal onset. Recently, Abreu et al. detected makorin ring finger protein
3 (MKRN3) gene mutations in families with central precocious puberty (CPP) [4]. According to this
group, the function of MKRN3, a protein with a zinc-finger motif, is to inhibit the pulsatile secretion of
GnRH at the onset of puberty. MKRN3 was proven to have an inhibitory effect on GnRH release and is
thus considered a key factor in puberty initiation.

Moreover, the GnRH pulse generator is under excitatory and inhibitory control. The onset of
puberty, i.e., the increase in GnRH secretion, starts when excitatory input increases, while inhibitory
tone decreases.

Gamma amino butyric acid (GABA) is considered the major neurotransmitter that inhibits GnRH
secretion during childhood.

Glutamate, neuropeptide Y, endorphins, opioids, and melatonin activate the GnRH pulse generator
and regulate the timing of puberty. A cross-talk of amino acids (glutamate), peptides (kisspeptin),
growth factors, and the input form of GABAergic and opioidergic neurons regulate GnRH neuron
activity. The fine tuning of the epigenetic transcriptional regulation of these factors may modulate the
pubertal process. The onset of puberty is marked by the increased frequency and amplitude of GnRH
secretion, involving an increase in excitatory input of kisspeptin through KNDy neurons and glutamate
and a decrease in inhibitory inputs from GABA neurons. Glial cells play a facilitating role through
growth factor production (TGFa, EGF, etc.).

Moreover, thyroid transcriptional factor 1 and OCT-2, which are enhanced at puberty, are
transcriptional factors that also seem to modulate GnRH secretion at puberty. Briefly, pubertal onset
seems to integrate diverse genes [6] and hormone signals, modulated by peripheral signals.

MicroRNAs (MiRNAs) are short non-coding RNAs that silence gene expression post-transcriptionally.
Messina et al. [7] recently showed that a switch in the miRNA expression patterns in infantile
GnRH neurons inverts the balance between inductive and repressive signals, triggering an increase in
hypothalamic GnRH expression and controlling the crucial transition from the early infantile phase,
when levels are low, to the GnRH-fueled run-up to puberty.

This raises the suspicion that the miRNA-dependent epigenetic regulation of GnRH secretion may
underlie the pathophysiology of early or delayed puberty (DP) [8].

Recent large-scale genome-wide association studies have been conducted on pubertal development
and adiposity, clearly supporting the relevance of the LIN28B locus of pubertal timing (and age of
menarche). Moreover, other common variants in/near LEP-R, GnRH, and TAC-R3 have been considered.

Amphiregulin is a member of the EGF family of proteins and binds the EGF-Rc to promote cell
differentiation and proliferation of the mammary gland during puberty, along with estrogen signaling.
In a recent work, Biro et al. [9] reported on the association of amphiregulin levels with the onset of
breast development in a longitudinal cohort of girls. These authors suggested that amphiregulin levels
might serve as an early biomarker of pubertal onset.

Jull et al. [10] recently reported that pubertal onset in girls was strongly influenced by genetic
variations affecting FSH signaling. According to this group, breast development occurs 7.4 months
later in healthy girls with the FSH-R-29AA genotype compared with that in carriers of FSH-R-
29GG+GA.



Metabolic control

The onset of puberty in girls is highly sensitive to nutritional status and energy reserves, and this
metabolic information is transmitted to GnRH neurons [11]. Indeed, obesity during childhood may lead
to premature thelarche or early pubertal onset [12]. The central activation of GnRH neurons by leptin
has been considered a causal mechanism: the relevant action of leptin, an adipose tissue hormone, as a
stimulating factor on KNDy neurons has not been fully clarified.

Because the neuropeptide «-MSH plays a key role in energy homeostasis by mediating the action
of leptin, Tena-Sempere et al. [13] recently analyzed the potential contribution of central MSH
signaling to the metabolic control of puberty. By using wild-type and genetically modified rodent
models, pharmacological studies, expression analysis, electrophysiological recording, and virogenetic
approaches, this group was able to demonstrate a novel leptin — «-MSH — kisspeptin — GnRH
neuronal signaling pathway involved in transmitting the permissive effects of leptin on pubertal
maturation.

Briefly, early puberty in obese girls may be related to [14]

- activation of GnRH neuron secretion by leptin;

- exaggerated insulin secretion;

- increased endocrine disrupting chemical (EDC) concentration. For example, there is a good corre-
lation between BMI and bisphenol A (BPA) concentration.

Moreover, the intrauterine milieu may influence the timing and the tempo of puberty: early puberty
is known to occur in girls with intrauterine growth restriction (IUGR).

Role of endocrine disruptors

In the last two decades, the onset of puberty appears to have transitioned to younger ages by 12—18
months. Hypotheses explaining this shift encompass both intrinsic (nutritional status) and extrinsic
factors (EDCs) [15]. Both are known to contribute to early onset and the increased prevalence of early
onset in girls [16].

Evidence for an association between EDCs and early pubertal onset or early puberty (premature
thelarche or central precocious puberty) has been derived from epidemiological, toxicological, clinical,
and experimental studies and from wildlife observation in contaminated ecosystems [3,17].

It is now accepted that EDCs can modulate the endocrine system, and their potential impact on
human health recently became a medical issue of major concern among scientists, medical practi-
tioners, and the general public [18].

EDCs can interfere with any site, where estrogens are acting

- estrogen target tissues;
- hypothalamic-pituitary function [19].

In female rodents, prenatal BPA exposure induces the early timing of vaginal opening in most
experiments. Similarly, prenatal exposure to DES is followed by early vaginal opening.

EDCs, which may cause hypomethylation, have the potential to modify the pubertal process and/or
the ability of individuals to cope with the environment.

Briefly, over the past 20 years, a clear secular trend toward earlier onset of puberty [20] has been
described by several international studies (Fig. 2). For instance, in Denmark, a mean decrease in age of 1
year was documented over a 15-year period [21].

In summary, better understanding of the normative ranges has a crucial impact and should help
clinicians attempting to

- define both PP and DP;
- decide on the appropriate investigations;



8,6 8,99,0 9,697 99 10,1 10,3 10,6 11,3 years

=4

Italy
Turkey
Denmark
). S (White)
). Thailand
) US (black)
b)) Chile

Fig. 2. Age at onset of puberty, as compared with Tanner stage B2.

- decide on the need for specialist referral;
- manage the treatment.

Definition of abnormal puberty

The classic definition of abnormal puberty, whether premature or delayed, is according to the
timing that is 2.5 SD below the mean.

The definition of PP for girls is the appearance of secondary sexual development before the age of 8
years. This definition was revised on the basis of the findings of the Pediatric Research in Office Settings
(PROS) networks, but several experts disagree with these guidelines [22], which propose that PP be
defined by the presence of breast (or pubic hair) development before the age of 7 years. The PROS
recommendations are not routinely followed.

Conversely, the definition of pubertal delay remains based on the absence of thelarche at the age
of 13 years. Primary amenorrhea corresponds to the absence of menarche at 15 years, which is
approximately 2.5—3 SD from the mean.

The American Academy of Pediatrics and the American College of Obstetricians and Gynecologists
have jointly published guidelines that recommend the evaluation of DP if menarche does not occur
within 3 years of thelarche.

These guidelines also recommend evaluation of girls with suspected DP when

- no breast development is observed by the age of 13 years;
- menarche is absent at 14 years in the presence of some degree of breast development;
- menarche is absent at 15 years.

Age definitions should, however, be considered as general guidelines. The evaluation of the
disorders of puberty needs to be managed case by case.

Precocious puberty

The overall incidence of sexual precocity has been estimated to be between 1/5000 and
1/10,000 [23].

According to the new guidelines, puberty is not precocious unless it occurs before 7 years for
Caucasian girls and 6 years for African-American girls. However, like most pediatric endocrinologists,
we evaluate girls with PP prior to the cut-off age of 8 years, and especially those between 7 and 8 years,
corresponding to the so-called early puberty.



Several terms have been used to describe the type of PP. It is generally accepted that one should
clinically distinguish between (Table 1).

true PP, also known as complete or CPP, and
e incomplete PP, which refers to isolated premature thelarche, isolated premature pubarche, and
isolated menarche.

For a pathophysiological point of view, we usually differentiate

central PP: GnRH dependent and
e peripheral PP: GnRH independent.

Sexual precocity has also been categorized as iso- or heterosexual, according to whether the pu-
bertal expression is related to hyperestrogenization or virilization, respectively.

Early pubertal development is a common cause of parental anxiety and the major reason for referral
to specialists. However, only a small number of girls require investigation and treatment [24].

Central precocious puberty

Evaluation

The evaluation of PP requires careful examination of the secondary sexual characteristics [25] and
detailed analysis of the growth chart to identify a marked increase in growth velocity, which
sometimes occurs prior to the presentation of PP.

e Bone age X-rays are helpful to identify the level of advanced bone maturation.

e Evaluation of uterine size and ovarian morphology by pelvic ultrasound provides reliable infor-
mation on the estrogenization level.

¢ In addition, imaging of the central nervous system (CNS) is mandatory regardless of the age of girls
at the onset of puberty but particularly in girls younger than 7 years.

Table 1
Classification of female precocious puberty.

1 Central precocious puberty, true precocious puberty: gonadotropin dependent

a. Idiopathic

- Typical form
- Other clinical forms:
Extremely precocious puberty
Slowly progressive precocious puberty
Spontaneously regressive precocious puberty
Precocious puberty in adopted children
Familial central precocious puberty
Single advanced of puberty
Early puberty and growth retardation
Early puberty after premature pubarche
= Early puberty in [UGR

b. Tumoral: CNS lesions (hamartoma, etc.)

c. Genetic forms of precocious puberty

d. Secondary to hypothyroidism, to peripheral precocious puberty
2. Incomplete isosexual precocity

a. Isolated thelarche

b. Isolated pubarche

c. Isolated menarche
3. Peripheral precocious puberty, pseudo-precocious puberty

a. Ovarian autonomous hyperactivity

b. Peripheral hyperestrogenism: environmental endocrine disruptors




Abnormal CT scan and MRI are reported in 2% of girls with pubertal onset before 8 years and in 20%
of girls when CPP started before 5 years.

e The gold standard in diagnosing CPP is the GnRH stimulation test. Because basal serum LH as a
routine for diagnosis is usually inconclusive, a peak level of LH > 5—7 mUI/ml in 30 min after GnRH
administration is considered adequate for diagnosing CPP [26].

Clinical expression
PP is 8 times more frequent in girls than in boys. Premature breast development, pubic hair, and
growth acceleration should prompt several questions, the answers to which will provide clues as to the
best adapted treatment strategy.
. Did puberty clinically begin before 8 years of age?
. What has been the progression of the clinical symptoms?
. What is the neighborhood environment? The professional activity of the parents? [27]
. Are there biological or radiographic signs of exaggerated maturation?
. How is predicted adult height affected?
. What are the psychological consequences?
. Is the hormone secretion gonadotropin dependent or independent?
. In the case of central gonadotropin activation, is it because of a tumor or is it idiopathic?

AU A WN =
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e Typical presentation

The simultaneous development of breasts >B3 and pubic hair >P3 in a girl younger than 8 years
suggests CPP when growth rate is also accelerated (>2 SD of the mean for chronological age). When the
medical history is obtained, the family should be questioned about past head X-rays, brain trauma, and
neonatal CNS infection (meningitis, encephalitis). In addition, the impact on the child's psychological
health or well-being should be assessed.

The clinical examination reveals a modification in the orientation of the vulva, development of the
labia majora, and vaginal secretion. The weight curve should systematically be analyzed [28]. Once this
initial clinical step is concluded, it is important to confirm the diagnosis of a central cause and
determine the etiology. The hormone work-up is limited to GnRH testing, and a predominant LH
response signals central gonadotropin activation [29,30].

In CPP, the X-ray of the left wrist and elbow reveals advanced bone maturation, and bone age is
often greater than chronological age. This sign is fundamental. In certain forms of explosive PP,
however, clinical expression may precede the accelerated bone maturation, which occurs only after
some months.

Pelvic ultrasound is indispensable. Uterine length >35 mm indicates hyperestrogenization usually
related to pubertal onset. Multifollicular ovaries reflect central stimulation. Brain MRI should still be
systematic.

A CNS tumor (hypothalamic hamartoma, optic chiasm glioma, etc.) is found in 10—15% of the cases.
Moreover, central structures can be affected secondary to infection (meningitis, meningoencephalitis),
radiation, or brain trauma [31].

e Other clinical forms
In addition to the typical presentation of CPP, which usually occurs between 5 and 8 years, several
other forms have been identified and can be distinguished by their etiology, progression, and thera-

peutic indications [32].

- Profoundly PP

Profoundly PP occurs between 1 and 4 years: the clinical progression is rapid and more anarchic,
and menstruation occurs. The search for a cerebral tumor should be particularly painstaking.



- Slowly progressing puberty

Slowly progressing puberty is defined as moderate breast enlargement, E2 concentration
<25 pg/ml, an advance in bone maturation of <2 years, and a ratio of LH peak over FSH peak <1.
Moreover, the circulating concentration of IGF-1 is prepubertal. If the clinical picture remains stable
after 6 months of observation, treatment to stop puberty is not indicated.

- Spontaneously regressive puberty

Cases of spontaneously regressive puberty have long been a subject of discussion: these are
authentic cases of CPP in which the signs of estrogenic secretion spontaneously and completely regress
in the 12 months following the consultation for sexual precocity. In our experience, no clinical,
biological, or radiologic element predicts this particular course. This rare form requires no treatment
but points to the need for systematic follow-up over 6—12 months for all cases of sexual precocity.

- Central PP in adopted children

Central PP in adopted children is seen almost exclusively in girls between 4 and 8 years, regardless
of the country of origin, and its occurrence is variable after arrival in the country of adoption. This form
is characterized more by the rapidity of the acceleration in growth velocity and maturation than by the
clinical signs, and it evokes the relationship of poor nutrition/inadequate caloric intake, renutrition,
rapid rise in IGF-1, and precocious onset of puberty.

- Familial central PP

Routine clinical experience has shown that the age of menarche has remained remarkably
consistent across generations and that in certain families, pubertal onset has always been more or less
precocious. A recent study from the group of Philips et al. reported a high proportion (27.5%) of the
familial form of CPP. Analysis indicated autosomal dominant transmission with weak penetrance.
These data suggest the need to pay particular attention to the girls in these families, especially because
in this study, the girls with familial CPP were evaluated later than the girls with sporadic forms. This
clinical form of CPP is a remarkable illustration of the implication of genetic factors in puberty onset.

- Simple advanced puberty

Simple advanced puberty refers to pubertal advance that remains within 2 SD of the norm,
generally appearing between 8 and 10 years of age. It is often the reason for short adult height, because
the acceleration of bone maturation is more rapid than statural growth. It is particularly seen in girls of
Mediterranean background, and a girl showing this simple advance of puberty often has a mother who
experienced the same advance (genetic character).

Some authors [33] have tried to delay puberty in order to extend the growth period and thus
improve the final adult height. In fact, GnRH analogs did not improve the predicted final height.

- Simple advanced puberty and growth retardation

In many cases, a simple advance of puberty occurs in girls showing growth delay <-2 SD, especially
those who presented with [IUGR. The prognosis for final height is affected, with adult height of 145—150 cm.

- Advanced puberty after premature pubarche

At a chronological age of 8—10 years, some girls have presented with premature pubarche and
gonadal onset of puberty at a bone age of 10—11 years. Some of these girls, especially the obese, are at



risk of developing polycystic ovarian disease in adolescence [34]. They require close clinical, biological,
and radiologic follow-up throughout the adolescent period.

- Early puberty/IUGR

Restricted prenatal growth may be followed by a permanent resetting of the endocrine axes that
co-determine pubertal development. Several studies document a relationship between IUGR and
earlier pubertal development or normal timing, but with rapid progression.

A strong association between prenatal growth and early pubertal development was first established
by Person et al., but other studies have confirmed that impaired fetal growth may have long-lasting
effects on pubertal development.

The mechanism behind the early pubertal development has not been fully elucidated, but one
should bear in mind that nutritional rehabilitation after persistent undernutrition prompts catch-up
growth associated with increased gonadotropin secretion, which in turn leads to early puberty.
Some animal studies have correlated small for gestational age (SGA) and early onset of puberty and
accelerated sex maturation.

Molecular genetics

Some years ago, the first heterozygous activating mutation in the KISS1R (p.Arg386Pro) was
identified in adopted Brazilian girls with CPP. This activating mutation led to the prolonged activation
of intracellular signaling pathways in response to kisspeptin. Other mutations in candidate genes
involved in the regulatory mechanism of GnRH secretion have not been identified [35].

Conversely, different loss-of-function mutations of MKRN3 have been described in patients with
CPP, evidencing the key function of MKRN3 as an inhibitor of GnRH neuron activation.

Psychological problems

Girls with PP may be stressed because of physical and hormonal changes they are too young to
understand [36]. They may be teased by their peers because of their physical differences [37], and they
are likely to have increased libido, leading to masturbation or inappropriate sexual behaviors. They are
therefore at risk for significant psychosocial problems: poor self-esteem, higher anxiety, irritability,
and eating disorders [38,39]. Notably, they are at higher risk for sexual abuse, which should thus be
routinely screened for (5% of girls in our experience).

There is no consensus regarding GnRH analog treatment to prevent the negative psychosocial
consequences in girls who fall outside the new recommendations for CPP treatment [6,40]. Discussion
about initiating treatment to prevent long-term sequelae in these girls is appropriate.

Treatment

Central precocious puberty. GnRHa has been considered the gold standard treatment of CPP. It
suppresses LH pulsatile secretion, and a regression of pubertal signs occurs within 3—6 months.
The efficacy of these agonists is similar in terms of gonadotropin suppression [41].

The use of GnRHa to treat CPP was recently discussed in a consensus statement [42]. One of the
main reasons for this treatment is to preserve height potential, with treatment indicated if the
predicted height is <140 cm (55 inches). Prevention of early menarche and the psychological conse-
quences should also be considered in an emotionally immature girl [43].

The optimal time for discontinuing GnRHa treatment has not been clearly established. In our
experience, however, discontinuation at 11 years results in optimal height outcome. Mean adult height
is significantly higher in treated patients, with a mean adult-height difference of 8.3 cm (3.3 inches).
The decision should nevertheless consider the psychological impact on the patient.

Most studies show significant improvement in adult height compared with predicted height at the
start of the treatment [44]. The extent of the improvement depends on the following:



the age of the onset of PP and treatment initiation;
the level of bone maturation;

height at the beginning of treatment;

target height;

effective suppression of ovarian hyperactivity;
more rarely, BMI.

According to Lazar et al., the benefits of treatment are greater in girls who are diagnosed and treated
at a younger age (6 > 6—8 > 8 years) [45].

Spontaneous menses occurs 6—18 months after the cessation of treatment. In some cases, the
completion of treatment is associated with increase in obesity. The risk of polycystic ovary syndrome
(PCOS) has been diversely appreciated. In our experience, 20% of the cases develop signs and symptoms
of PCOS, but many investigators have reported that fertility is normal in such cases. GnRHa treatment
has no detrimental effect on bone mass acquisition. Pubertal signs reappear within 6—12 months after
the cessation of therapy [46]. PP is associated with an increased risk of disease in adult life [47] and
later psychosocial adjustment problems [48].

Central precocious puberty and growth retardation. Several studies have reported that GnRHa might also
decrease height velocity below the age-appropriate normal range and, in some cases, impair predicted
adult height. To compensate for the reduced GH-IGF1 production during GnRHa treatment, some
authors have proposed the addition of hGH in combination with GnRHa. The controversial results for
the adjunctive treatment of hGH plus GnRHa prompted the Lawson Wilkins Pediatric Endocrine So-
ciety and the European Society for Pediatric Endocrinology not to recommend the addition of hGH for
the treatment of CPP. Conversely, several groups in China continue to associate hGH with GnRHa
treatment. In a very recent systematic review, Wang et al. analyzed the effects of combined treatment
in 464 Chinese patients included in 14 studies [49]. This meta-analysis clearly demonstrated that
compared with GnRHa treatment alone, GnRHa plus hGH treatment led to a significant increase in
predicted adult height and final height.
In our opinion, the combined treatment should be considered in exceptional conditions.

Early puberty. GnRHa therapy is an effective way to improve adult height in girls with CPP when
treatment starts before the age of 8 years. There remains a debate on the utility of GnRHa treatment in
girls with early CPP or premature thelarche, which occurs between 7 and 9 years of age.

The benefits of GnRHa treatment in girls with early puberty are controversial [50]. The psychological
effects and social impact are likely to be considerable for patients and their families, and these concerns
sometimes are enough to prompt the use of GnRHa. However, an analysis of the 12 main studies in 474
girls indicated that the height gain (adult height minus predicted height at start of treatment in cm) was
3.61 + SD for girls treated between 7 and 9.3 years of age and treated for approximately 3 years.

Briefly, the result of GnRHa treatment in girls with early puberty is inconclusive, and the decision
should be made case by case, on the basis of patient's and family's concerns.

“Incomplete” puberty

Incomplete puberty refers to the premature and often isolated development of a secondary sexual
characteristic: the breast (premature thelarche) or pubic hair (premature pubarche). Occasionally,
isolated menarche is seen. These situations are frequently observed in daily practice and are difficult to
diagnose. Incomplete puberty is usually considered a variant of normal puberty, but it may be caused
by an underlying pathology that should be sought, or it may be the only current sign of a CPP that will
develop in the future.

Premature thelarche
Premature thelarche is a benign and self-limited condition. It is defined as isolated breast devel-
opment without the development of other sexual characteristics before 8 years of age. According to



many authors, it typically occurs within the first 2 years of birth. In our opinion, this refers to the genital
crisis of an infant girl with breast development associated with elevated estrogen secretion and even
milk production and lasting 3—12 months after birth. In this case, the premature thelarche, which
usually occurs during the first 2 years of life, is an exaggerated mini-puberty occurring in the post-natal
period [51]. In many countries, it tends to occur mainly between 5 and 8 years [52].

Premature thelarche might represent one end of a continuum from isolated breast development to
CPP [53,54]. Earlier thelarche tends to be gonadotrophin independent, as suggested by the unchanged
age of menarche, which has been confirmed by endocrine investigations.

Clinical examination reveals that premature breast development is bilateral in half the cases, or less
frequently asymmetric or unilateral. In 80% of the cases, the breast volume varies between B2 and B3
with the breast often being tender and palpation sometimes painful.

In persistent or marked forms of thelarche, the hormonal work-up should be limited to the GnRH
test to confirm a predominant FSH response [55]. Bone maturation is rarely accelerated. The pro-
gression is characterized by fluctuations over time: spontaneous remission, persistence, and increase
in breast volume, which should evoke the possibility of pubertal onset. In this case, the evaluation of
uterine size by pelvic ultrasound can provide useful information.

Many pathophysiological factors have been suggested to contribute to its development:

- obesity (increased leptin levels);
- excessive intake of phytoestrogens (genistein);
- EDCs, which in recent years have been considered an etiological factor [56,57].

When estrogen secretion is present (simultaneous increase in uterine volume), contamination by
products with estrogen-like activity should be considered and sought (soy-rich foods and EDCs.)
[57-62].

These patients should be followed over a 6-month period. If the breast increases in size, in-
vestigations should be considered, and referral to a specialist with expertise in pubertal disorders is
advised.

Premature pubarche

Premature pubarche, considered a benign variant of normal pubertal development [63], is partic-
ularly frequent in girls from the Mediterranean area [24]. Interestingly, in 10—20% of the cases, it has
been associated with insulin resistance in obese girls [64] or in girls with late onset congenital adrenal
hyperplasia (CAH). This endocrine disorder should be identified.

Premature pubarche is characterized by the presence of pubic hair in girls younger than 8 years of
age [65]. It is also referred to as premature or exaggerated adrenarche, and it is considered a benign
condition of normal development [66], occurring in 4—10% of prepubertal girls. However, other causes
of excess androgen should be considered, such as

° PP;
e enzymatic defects of adrenal steroidogenesis (late onset CAH-21 hydroxylase deficiency);
¢ adrenal tumors, which must be ruled out [67].

The mechanism of the onset of adrenarche remains unknown, although the implication of leptin,
IGF1, and ACTH has been considered. MC-2 receptor, CYP19, IGF1, and AR gene polymorphisms have
been reported to be associated with premature pubarche in some cases. Finally, the physiological role
of adrenarche in the pubertal maturational process has never been elucidated.

Clinical features. The consequences of androgen excess exposure in prepubertal girls are [68] as follows:
e development of pubic hair;

e development of axillary hair;
e acne;



e oily skin and hair;
e adult body odor;
e mood swings and/or behavioral changes.

In a recent study of 63 girls with premature pubarche, Voutilanen reported that 89% presented
adult-type body odor, 70% had oily hair, 56% acne, 48% pubic hair, 38% axillary hair, and 12% acanthosis
nigricans [66]. In 20—50%, higher childhood weight was observed. Moreover, a moderate advance of
bone age is usually noted.

Evaluation of girls with premature pubarche. The diagnosis of premature pubarche [69] is based on the
exclusion of other causes of pubertal hyperandrogenism. The focus should be on the age at the onset of
signs, the tempo of their changes, and the possibility of recent growth acceleration.

- Examination of the girl should determine the pubertal staging, other signs of hyperandrogenism,
and BMI: obese girls with PP are at the risk of developing PCOS [70], especially those with low birth
weight. Birth size should be recorded, as should the family history of pubertal timing and metabolic
syndrome and diabetes mellitus type 2 must be considered [37,71].

- Laboratory assessment is limited to measuring basal serum 17-OH progesterone, DHEAS,
A4-androstenedione, and testosterone. An ACTH stimulation test should be performed if the basal
17-0OH progesterone level is above 2 ng/ml. Insulin sensitivity should also be assessed if the BMI is
elevated.

- Abdominal MRI should be considered when an adrenal androgen-secreting tumor is suspected [72].

Differential diagnosis. Premature pubarche must be distinguished from a number of pathological
conditions:

— Precocious puberty: PP may be a marker for the early onset of puberty: idiopathic CPP may present
with pubic and/or axillary hair [73]. Bone age and growth velocity are accelerated, and plasma
androgens are abnormally elevated for age.

— Non-classical congenital adrenal hyperplasia (NC-CAH): NC-CAH is usually related to 21-OH
deficiency. In this condition, NC-CAH has an extremely variable presentation. In prepubertal girls,
the presenting signs include PP, cystic acne, accelerated growth, and advanced bone age. NC-CAH
has been found in 1-30% of girls with PP, with a wide range of reported percentages likely
related to ethnic differences. The biological diagnosis of NC-CAH is suspected when early morning
basal 17-OH progesterone is >200 ng/dL and when it is increased to >1200 ng/dL after an ACTH
stimulation test. In our experience, 24% of a cohort of 40 girls with premature pubarche presented a
molecular defect within the 21-OH gene.

— Virilizing adrenal tumors: These tumors are rare: we recently had the opportunity to manage two
very young girls referred to our clinic for isolated PP without exaggerated symptoms of virilization.
MRI was performed because abdominal palpation revealed an abdominal mass [74]. In both cases, a
corticosurrenaloma was diagnosed and surgically removed.

— Exogenous androgen exposure: This exclusively occurs through creams or gels containing
testosterone.

Management. There are several recommendations for the management of PP:

o If there is unusual weight gain, measurement of fasting glucose and insulin are recommended [75].

o If pubertal progress is rapid, laboratory and imaging assessment ought to be performed.

e In most cases, when clinical and laboratory findings are consistent with idiopathic premature
pubarche, these girls should be followed at 6-month intervals until menarche.



e These girls should be followed at least yearly after menarche because they are considered to be at
high risk for further adolescent PCOS, for those who had low birth weight and prepubertal weight
gain:

Briefly,

e Premature pubarche is a frequent condition in girls, particularly in those from the Mediterranean
area.

o The prevalence of premature pubarche is increasing, likely because of the recent higher incidence of
obesity among prepubertal girls.

o Clinical and laboratory investigations are useful for distinguishing early adrenal maturation from
the first signs of persistent hyperandrogenism.

o Extended longitudinal studies are needed to confirm the suspected association between early onset
of androgen excess, insulin resistance, and PCOS.

e Premature pubarche is not always a benign condition and justifies the periodic assessment of girls at
risk [74].

Isolated menarche

Several clinical manifestations of transitory ovarian activity have been observed in isolated
metrorrhagia: menstruation that is isolated or associated with breast development, with inconsistent
response to the GnRH test and the frequent presence of functional ovarian cysts [76]. Menstruation
may recur cyclically. These rises in estrogenization increase the risk of accelerated bone maturation,
and treatment to delay puberty is thus often considered but rarely undertaken.

Menstrual-like bleeding in prepubertal girls is uncommon and not well understood. It is believed to
be because of the sensitivity of the endometrium to very low levels of estrogens [77]. It is also possible
that EDCs can stimulate prepubertal endometrium.

Peripheral precocious puberty: precocious pseudopuberty

Peripheral precocious or precocious pseudopuberty is not characterized by the premature activa-
tion of the gonadotropic axis: it is caused by an abnormally high production of estrogens and andro-
gens because of a “tumor” in the ovary or adrenal glands. It is iso- or heterosexual depending on
whether the excess steroid hormone strengthens or transforms the child's phenotype.

The considerable progress in determining the molecular mechanisms of hormone transduction
signals has greatly contributed to our understanding of the pathophysiology and clinical expression of
peripheral PP caused by ovarian autonomy [78]. This progress may one day culminate in specific
treatment for this rare but incapacitating disorder [79]. Heterosexual precocious pseudopuberty sec-
ondary to a virilizing adrenal or ovarian tumor is much rarer.

Increasing attention should be given to precocious pseudopuberty secondary to environmental
contamination by chemical products such as pesticides, herbicides, and fungicides [80]. Endocrine
disruptors with the capacity to mimic estrogens can generate estrogen secretion, resulting in simple
thelarche to veritable menstruations.

Peripheral precocious puberty caused by autonomous ovarian hyperactivity

McCune-Albright syndrome. McCune-Albright syndrome (MAS) is a sporadic disorder characterized by
the classic triad of PP, fibrous bone dysplasia, and café-au-lait spots. Diverse endocrine abnormalities
can also be associated: somatotrophic pituitary adenomas, hypothyroid goiter, and adrenal hyperplasia.

MAS affects girls almost exclusively and is characterized by its extreme precociousness and the
severity of the immediate clinical picture: isolated menstruation as early as the first months or first
years of life. The full clinical picture will develop later, with breast enlargement and pubic hair. The
often voluminous ovarian cysts discovered by ultrasound are cyclic and difficult to treat: cystectomy or



ovariectomy is often necessary when all other treatments fazil. The acceleration of growth velocity is
considerable (+2, +3 SD) and constant, on the order of 9—10 cm per year (3.5—4 inches). Bone
maturation is also accelerated and will thus compromise the prognosis for final adult height.

The evaluation shows very high plasma estradiol associated with dramatically low plasma
gonadotropins and nonresponse to GnRH stimulation. This indicates LH/FSH-independent PP and
situates it within the context of the ovarian-autonomous syndromes.

The café-au-lait spots of MAS are hyperpigmented, typically light brown or brown, with irregular
borders (“coast of Maine”), and are usually unilaterally distributed, on the same side as that of bone
lesions. When associated with PP, they are an essential diagnostic element.

Fibrous bone dysplasia is the third element in the classic triad. This bone abnormality may remain
silent for many years, only to be revealed by a spontaneous fracture or when a slight injury occurs.
X-rays reveal pseudocysts of the bone cortex that rapidly invade the entire skeleton.

Other endocrine pathologies are seen to varying degrees: hyperthyroidism, acromegaly, gigantism,
hypercorticism, hyperprolactinemia, and hyperparathyroidism. These types of endocrine hyperfunc-
tioning are also caused by autonomous hormonal hyperproduction.

Moreover, the diverse endocrine hyperfunctioning syndromes observed in the course of MAS have
in common the presence and activation of cells that respond to extracellular signaling by activation of
the adenyl cyclase system. The growth and activity of ovary, thyroid, adrenal cortex, certain pituitary
cells, melanocytes, and osteoblasts are stimulated by an increase in intracellular cyclic adenosine
monophosphate under the dependence of adenyl cyclase membrane.

MAS is indeed caused by a genetic abnormality that causes a constitutive activation of adenyl
cyclase. The evidence of activating Gas mutations in various tissues of MAS patients further supports
this mechanism [81].

Treatment has included aromatase inhibitors such as testolactone and selective estrogen receptor
modulators. There have been no case-control studies to evaluate the efficacy of each treatment. In our
experience, fulvestran, an aromatase inhibitor, could reduce vaginal bleeding and the accelerated bone
maturation, but no change in the predicted target height or the frequency of ovarian cysts was
observed. When the shift from gonadotropin-independent to gonadotropin-dependent puberty occurs,
GnRHa should be prescribed.

Granulosa cell tumor. Although rare (10% of the ovarian tumors in children), granulosa tumors are
expressed in early childhood by strong estrogen secretion that results in marked breast development,
accelerated growth velocity, and menstruation [82].

The hormonal activity of the tumor explains why 80—90% of the girls under 8 years present
isosexual precocious pseudopuberty. On clinical examination, breast development is frequently noted,
but this is variable, and metrorrhagia, accelerated growth velocity, and sometimes advanced bone
age are also noted. The preoperative plasma estrogen concentration is usually elevated. Virilization
(precocious pubarche, acne, hirsutism, and rarely clitoromegaly) is present in rare cases.

Early diagnosis through the early recognition of endocrine signs from ovarian granulosa cell tumors
(OGCTs) significantly improves its prognosis with a lower risk of peritoneal extension.

This pubertal advance induced by the estrogen secretion of tumor cells is independent of the low
levels of GnRH and prepubertal gonadotropins. In most patients, the levels of inhibin and anti-
Mullerian hormone (AMH) are elevated and return to normal post-surgery. The level of inhibin is
correlated with tumor extension and eventual relapse. If the estradiol level is initially high, this too can
be useful for follow-up [83].

Surgery is the treatment of choice for a granulosa cell tumor. In stages with extraovarian extension,
chemotherapy is recommended. Follow-up includes careful clinical, hormonal, and ultrasound evaluation.

Because of its excellent prognosis and the often complete recovery after initial surgery, juvenile
OGCT has usually been considered a benign condition.

Molecular biology [84] has identified two markers of prognosis:

- Mutations of the Gs alpha protein have been found in 30% of patient DNAs. Patients with hyper-
activated Gas exhibited a significantly more advanced tumor (p < 0.05).



- Another prognostic factor of OGCT could be the level of FOXL2 expression, one of the earliest
differentiating genes of granulosa cell. Patients with no or reduced expression of FOXL2 in their
tumor exhibit significantly more advanced oncological staging, and they require complementary
treatment (chemotherapy or complementary surgery).

Peripheral hyperestrogenization: EDCs

One of the major recent causes of earlier puberty onset could be extensive exposure to the many
estrogenic chemicals in the environment, such as phthalates, bisphenol A, polybrominated diphenyl
ethers, and organochlorine pesticides [80,85—88].

The association of EDCs and early puberty has been extensively studied in animals. Many experi-
mental data indicated the impact of chemical contamination (pesticides) during gestation on the
timing and tempo of puberty, and these data have been extensively reviewed [89]. The growing
recognition of the potential impact of endocrine disruption on the timing of puberty should prompt in-
depth investigation of the environmental conditions of a child with PP when conventional etiologies
prove negative [90].

In girls, transient exposure to dichlorophenylethylene (DDE) was related to PP in girls who migrated
from Africa (where DDE is still used) to Europe (where DDE is banned).

Phthalates have been reported in association with advanced puberty [91]. In Puerto Rico, phthalate
levels in the blood of girls with PP were 68% higher than those of a control group. In Korea, some groups
have reported a significant relationship between plasma phthalate levels and PP in girls.

Both OP and nonyphenol plasma levels were higher in girls with PP.

Genistein was 2.7 times higher in the plasma of girls with PP.

EDCs may interfere with pubertal onset by actions at different levels:

- the neuroendocrine hypothalamic-pituitary axis;
- the ovary, through activation of aromatase enzyme activity;
- the peripheral estrogen target tissues, such as breast (through binding to estrogen receptors).

Several reports have detailed veritable epidemics of precocious pseudopuberty. In Italy, 21% of the
girls in preschool classes presented with premature thelarche in association with poultry intake. More
recently, the high frequency of PT before 7 years (34%) in Puerto Rico was associated with phthalates
levels 3 times higher than that seen in controls.

Moreover, European pediatric endocrinology groups and our team agree that the frequency of PP
has clearly been rising over the past several years [92,93].

In conclusion, daily clinical practice reveals great diversity in the clinical expression of PP in girls.
Pubertal development seems to occur along a continuum from normal to advanced to precocious,
which reinforces the importance of an etiological approach to these increasingly frequent situations,
through clinical, biological, and radiological examinations. A better understanding of the clinical
presentation should improve the therapeutic indication, especially concerning the use of GnRH
analogs, which should be limited to CPP before the age of 8 years as this particular situation is liable to
compromise final adult height, according to the clinical, biological, and radiologic data.

Delayed puberty

DP, which occurs in about 2% of girls, is defined as the lack of breast development at a chronological
age >—2.5 SD of the population mean age of pubertal onset. Family history of DP is present in up to 50%
of parents or siblings. The clinical examination, along with endocrine, radiological, and genetic in-
vestigations, seeks to identify which girls will have permanent hypogonadism as opposed to those with
transitory hypogonadism, who will undergo spontaneous but DP (constitutional delay of puberty and
growth, CDGP).

Late puberty (congenital or acquired) is classified into three major groups: (Table 2):

e CDGP, when puberty occurs at the extreme end of the normal spectrum.



Table 2
Causes of delayed puberty.

1. Constitutional delay in growth and puberty
2. Hypogonadotropic hypogonadism
e Functional hypogonadotropic hypogonadism
- Chronic disease
- Endocrine disease: hypothyroidism, GH deficiency, etc.
- Hypothalamic amenorrhea: anorexia nervosa, competitive sports, and excess stress
e Permanent hypogonadotropic hypogonadism
- Isolated gonadotropic deficiency
= Mutations of GnRH, GnRH-Rg, Kiss-1, Kiss-1-Rc, TAC3 neurokinin B, and TAC3-Rc
= Kallmann syndrome: mutations of KAL1, FGF8, ProKr, and ProKr-Rc
- Multiple pituitary hormone deficiency: mutations of HESX1, PROP-1, SOX-2, SOX-3, LH-X3, and LH-X4
- Associated with genetic syndromes (Prader-Willi, Laurence-Moon, etc.)
3. Hypergonadotropic hypogonadism
e Congenital
- XX-syndromic/non-syndromic
- XO: ovarian dysgenesis
- XY: DSD
e Acquired
- Radio-, chemotherapy
- Chronic disease
- Auto-immune disease
- Environmental endocrine chemical disruptors
4. ldiopathic

e Hypogonadotropic hypogonadism, which can be transient because of an underlying medical
condition or persistent because of a GnRH defect. Midline congenital defects, such as cleft lip and
palate, and neural tube defect are suggestive of permanent hypogonadotropic hypogonadism.

e Hypergonadotropic hypogonadism due to gonadal failure.

In a retrospective study of clinical and laboratory data from 74 adolescent girls with DP, Sadlmeyer
et al. [94] reported that the most common cause of DP in girls was CDGP (30%), the remaining subjects
falling into four other categories:

o Functional hypogonadotropic hypogonadism (delayed but spontaneous pubertal development):
19%

Permanent hypogonadotropic hypogonadism: 12%

Permanent hypergonadotropic hypogonadism: 13%

Unclassified causes: 5%.

]

o]

o]

Our experience on the causes of DP is reported in Fig. 3.
Currently, 50 etiologies of DP have been identified by this group.

Diagnosis of delayed puberty
Pubertal developmental should be evaluated by (Fig. 4):

e Detailed physical examination:
o to identify the breast development stage, determine the growth velocity, measure the body
proportion, and examine any dental abnormalities.
o to determine the level of exercise, the degree of food restriction, the ability to smell, and the
presence of neurological disorders.
o to establish the presence/absence of pubic hair because presence is more likely associated with
hypogonadotropic hypogonadism.
o Diagnosis of DP usually depends on hormonal, imaging, and genetic investigations [95].



= Hypergonadotropic hypogonadism -

= Functional hypogonadotropic hypogonadism = Delayed puberty

Fig. 3. Causes of delayed puberty (personal experience).

Hormonal investigation
In most cases, it is very difficult to distinguish patients with DP from those with hypogonadotropic
hypogonadism. Basal levels of FSH and LH and levels after the GnRH stimulation test are low.

¢ In addition to plasma and stimulated LH and FSH plasma levels,
e Check free T4, TSH, and prolactin.

Delayed Puber
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Fig. 4. Decisional tree for diagnosis of delayed puberty.



Imaging

e A bone age <11 years is encountered in DP.
e Pelvic ultrasound:
o gonads may be small or absent (in favor of hypergonadotropic hypogonadism);
o ovarian volume >2 ml indicates a subnormal hypothalamic-pituitary-ovarian axis, as does uterine
length >35 mm.
e Brain MRI should be performed to eliminate organic hypothalamic-pituitary disease or tumors.
e Osteodensitometry is helpful to evaluate the impact of estrogen deficiency on bone mineral density.

Karyotyping should be obtained in all patients with hypergonadotropic hypogonadism: it can reveal
an X0, XX, or XY formula.
Molecular genetic analysis should be considered, depending on the clinical situation.

Differential diagnosis
The physical findings provide clues for the differential diagnosis:

e Absence or presence of breast development indicates whether the production of estrogens is
ongoing;

e Absence of pubic hair reveals a pituitary defect (corticotropic axis) or insufficient androgen
biosynthesis;

e Severe growth retardation should raise the suggestion of Turner syndrome (TS);

e Vaginal agenesis orients toward the Mayer-Rokitansky syndrome (when normal breast develop-
ment and pubic hair are present) or an XY disorder of sex development (DSD) if breast development
is subnormal.

Constitutional delay of puberty

CDGP occurs in about 2% of girls, but the prevalence of CDGP may be underestimated. CDGP can be
considered an extreme of the normal spectrum of pubertal timing but can be diagnosed only after the
exclusion of other underlying conditions. The differential diagnosis of CDGP mainly includes congenital
hypogonadotropic hypogonadism and transient of functional hypogonadotropic hypogonadism, where
pubertal delay is because of maturational delay of the hypothalamo-pituitary-ovarian axis, secondary
to an underlying cause.

CDGP is usually short stature, skeletal maturation is delayed, and height is compatible with bone
age. A proportion of CDGP girls do not attain a height consistent with their target heights. Bone mineral
density can be compromised, and the attainment of peak bone mass may be impaired.

Familial forms of CDGP suggest the involvement of genetic factors. In a recent report of 14 girls seen
for CDGP with a familial component, Brauner et al. found exclusive maternal inheritance in 79% of the
cases [96]. Maternal inheritance seems to be the major mode of transmission in these girls.

Several observations suggest that there are common pathophysiological mechanisms that associate
self-limited DP and idiopathic hypogonadotropic hypogonadism (IHH). To determine whether the
genetics of self-limited DP overlaps with those of [HH, Zhu et al. analyzed the potentially pathogenic
variant of IHH genes in DP family members of an IHH proband and in DP individuals with no family
history of IHH [97]. This group reported a significant genetic overlap between self-limited DP and [HH
by identifying TAC3, TAC3R, and IL17RD as candidate DP genes. Thus, self-limited DP and IHH share an
underlying pathophysiology in some cases.

Recently, Howard et al. reported ISGF10 mutations in DP. ISGF10 is an immunoglobulin superfamily
member involved in GnRH neuronal migration in the nasal region [98]. Dysregulations of GnRH
neuronal migration during embryologic development may thus result in DP.

Treatment may depend on the presence of breast development, chronological age, family prefer-
ence, and psychosocial difficulties: estrogen therapy can be beneficial for adolescents who have
decreased self-esteem and anxiety regarding fertility. Low-dose estrogen therapy (oral or transdermal



17B-estradiol) should be considered: small doses of 17f-estradiol (2 mg daily orally or 100 mcg/patch)
are usually proposed for 6—12 months, if the patient expresses the desire.

Hypogonadotropic hypogonadism

Hypogonadotropic hypogonadism may be congenital because of isolated FSH-LH deficiency or
multiple gonadotropin deficiency. It may be secondary to acquired hypothalamic-pituitary disease.
Hypothalamic-pituitary diseases include Kallmann syndrome, Prader-Willi syndrome, congenital
hypopituitarism, and septo-optic dysplasia.

Congenital hypogonadotropic hypogonadism

Any type of hypogonadotropic hypogonadism can arise either as a complete form of the
disease, in which all signs of puberty are absent, or as an incomplete form, in which partial
functioning of the hypothalamo-pituitary pathway activity is reflected in some degrees of
pubertal development.

The classic example of congenital hypogonadotropic hypogonadism is Kallmann syndrome, in
which hypogonadism is characteristically accompanied by hypo or anosmia. Mutation in the KAL1 gene
is responsible for the X chromosome recessive form, while mutations in other genes are responsible for
the autosomal dominant form.

Hypogonadotropic hypogonadism can also manifest without any abnormalities of the sense of
smell.

Hypogonadotropic hypogonadism, often revealed by pubertal delay, may be due to genetic
abnormalities [99]. Recognizing these gene variations may improve our diagnosis capabilities:

o GnRH receptors, KISS1/KISS1R and TAC3/TACR3, should be the first genes to be screened in a clinical
setting for equivocal cases such as DP versus IHH because they are the main causes of GnRH pulse
generator defects.

o In Kallmann syndrome, genetic screening for particular genes should be prioritized depending on
the association of specific clinical features: synkinesia (KAL1), dental agenesis (FGF8/FGFR1), bone
anomalies (FGF8/FGFR1), and hearing loss (CHD7, SOX1). New genes have recently been identified,
and the list of genes involved in hypogonadotropic hypogonadism is still growing.

Common or rare variants in IHH are GnRH, GnRH-R, FGF-R1, GPR-54, KAL1, KISS1, LEP, LEP-R, PROK2,
PROKR2, TAC-3, and TAC-R3.

More than 25 different genes have been implicated in congenital hypogonadotropic hypogonadism
and/or Kallmann syndrome, which account for about 50% of cases [100].

Acquired hypogonadotropic hypogonadism

Tumoral. Delayed maturation of the hypothalamic-pituitary-ovarian axis may be secondary to acquired
hypothalamic-pituitary disease, such as

- brain tumor: craniopharyngioma, astrocytoma;
- infiltration diseases of the CNS: histiocytosis;

- chemo- or radiotherapy;

- hyperprolactinemia.

Functional hypothalamic hypogonadism (transient). The term functional hypogonadotropic hypogonad-
ism refers to a reversible dysfunction on the hypothalamic-pituitary-ovarian axis.

Delayed maturation of the hypothalamic-pituitary-ovarian axis may be due to underlying condi-
tions, such as



- chronic diseases: Crohn's disease, celiac disease, anemia, kidney disease, cystic fibrosis, and, more
frequently, cardiopathies and immunodeficiency;

- endocrine diseases, such as growth hormone deficiency, hypothyroidism, Cushing syndrome;

- hypothalamic amenorrhea (HA):

o undernutrition, as observed in anorexia nervosa (AN). During puberty, some girls begin to be
preoccupied with dieting for weight loss, which is reinforced by a vulnerability to sociocultural
influences focused on body image and weight. Caloric restriction causes HA because of the
reduction in GnRH pulse generator activity, which then causes low FSH and LH production. In our
experience, low bone mineral density is the key issue of this triad [101]. Our group recently
demonstrated that oral contraceptives partially protect from bone loss in adolescents with AN. HA
has been traditionally viewed as a functional form of GnRH deficiency resulting from insufficient
energy availability (excessive competitive sports, AN), psychological stress, or both. However,
adolescents vary in their susceptibility to develop HA. To determine whether this susceptibility
reflects genetic predisposition, Caronia et al. [102] analyzed the coding sequence of genes asso-
ciated with [HH in adolescents with HA. Six heterozygous mutations were identified in 12% of
patients: variants in the FGF receptor 1 gene (FGFR1) and the prokineticin receptor 2 gene
(PROKR2), and one in the GnRH receptor gene and one in the Kallmann syndrome 1 sequence
gene KAL1. This group demonstrated that patients with HA have mutations in genes regulating
GnRH production and action.

o intensive and competitive sports. Female adolescent athletes involved in long-distance running,
high-performance gymnastics, and other sports are at high risk to develop the so-called female
athlete triad: drastic caloric restriction, amenorrhea (primary or secondary), and osteoporosis
[101].

Hypergonadotropic hypogonadism
There are four principal causes for hypergonadotropic hypogonadism:

- genetic and molecular abnormalities;
- immunological disorders;

- metabolic diseases;

- EDCs.

Hypergonadotropic hypogonadism may be congenital or acquired.
According to the karyotype, one can distinguish

- XX hypergonadotropic hypogonadism: premature ovarian insufficiency;
- X0 hypergonadotropic hypogonadism: TS;
- XY hypergonadotropic hypogonadism: disorders of sex development.

XX karyotype

Premature ovarian insufficiency (POI) is the common expression of hypergonadotropic hypo-
gonadism. It affects about 1/10,000 adolescent girls and is characterized by severe estrogen deficiency
due to ovarian dysgenesis, which can be congenital or acquired [103].

- Congenital hypergonadotropic hypogonadism

Several mechanisms have been considered, including a reduction in the number of oocytes or
ovarian reserve, an increase in follicular destruction, or an alteration in follicular recruitment and
maturation.

Regarding the congenital forms of POI, candidate genes on the X chromosome are FMR1, BMP15, AR,
FOX04, POF1B, DACH2, and PGRMCI.



Candidate genes on autosomes are FOXL2, GALT, AIRE, EIF2B, POLG, NOG, PMM?2, HSD17B4, BCM,
ATM, WRM, and PECQLA4.

In addition, Perrault syndrome is characterized by ovarian failure associated with progressive
deafness. It is related to a mutation of HSD17B4.

Other mutations have been identified by whole exome sequencing. Recently, Patino et al. used
whole exome sequencing and, in 33 out of 69 patients, they identified 55 coding variants in 49 genes
potentially related to POI and participating in ovarian function, such as meiosis, follicular development,
granulosa cell differentiation, and ovulation. Interestingly, the presence of at least two mutations in
distinct genes in half the patients is in favor of the polygenic nature of POI [104].

From a molecular view, it has been shown that hundreds of genes belonging to complex molecular
cascades involved in the numerous steps from ovary determination to ovulation might contribute to
POI etiology:

o ovary genes;
o meiosis genes;
o folliculogenesis and ovulation genes.

Routinely, the genetic causes of POI are related to FMR1, FMR2, BMP5, GDF9, LH-Rc, or FSH-Rc.

Some heterozygous mutations might be associated with a background of POI predisposition.

Next-generation sequencing has increased the number of mutations known to be involved in POI,
and epigenetic research seems mandatory for a better understanding of POL.

- Acquired hypergonadotropic hypogonadism

POI may be acquired by ovarian exposure to radiation during treatment for abdominal malignancy,
and it may become permanent. Total body irradiation during conditioning or prior to bone marrow
transplant will be followed by secondary ovarian failure in about 50% of the cases. POl is a common late
effect of cancer treatment and hematopoietic stem cell transplantation (HSCT). In adolescents, ovarian
insufficiency may subsequently lead to delayed/absence of pubertal development. In a single study
cohort of 109 female patients transplanted during childhood, a cumulative incidence of POI was found
in 56% of adolescent girls at the median follow-up of 7.2 years. Interestingly, a more advanced pubertal
stage at HSCT was associated with POI.

Autoimmune mechanisms are the cause of 14% of the POI, which usually occurs during adolescence.
Associated disorders are alopecia, vitiligo, candidiasis, Addison's disease, Sjorgen's syndrome, and
autoimmune polyendocrinopathy candidiasis ectodermal dystrophy.

Infiltration of the ovary with iron from multiple blood transfusions or with galactose metabolites
induces ovarian fibrosis and progressive ovarian failure.

Galactosemia is caused by deficiency in galactose 1-P uridyl transferase (GALT). Ovarian failure is a
common long-term effect in affected girls. It is likely that excess galactose toxicity impairs folliculo-
genesis and accelerates follicular atresia.

Metabolic defects and pre-/post-natal contamination by EDCs have also been related to POI.

Premature ovarian insufficiency assessment. Assessment of POl must include careful attention to growth
parameters and patterns in the context of target height, history of health problems, chronic diseases,
and past treatments such as chemotherapy, radiotherapy, or corticotherapy. The family history of
pubertal timing must be considered, and clinical examination should differentiate pubertal absence
from pubertal arrest.

The diagnosis of POI is devastating and has major emotional impact on most adolescent girls, with
special concerns regarding its impact on fertility. These adolescents thus have a higher risk of major
anxiety, depression, decreased self-esteem, and lower social insertion [105].

Management strategies [106] should aim to achieve adequate feminization, optimize bone
mass acquisition, and reduce psychosocial and emotional disorders without compromising height
attainment [107].



Turner syndrome

TS is the most prevalent example of hypergonadotropic hypogonadism. Although 20% of TS patients
will begin puberty spontaneously, only a small minority will progress to menarche. Delayed, arrested,
and absent puberty are frequent clinical expressions of TS. In most TS cases, primary ovarian failure can
be expected.

Clinical manifestations include linear growth failure, ovarian insufficiency, pubertal delay, and other
disorders such as cardiovascular abnormalities, skeletal malformations, and hearing loss.

The type and frequency of chromosome abnormalities are as follows:

o 45, X: 40—50%
o 45, X/46, XX: 15—25%
o 45, X[46, XY: 10—12%
o 46, XiqY: 10%

However, the karyotype does not systematically predict the phenotype in an individual patient,
although mosaicism is usually associated with a milder phenotype, pubertal progression, and even
spontaneous menarche and pregnancy.

Treatment. Estrogen treatment should begin at 11—12 years, as soon as FSH increases.

There are various treatment protocols: estrogen therapy should be routinely initiated around the
age of 12—13 years at a low dose (approximately, 1/10 of adult dose) and gradually increased over 2—4
years. Transdermal estrogens (patch or gel) seem more physiological.

Regardless of the estrogen form, route, and dose, it is also crucial to introduce appropriate estrogen
therapy to prepare patients if they desire an assisted reproductive technology procedure.

Clinical practice guidelines for girls with TS were published on the basis of an international
consensus meeting [ 108]. The main recommendations regarding induction of puberty were as follows:

1. Estrogen replacement should start between 11 and 12 years of age, increasing to adult dosing over
2—3 years. Doses can increase approximately every 6 months for a period of 2—3 years, until adult
dosing is reached.

2. Low-dose estradiol is the preferred estrogen, and it should be administered by systemic route,
although the transdermal route is often preferred.

3. Progesterone treatment should be started after 2 years of estrogen treatment or when bleeding
occurs.

4. Very low doses of estrogen supplementation in the prepubertal years are not recommended.

XY karyotype

46, XY DSD refers to 46, XY adolescents with under masculinization, leading in some cases to a
female phenotype. The hormonal levels of T, AMH, FSH, and LH, and the presence of Mullerian
derivatives noted by pelvic ultrasound, can differentiate gonadal dysgenesis (associated with insuffi-
cient gonadal secretion of T and AMH) from T production defects or androgen insensitivity.

1 Gonadal dysgenesis
Gonadal dysgenesis is a genetic defect in testis determination characterized by a variable alteration
in Leydig and Sertoli cell function. This disorder may be secondary to mutations in any of the several
genes taking part in the differentiation process of the primitive gonad to a testis.
a SRY gene abnormalities
SRY gene abnormalities express with a clinical picture of 46, XY sex reversal with female phenotype.

The diagnosis is made in the pubertal period in the context of DP (associated with primary amenor-
rhea). However, some patients may present partial pubertal development, often caused by an



association with a secreting gonadoblastoma. This picture of 46, XY sex reversal is associated with a
SRY gene mutation in 20% of the cases.

b Abnormalities in other sex determination genes

About 80% of the cases of gonadal dysgenesis are not caused by a SRY gene abnormality. They may
be secondary to abnormalities in the other genes that take part in testis determination, however, and
are autosomal or X-linked.

Some cases of gonadal dysgenesis have been linked to SF1 gene mutation. This gene is involved in
the development of male gonads and adrenal glands. The phenotype is variable, from female with
isolated clitoral hypertrophy to adolescents with primary amenorrhea and hyperandrogenism. Adrenal
insufficiency may be associated but is not commonly observed.

In some patients, gonadal dysgenesis is associated with renal dysfunction. In these cases, the
diagnosis of Drash syndrome — defined as Wilms tumor associated with renal insufficiency — or
Frasier syndrome — which is proteinuria secondary to focal glomerular sclerosis — may be made.
Both syndromes are due to WT1 gene abnormalities that are nevertheless quite specific for each
syndrome. In particular, heterozygous mutations in the open reading frame have been associated
with Drash syndrome, while intron mutations leading to splicing abnormalities have been found in
Frasier patients.

Sox9 gene abnormalities have been reported. Sox9 is a key gene in early male sex determination.
Several mutations have been identified in patients with severe skeletal malformations such as
campomelic dysplasia, associated in some cases with sex reversal and gonadal dysgenesis.

Homozygous or composite heterozygous mutations of the desert hedgehog gene, which is involved
in testis differentiation and perineal development, have been identified. The phenotype is usually
female, and a neuropathy may be associated.

2 Defects in testosterone production

Defects in T production are rare and characterized by variable degrees of external genital under-
virilization. Conversely, no Mullerian derivatives are present because AMH is normally secreted by
Sertoli cells. These defects are due to an enzymatic defect in T biosynthesis or they may be secondary to
an LH receptor gene abnormality.

Defect in 3-beta-hydroxysteroid dehydrogenase

This defect is associated with a variable but insufficient virilization of the 46, XY male, ranging from
a female phenotype to minor forms of DSD. The biological and genetic investigations are the same as
for 46, XX DSD.

Defect of 17-alpha-hydroxylase

The phenotype in cases of a 17-alpha-hydroxylase defect may also be extremely variable. In some
individuals, the diagnosis is made only during the pubertal period because of pubertal delay or stag-
nation. An excess of 11-deoxycorticosterone causes hypertension during puberty. The plasma levels of
pregnenolone, progesterone, and corticosterone are elevated, which contrasts with the low values of T
and D4 that are unresponsive to stimulation. The genetic abnormality concerns the CYP17 gene with
recessive transmission.

Defect of 17-beta-hydroxysteroid reductase
This is a rare testicular block that causes a deficit in testicular T production. The phenotype is more

frequently female. The diagnosis is based on a considerable increase in plasma D4 level contrasting
with a low T level. In these adolescents with female phenotype and DP with some breast development,



virilization occurs at puberty associated with gynecomastia. The mutation involves the 178-HSD type 3
gene, which is expressed only in testis, and its transmission is recessive.

Leydig cell agenesis or hypoplasia

This is a rare form of 46, XY DSD, first identified in a patient with female phenotype associated with
the 46, XY karyotype. She presented primary amenorrhea and no breast development at puberty,
associated with low T at baseline and after hCG stimulation testing. The discrepancy between increased
LH and normal FSH levels is generally evocative. This condition is determined by a homozygous or
double heterozygous inactivating mutation of the LH receptor gene.

3 Androgen-resistance disorders

Androgen-resistance disorders are characterized by normal/high Tand AMH production, in contrast
to the under masculinization in 46, XY DSD. These disorders are represented by androgen receptor
defect or 5a-reductase deficiency.

a Complete Androgen insensitivity syndrome (CAIS)

Androgen insensitivity represents more than 50% of 46, XY DSD in our experience and is caused by a
T receptor abnormality.

The diagnosis of CAIS is often made during the pubertal period, when primary amenorrhea is
associated with normal breast development and sparse axillary, and pubic hair suggests this diagnosis.
The adolescent also presents no acne, which is a further sign of no androgen action on target tissues.

The endocrine investigations performed in neonatal CAIS patients show high plasma T, along with a
high LH level. An AR gene mutation confirms this diagnosis [109].

b 5a-reductase deficiency

In the case of 5a-reductase (5¢-R) deficiency, T is not converted to dihydrotestosterone (DHT),
which is responsible for external genital virilization. The phenotype is usually female, but it may
assume all degrees of undervirilization. If the diagnosis was not made in the neonatal period, it
is usually made at puberty because of amenorrhea, absence of breast development, striking
virilization including hirsutism, clitoral hypertrophy, significant muscle development,
and masculinization in behavior. The hormonal investigations usually reveal an increased T/DHT
ratio >10. The molecular investigation confirms the diagnosis by identifying a 5aR2 gene
mutation.

In conclusion, the XY adolescent referred for DP encompasses a wide variety of endocrine and genetic
disorders. This complex situation requires a multidisciplinary team for diagnostic investigations, gender
choice, treatment, and psychological management.

Delayed puberty: treatment

The goal of the treatment is to first ensure full pubertal development of sexual features, to reduce
the psychological consequences of DP, and to achieve optimal bone mass.

Some authors propose a short-term test with a low dose of estrogen for 6—12 months (2—6 mg/day)
[107]. Although there is no consensus about this procedure, we have followed this advice.

The overall goal of estrogen therapy in girls with hypogonadism is to start the development and
maturation of secondary sexual characteristics and uterine growth and ensure normal growth velocity
and bone mass acquisition.

Pubertal estrogen replacement therapy has mainly been based on each personal experience
because there has no consensus regarding the estrogen drug, treatment route, dose and dosing time, or
tempo.



Practice points

The onset of puberty is determined by genetic heritability and the neuroendocrine network,
and it is modulated by metabolic factors and environmental endocrine disruptors.

Clinical expression of PP is heterogeneous: besides the typical form of central PP that occurs
below 8 years of age, there are several other clinical forms of central PP, incomplete puberty
(premature thelache and premature pubarche), and peripheral precocious puberty (PPP),
usually related to autonomous ovarian hyperactivity. Peripheral hyperestrogenization by
environmental disruptors is increasing.

Diagnosis of DP is difficult. The differential diagnosis of congenital and acquired hypo-
gonadotropic hypogonadism with DP requires careful clinical, endocrine, radiological, and
genetic investigation.

Research agenda

The mechanisms of the onset of puberty need further investigation.

The exact role of endocrine disruptors in the development of PP should be further examined.
The molecular genetics of PP must be developed.

The treatment of PPP merits special research.

The molecular genetics of DP should be amplified.
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