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1 Introduction

1.1 Physiology of Puberty

Puberty is a complex and dynamic process regulated by genetic, nutritional, environmental and social
factors. During puberty profound physical and psychological changes occurre, that lead to complete
sexual maturation and the attainment of reproductive capacity. Indeed, puberty is characterized by
the development of secondary sexual characters, accelerated growth, bone maturation and
psychological changes.

The first sign of pubertal development is the appearance of the breast buds (telarche) in females and
the increase in testicular volume beyond 4 ml in males. Other pubertal signs may appear such as acne,
seborrhea, leucorrhea in females, nocturnal erections in males, pubic (pubarche) and axillary
(axillarche) hair.

Under physiological conditions, puberty follows activation of the hypothalamic-pituitary-gonadal
axis (gonadarche).

A complex hypothalamic neural network regulates the neurosecretory function of Gonadotropin
Releasing Hormone (GnRH) neurons. GnRH neurons, originating in the olfactory placode during
embryonic development, migrate through the forebrain along olfactory axons. A dispersed
distribution is ultimately achieved across several discrete hypothalamic subregions, including the
medial septum, organum vasculosum of the lamina terminalis, and rostral preoptic area. GnRH
neurons constitute a relatively small population of neurons, and their cell bodies are relatively distant
from one another. Nevertheless, they extend long axonal projections which cluster together in the
median eminence. GnRH is released into the neurovascular space of the pituitary portal circulation

to stimulate pituitary gonadotrope cells (1)



The critical event is the initiation of pulsatile hypothalamic GnRH secretion, which leads to increased
gonadal production of sex hormones.

GnRH is a decapeptide produced in the anterior preoptic hypothalamus from an 89-amino acid pre-
pro-hormone and is released into the pituitary portal circulation, through which it reaches the
gonadotropic cells of the adenohypophysis. Binding to the specific transmembrane G-protein-coupled
receptor triggers a series of intracellular signals, which result in the production of the gonadotropins,
luteinizing hormone (LH) and follicle-secreting hormone (FSH), which in turn act on the gonads by
promoting steroidogenesis and gametogenesis.

In infancy, GnRH is released in pousses, in small amounts and at low frequency.

At the onset of puberty, the amplitude of peak GnRH release increases, and it is released every 1 to 2
hours, initially at night, and with the progression of pubertal development also during daylight hours
(2). In response to the increase in the frequency and magnitude of GnRH secretion, LH and FSH are
released in the same pattern. Circulating levels of testosterone in males, and estradiol in females,
increase accordingly. Peripherally, gonadal hormones act by determining the progressive

development of secondary sexual characteristics.

1.1.1 The influence of genetic, nutritional, environmental and social factors on pubertal
development

Puberty’s onset exhibits a familial pattern, suggesting a significant genetic influence; however,
environmental factors also contribute. Nutritional status, chronic illness, international adoption,
recurrent infectious diseases, psychosocial stress, and exposure to endocrine-disrupting chemicals are
plausible factors influencing the endogenous endocrine environment.

The pulsatile release of GnRH from the hypothalamus is the physiological driver of puberty in both
males and females (3). The precise molecular events leading to GnRH release before puberty are not
yet completely explained. A network of diverse neurons within the hypothalamus, referred to as

“GnRH pulse generators,” is thought to be responsible for the creation and control of GnRH pulses.



These networks of genes organized into central and peripheral nodes, which are able to function both
hierarchically and independently and whose actions overlap (3). Numerous neurons within the
hypothalamic infundibular/arcuate nucleus synthesize and release essential peptides, such as
kisspeptins, neurokinin B (NKB), and dynorphin (Dyn) that modulate GnRH release (4). Cheng et al.
(5) introduced the acronym KNDy for these neurons, whose coordinated activity is thought to
modulate GnRH release. These genes encode proteins that act as stimulatory (glutamate, kisspeptin)
or inhibitory (GABA, opioid substances) factors. A loss of transynaptic inhibition and an increase in
excitatory inputs could be responsible for the increased initial release of GnRH. Glial cells also appear
to contribute to this increased secretion-they in fact, they liberate growth factors that activate
receptors expressed by GnRH-producing hypothalamic neurons, and they also act through changes in
the covering of the bodies and terminals of these neurons (6). Among the stimulatory factors, a
prominent role seems to be played by the Kisspeptin-Neurokinin B-Dynorphin neuronal network

(KNDy neurons), whose function is to modulate the influence of Kisspeptin on the control of puberty

(6).

1.1.1.1 Kisspeptins, NKB, and Dyn

Kisspeptin is a hypothalamic peptide encoded by the KiSS-1 gene; its stimulatory action on GnRH
neurons is mediated physiologically by the kisspeptin-1 receptor (KISS1R) (7,8). Indeed, this
receptor, a member of the G protein-coupled receptor 54 (GPR54) family, is expressed in GnRH
neurons (9). The tachykinin peptide NKB, encoded by the TAC3 gene, stimulates GnRH release via
the NK3R receptor, encoded by TACR3 (10). Studies have shown that inactivating mutations within
the KiSS-1 or TACR3 genes, or in genes encoding their receptors, can lead to the absence of puberty
or hypogonadotropic hypogonadism in murine and human subjects (11). Furthermore, kiss-1 neurons

modulate GnRH/gonadotropin secretion via negative feedback from sex steroids, a mechanism



demonstrated by the inhibitory effect of kisspeptin antagonists on pulsatile GnRH/LH release (10-
14).

Dynorphin (Dyn), an endogenous opioid peptide, mediates progesterone’s inhibitory feedback on
pulsatile GnRH release (15). While its precise physiological role remains unclear, it is widely
considered a GnRH inhibitor (16). The inhibitory action of Dyn on GnRH release is mediated by its
kappa-opioid receptor (KOR), which has been shown to be highly expressed in GnRH neurons (17).
Moreover, the presence of NK3R and KOR in KNDy neurons indicates that NKB and Dyn exert an
autocrine effect on these neurons to modulate kisspeptin secretion, consequently influencing GnRH
release (18).

These three neuropeptides, which are present in the arcuate nucleus, are now considered major pulse
generators that influence GnRH release. KNDy neurons are notable for their direct regulation by
estradiol and testosterone, indicative of sex steroid receptor expression and susceptibility to sex
steroid feedback mechanisms (19).

Taken together, KNDy neurons appear to act as GnRH/gonadotropin pulse generators within the
neural network by controlling the secretion of kisspeptin via stimulation by NKB/NK3R and
inhibition by Dyn/KOR signaling.

Afferent input to GnRH neurons includes signals from glutamatergic and GABAergic neurons and
paracrine factors secreted by the surrounding neuroglia (1). Noteworthy among these are tanycytes,
specialized glial cells that line the third ventricle and encircle GnRH axon terminals; their functions
seem to promote the synchronized release of GnRH in pulses (1) In conclusion, neurosecretory release
of GnRH appears to represent the ultimate integration of the sequential activity of excitatory and

inhibitory inputs, under the control of multiple and sometimes redundant regulatory systems (20).

1.1.1.2 Metabolic Control of Puberty: The Role of Leptin



Leptin’s role in pubertal physiology is firmly established; its crucial permissive function in pubertal
onset for both sexes is now acknowledged (21).

Primarily synthesized by adipocytes, leptin—an adipocytokine and anorectic factor—is essential for
regulating food intake, body weight, and energy balance. This regulation occurs through the
suppression of hypothalamic orexigenic neuropeptide Y (NPY), leading to appetite reduction (22).
There is an inverse correlation between serum leptin and hypothalamic NPY.

According to EI Majdoubi et al. (23), the neuropeptide Y (NPY) system may serve as a
neurobiological restraint on pubertal development in childhood.

Leptin’s role in regulating puberty and reproduction encompasses not only its interaction with NPY,
but also a direct interaction with the KiSS-1 gene. Significantly, although GnRH neurons lack leptin
receptors (24), their presence on KiSS-1 neurons facilitates leptin’s direct stimulation of kisspeptin
release, ultimately mediating the pulsatile release of GnRH (25). Murine studies indicate that
diminished leptin levels correlate with reduced KiSS-1 gene expression and Kisspeptin synthesis (26).
Furthermore, rats exhibiting leptin receptor dysfunction demonstrate significantly fewer KNDy
neurons and peptides, along with decreased plasma LH concentrations, compared to their normal

counterparts (27).

1.1.1.3 Adoption and psychosocial factors

A paradigm of the influence of environmental and nutritional factors on pubertal development is well
represented by adopted children (28,29).

In recent years, the number of adopted children in Western countries has progressively increased 30
and there are numerous studies showing that adoption, both domestic and foreign, is a risk factor for
the development of CCPP (29). Adopted children are 25 times more likely to develop this condition
than the native population and the influence of racial, nutritional, emotional and environmental factors

has been hypothesized (29). The study conducted in Denmark by Teilmann et al.(31), in which



adopted girls were followed from their arrival until puberty, showed premature activation of the
hypothalamic-pituitary-gonadal axis and significantly higher basal gonadotropin and estradiol levels
than controls even before the onset of telarche (32).

No significant change in BMI was found in this population, suggesting that early axis maturation in
these subjects depends on other factors. However, the study did not examine body composition or the
role of peptides such as leptin. Therefore, the hypothesis that adipose tissue plays a central role in the
early onset of puberty in these children remains valid (33). Indeed, in malnourished individuals who
increase caloric intake there is not only an increase in body weight but also qualitative changes in
adipose tissue that may be followed by a change in hormone synthesis. Increased leptin levels, for
example, may modulate kisspeptin secretion in the hypothalamus and as a consequence gonadotropin
release by the pituitary (33,34). In addition, rapid nutritional changes can alter the secretion of
peptides of gastrointestinal origin, such as ghrelin, which also play an important role in the regulation
of reproduction (35).

A nonnegligible factor in the pathogenesis of CPP in adoptees is affective deprivation, which children
may have experienced before being welcomed into their new family (36-38).

Also supporting the importance of psychosocial factors is the finding of a higher risk of CPP among
adoptees from the same country, who thus share the same general environmental factors with peers.
In contrast, a higher incidence of CPP has not been found in the children of immigrants, and this
could be explained, in part, by the lower nutritional and affective deficiency experienced by these
children compared with adoptees (28).

Numerous studies have attempted to analyze and quantify the impact of psychosocial factors on
pubertal timing. Not only general environmental conditions, in fact, but also the family environment
seems to be able to influence pubertal onset in girls (39). Growing up in a conflictual family
environment, or one that is perceived to be relationally unstable, with parents unable to provide
support for their offspring, and especially in the absence of a father figure, seems to favor the selection

of strategies aimed at the early initiation of sexual partner-seeking and reproductive life (39). From



an evolutionary point of view, the human species has survived due to the ability to adapt to varying
environmental conditions, so it is conceivable that throughout human evolutionary history, in the
presence of unfavorable family conditions female subjects have adapted by reaching reproductive
capacity earlier (39).

In support of this hypothesis, Bogaert showed that girls raised in the absence of their father are about
twice as likely to have menarche before age 12 (40). In contrast, mother absence does not appear to
influence pubertal timing (41). The reasons why father absence appears to promote early sexual
development are still being studied. The absence of the father figure could be an indicator of other
negative factors present in the home environment, such as unhealthy eating habits, early childhood
exposure to parental stress and conflict, or could favor increased and early exposure to the light of
digital screens, with alteration of the natural sleep-wake rhythm that can affect pubertal development

(42,43), and to endocrine disruptors (example found in beauty products) (44).

1.1.1.4 Endocrine disruptors
In recent years great attention has been paid to the role of endocrine disruptors in the pathogenesis of

CPP. According to the definition given by the World Health Organization, an endocrine disruptor is
an exogenous substance, or mixture, that alters the function of the endocrine system, causing adverse
effects on the health of an intact organism, or its progeny or a (sub)population (45). Endocrine
disruptors are chemicals that have the potential to act as hormone agonists or antagonists (46). They
can be of natural origin, such as phytoestrogens produced by plants, or industrial origin such as PCBs
(Polychlorinated Biphenyls), PBBs (Polybrominated Biphenyls), phthalates, bisphenol A, pesticides,
dioxin fungicides, DDT, lead, or drugs such as diethylstilbestrol. These substances can reach the body
through air, water, and food; they can be transferred from the mother to the fetus through the placenta
and to the baby with breast milk (47,48). Once inside the body, they can bind to sex hormone

receptors, altering their function, or act directly on the regulation of puberty centrally. The role of



each of these substances on pubertal development and the extent and mode of their action are still

being studied.

1.2 Secular trend

Since the beginning of the 19th century there has been a gradual lowering of the age of menarche in
Western countries, from 17 years to about 13 years in the mid-20th century (49). The cause of this
reduction remains unknown; hypotheses put forward relate to improved nutritional, hygienic,
economic and social conditions. Since the 1960s this trend seems to have stopped with only a further
slight advance of 2.5-4 months occurring in the last two decades (50,51).

The trend toward earlier pubertal in females has been confirmed in the United States by two
epidemiological studies, the PROS (PediatricResearch in Office Settingsstudy), the results of which
were published in 1997 by Herman-Giddens et al (52), and the NANHES 111 study (53). In contrast,
in males the onset of puberty seems to have shortened by only 3 months (50), although in 2019, taking
into account peak growth velocity as a marker of pubertal development, Ohlsson et al. (54)
demonstrated an anticipatory trend in development even for Swedish males born between 1947 and
1996, largely correlated with increased body mass index.

The 2020 systematic review and meta-analysis of Eckert-Lind et al. (55) shows a significant trend
toward earlier breast development in girls over the past decades. Age at pubertal onset based on
thelarche has decreased by almost 3 months per decade from 1977 to 2013. This trend is observed
worldwide, but the rate of decline varies by region, with higher-income countries show a more
pronounced shift. Ethnic disparities exist, with studies showing that African American and Hispanic
girls tend to enter puberty earlier than Caucasian or Asian girls, possibly due to genetic

predispositions, environmental exposures, and socioeconomic factors (55).



In the PROS study, the pubertal development of 17,077 American girls, ages 3 to 12, who came to
the attention of their pediatrician for a simple checkup or for a health problem of various kinds was
evaluated. A total of 225 pediatricians were involved, recruited through the American Academy of
Pediatrics and members of the “PediatricResearch in Office Settings” research network. Mammary
glandular development was assessed by inspection alone, according to Tanner's method. According
to the results, compared with findings in previous studies in the United States, telarche and pubarche
occur 1 year earlier in white girls and 2 years earlier in African-American girls.

Studies conducted in Denmark and the Netherlands during the same period, in contrast, have not
confirmed the same anticipatory trend in European girls (56,57). Only more recent studies seem to
show, even in Europe, the pattern of pubertal timing already on record in the United States. In
particular, in the Copenhagen study (50), a statistically significant difference (P < 0.0001) in age at
thelarche was observed between the 2006 and 1991 cohorts, regardless of BMI. On average, breast
development occurred at 9.9 years in the 2006 cohort, which was 1.02 years (95% CI: 0.78-1.26)
earlier than in the 1991 cohort (P < 0.0001), in which thelarche had appeared at 10.9 years. In contrast,
the age of menarche was 0.29 years (95% CI: 0.04 to 0.55) (P = 0.023) earlier in the girls examined
in the 2006 cohort than in the 1991 cohort.

Interestingly, among Danish girls, earlier breast development was not associated with higher
gonadotropin levels as a sign of early pubertal activation of the pituitary-gonadal axis. In contrast,
there was a slight but significant decrease in estradiol levels among 8- to 10-year-old girls in the 2006
cohort compared with girls of the same age in the 1991 cohort. These findings indicate a potential
role for gonadotropin-independent estrogenic stimulation of the breast.

The PROS study, reported a percentage of 6.7 percent of white girls and 27.2 percent of black
American girls presenting telarche and/or pubarche as early as age 7 (5 percent of white girls and
15.4 percent of African American girls, if we consider only the presence of telarche) (52). At age 8
even the percentages rose to 14.7% and 48.3%, respectively. In this study the average age of onset of

telarche was 9.96 years for white girls, 8.87 years for black girls. In contrast, however, the study



showed no substantial variation in the age of onset of menarche in white girls (12.8 years) while an
advance of only a few months was recorded for black girls (12.16 years) (58). In fact, by analyzing
gonadotropin and estradiol levels, a parallel increase in hormone levels has not been demonstrated,
so pubertal advance could be consequent to increased bioavailability or tissue sensitivity to estrogen
rather than a complete activation of the axis (50). Therefore, pubertal advance would be accompanied
by a slower progression of development, the causes of which would still be unknown. Many factors
could affect the duration of pubertal development once it has started, such as malnutrition, chronic
diseases, partial gonadotropin deficiency, psychosocial stresses, competitive physical activity.

Biro et al. in 2010 found an even higher percentage of B2 in U.S. girls aged 6 to 8 years, assessed
between 2004 and 2006. By age 7, 10.4 percent of whites and 23.4 percent of African-Americans had
achieved B>2; by age 8, 18.3 percent and 42.9 percent of girls, respectively (59).

The observations of the PROS study persuaded the American Society of Pediatric Endocrinology,
The Lawson Wilkins Pediatric Endocrine Society (LWPES), to recommend lowering the limit for the
definition of early puberty to 7 years in white girls and 6 in African-American girls (60). This raised
criticism from U.S. pediatric endocrinologists, especially in view of the obvious limitations of the
PROS study. The age of the girls included, in fact, was less than 12 years, the pubertal stage was
determined using inspection alone, with possible overestimation of mammary glandular development
especially in overweight girls, and the population examined was not adequately representative of the
general U.S. population. The main concern related to the reduced age for the definition of PP is the
possible failure to recognize underlying, potentially treatable brain lesions. Therefore, the 8-year
limit in girls is still considered valid for the definition of PP (61).

The COVID-19 pandemic has been associated with an increase in cases of precocious puberty (PP),
as evidenced by multiple studies. Various research efforts have documented a rise in the incidence of
PP during the pandemic

A growing body of evidence showed an increased incidence of PP in girls during the COVID-19

pandemic (62-72).,suggesting a complex interplay of factors influencing early pubertal onset.



The pandemic's impact on lifestyle and environmental conditions appears to have contributed to this
trend. Children became less physically active and rates of overweight and obesity, as well as stress,
increased during the pandemic (73,74).

A meta-analysis of 32 studies involving 24,200 patients found that the odds of PP increased
significantly during the COVID-19 pandemic, with an odds ratio of 1.96, indicating nearly double
the likelihood of PP cases compared to pre-pandemic times (75).

We conducted a study to evaluate the incidence of idiopathic CPP before and after the COVID 19
pandemic in Italy compared with the incidence of PP assessed over the previous 4 years and of a possible
relationship between COVID-19 and pandemic-related lifestyle changes (76).

Our study confirms an increase in the number of girls referred for suspected precocious puberty (PP)
during the COVID-19 pandemic, with a 1.3-fold higher incidence of rapidly progressive idiopathic
CPP compared to pre-pandemic years (Fig.1). This was especially notable during the first total
lockdown in Italy (March—July 2020). We observed a significant rise in CPP diagnoses during this

period, similar to findings in other countries, including India and Turkey (69,77).
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Fig. 1. Number of cases of rapidly progressive idiopathic central precocious puberty divided by semesters and years of

diagnosis ( 76)

We suggest that the pandemic may have acted as an environmental trigger for early puberty, possibly
influencing the hypothalamic-pituitary reproductive axis. Although the average age of puberty onset
has been decreasing over the years, COVID-19 could have exacerbated this trend, especially when
considering changes in daily habits, including reduced physical activity and increased screen time.
These factors could contribute to body composition changes, such as higher BMI and altered fat
distribution, which are linked to earlier puberty.

We also found a higher BMI SDS in girls diagnosed with CPP during the pandemic, although not
statistically significant, aligning with global trends of weight gain during lockdowns. Obesity and

excess body fat are known to be correlated with earlier puberty. The increased use of electronic
devices and changes in lifestyle during the pandemic may have also influenced pubertal timing.
Additionally, factors like psychological stress, increased use of endocrine disruptors (e.g., sanitizers),
and greater parental involvement during lockdowns might have contributed to the higher number of

CPP referrals.

2 Precocious puberty

When pubertal onset occurs before the age of 8 years in females and 9 years in males, puberty is
defined as precocious. These age limits are -2.5 SDS away from the mean age of pubertal onset by
sex and study population. In fact, in 95% of cases, puberty occurs between the ages of 8 and 13 years

in females and between 9 and 14 years in males 2

Precocious puberty can be determined not only by premature activation of the hypothalamic-pituitary-
gonadal axis (central precocious puberty, CPP, or GnRH-dependent), but also by exposure to sex
hormones or gonadotropins independent of axis activation (peripheral precocious puberty, PPP, or

GnRH-independent), as occurs in the presence of tumors secreting human chorionic gonadotropin



(HCG), estrogens, androgens, in adrenogenital syndrome (SAG), testotoxicosis, Mc Cune-Albright
syndrome, in the presence of ovarian cysts, or due to the intake of exogenous sex steroids. Peripheral

production of sex hormones can also activate pulsatile GnRH secretion and trigger CPP.

2.1 Incidence

Precocious puberty has an incidence of 1/5000 to 1/10000 83 and is much more frequent in females
(F/M ratio varies from 3:1 to 23:1) (77), with a prevalence of 0.2% in girls and less than 0.05% in

boys, according to a recent Danish study (78).

2.2 Etiopathogenesis
Central precocious puberty is idiopathic in 69-98% of females and up to 60% in males83. A 70-90%

prevalence of intracranial lesions in boys was documented in research published before 2000 (79,80).
Nevertheless, current research suggests a potential overestimation of this phenomenon, indicating a
6-20% incidence of brain tumors in boys diagnosed with CPP (81-85). In idiopathic forms, no
underlying organic cause can be identified. Fifteen Italian pediatric endocrinology centers
contributed data to a recent nationwide retrospective multicenter analysis of male CPP, examining
diagnoses from January 2001 through December 2020 (83). The goal was to evaluate the causes of
CPP (excluding genetic causes) and compare the frequency of central nervous system (CNS)
abnormalities with idiopathic CPP forms. The study found a notable increase in CPP diagnoses over
the last two decades, with most cases being idiopathic. Boys were categorized into three groups based
on MRI findings: Group 1 (no CNS abnormalities or minor changes), Group 2 (mild, incidental
abnormalities in the hypothalamic-pituitary region), and Group 3 (pathological CNS abnormalities
associated with CPP). The study showed that 86% of boys had normal MRI findings, 8.3% had
incidental findings, and 5.7% had organic CPP forms due to CNS abnormalities. Pineal cysts and

pituitary microadenomas were the most common incidental MRI findings, with no significant clinical



impact on the CPP diagnosis. Boys with organic CPP forms, particularly hypothalamic hamartomas,
were diagnosed at a younger age than those with idiopathic CPP. Over time, there was an increase in
diagnoses of idiopathic CPP in males, which might reflect greater awareness among pediatricians,

improved access to care, or better parental recognition of symptoms.

Amodeo et al. (86) recently identified the following risk factors for organic brain lesions: puberty
onset before the age of 8, neurological symptoms including headache, and lack of a first-degree family

history PP, specifically, maternal menarche after age eleven.

The high concordance in the time of onset of puberty within ethnic groups, families, and between
homozygous versus dizygous twins emphasizes the importance of genetic factors in the regulation of
pubertal timing. There are numerous genes whose dysfunction is implicated in disorders of puberty
initiation, resulting in either delayed or early pubertal.

In 2004 De Vries et al. were the first to hypothesize a genetic cause underlying CPP. Noting a familial
frequency of 27.5% among idiopathic cases of CPP, they hypothesized the existence of an autosomal
dominant transmission mechanism with incomplete penetrance (87). Familial inheritance in up to

27.5% of idiopathic CPP cases supports a genetic etiology (87).

2.2.1 Genetic Causes of Precocious Puberty: Molecular Mechanisms and Hereditary Factors

Several genes influencing the complex interplay of inhibitory, stimulatory, and permissive
neuroendocrine factors governing pubertal onset have been identified in recent studies (88, 89,
90).

2.2.1.1 MKRN3



In 2013, Abreu et al., studying the exome of 40 members belonging to 15 families of patients with
CPP (88), identified the MKRN3 gene, which encodes for makorin RING-finger protein 3, an
intracellular protein with highly conserved arrays of zinc finger motifs. MKRN3 is likely to be
involved in cellular processes such as protein degradation, interaction, and stability. The
physiological role of MKRNS3 in pubertal regulation is still under investigation. Rodents and primates
showed abundant MKRN3 expression in key hypothalamic areas early in life, with expression
progressively decreasing over time, most notably just before puberty (88). Studies in humans have
showed a decline in circulating MKRN3 levels before puberty, with concentrations decreasing further
as puberty progresses (91,92). Hagen and colleagues (91) also reported an inverse correlation between
MKRNS3 and gonadotropins in prepubertal females. A study by Grandone et al. (93) demonstrated
decreased peripheral MKRN3 levels among girls with CPP while undergoing GnRHa therapy. These
data provide support for an inhibitory role of MKRN3 in pubertal onset. Recent findings show
MKRNS3 represses KISS1 and TAC3 promoter activity, thus functioning as a repressor within the
hypothalamic GnRH neuronal regulatory network (94).

MKRNS3 is located on chromosome 15q11.2, in the critical region for Prader- Willi syndrome (15q11-
g13). This gene undergoes maternal imprinting and only the paternal allele is expressed (95). CPP
occurs when the mutated allele is inherited from the father.

Familial CPP cases show a high frequency (33-46%) of MKRN3 gene mutations, which are the most
common genetic cause of the disease due to loss of protein function (96).

No clinical or laboratory parameter has so far been identified that can identify a patient with CPP
carrying the MKRN3 gene mutation, which appears to be associated with a non-syndromic phenotype
of CPP (97). Aiello and colleagues (98) observed decreased circulating MKRN3 levels in CPP
patients with MKRN3 mutations; however, the assay’s considerable inter-individual variability and
absence of reference values prevent reliable prediction of MKRN3 mutations in this patient

population.



In the recent 2019 meta-analysis by Pinto Valadares et al. (89) the overall prevalence of MKRN3
mutations in patients with CPP was found to be 9%, with geographic differences showing a
prevalence of 11% in Western countries compared to that recorded in Asian countries of 2%. In the
same meta-analysis, the frequency of mutations was higher in males with CPP than in females (22%
vs 7%, respectively). All males with mutations had a positive family history of CPP. Girls with
MKRN3 mutations were younger at pubertal onset, had a higher basal FSH levels, and had more

advanced bone age compare to boys.

2.2.1.2DLK1

Loss of function of DLK1, another maternal imprinting gene, has recently been identified as another
genetic cause of familial CPP (99). The human DLKZ1 protein is encoded by a gene whose paternal
allele is expressed, located on the long arm of chromosome 14, within a locus associated with Temple
syndrome. Loss of DLK1 function causes premature puberty in individuals with this syndrome (99).
The gene DLK1 encodes a non-canonical ligand for the Delta-Notch signaling pathway, previously
associated with adipocyte differentiation (100). DLK1 transcripts are expressed in the mediobasal
hypothalamus and, unlike MKRNS3, exhibit a progressive increase across pubertal stages in normal
murine models (101). Gomes et al. (102) documented metabolic alterations in adult women with CPP
resulting from DLK1 deficiency; specifically, central obesity, early-onset type 2 diabetes mellitus,
and hyperlipidemia showed significantly higher prevalence compared to adult women with CPP

without DLK1 defects.

2.2.1.3 KISS1 and KISS1R (GPR54)
Another important protein in the regulation of pubertal timing is Kisspeptin, encoded by the KISS1

gene (104). Kisspeptin is a potent stimulus for GnRH-induced gonadotropin secretion. Mutations



with loss of function of the kisspeptin receptor (GPR54 or KISS1R) cause isolated (normosmic)
hypogonadotropic hypogonadism. In 2008, Teles et al. (105) identified the first monogenic defect in
a patient with CPP: a heterozygous activating mutation (p.Arg386Pro) in the KISS1R gene.

Rare, isolated cases of KISS1 mutations have been described in association with CPP to date (106).
Silveira et al. (104) studied 83 children (77 girls) with CPP and reported a heterozygous KISS1
activating missense mutation (p.Pro74Ser) in a child who developed CPP at 1 year of age. This
mutation appeared to cause increased resistance to kisspeptin degradation. Another rare variant of

KISS1 (p.His90Asp) was identified in three girls with unrelated CPP.

2.2.1.4 Other genetic factors

Canton et al. (107) recently identified an additional monogenic factor associated with CPP. Sporadic
CPP in females, sometimes presenting alongside mild neurodevelopmental abnormalities (e.g.,
microcephaly, autism spectrum disorder), has been associated with the identification of X-linked
dominant mutations affecting the Methyl-CpG-Binding Protein 2 (MECP2) gene on chromosome
Xq28.

Beyond protein-coding genes, epigenetic factors are also known to regulate the HPG axis. Lin28b, a
key determinant of menarcheal age according to genome-wide association studies, serves as a
microRNA repressor (108). Lin28b and Let-7 demonstrate a reciprocal regulatory relationship,
influencing the differential expression of the microRNA. The onset of puberty in rodent hypothalamic
tissue exhibits a concomitant decrease in Lin28b and increase in Let-7 expression (109). Currently,

there are no reported genetic abnormalities concerning Lin28b/Let-7 in humans.

2.2.2 Syndromic forms of CPP



Some chromosomal abnormalities, mainly deletions causing several complex syndromes, have been
found to be associated with CPP. These abnormalities include:

Neurofibromatosis Type 1 (NF-1): A relatively common condition causing benign and malignant
tumors in the peripheral and central nervous systems. CPP is present in 2.5% of NF-1 patients,
particularly in those with tumors affecting the optic pathway.

Prader-Willi Syndrome (PWS): A rare syndrome that leads to morbid obesity, intellectual and
behavioral impairment, and dysmorphisms. CPP is likely linked to deletions or methylation defects
involving the MKRN3 gene (110).

Williams-Beuren Syndrome: A rare disorder caused by a deletion at the 7q11.23 locus, characterized
by cardiac valve abnormalities, cognitive and developmental anomalies, and systemic tumors.
Approximately 20% of patients, especially those with CNS tumors, experience pubertal advancement.
Cowden and Cowden-like Syndromes: Rare diseases caused by mutations in the PTEN, SDHB-D,
and KLLN genes (111). The defining features of these conditions include the presence of multiple
hamartomas spanning multiple organ systems. Skull base, infundibulum, or hypothalamic
involvement may cause CPP.

Temple Syndrome: A rare disorder marked by intrauterine growth restriction, postnatal short stature,
truncal hypotonia, small hands, and mild facial dysmorphism. CPP is a common clinical feature, often
associated with mutations in the DLK1 gene.

Tuberous Sclerosis (Bourneville Disease): A multisystem disorder that causes benign tumor growth
in various organs. CPP is frequently associated with CNS hamartomas in tuberous sclerosis patients.
Silver-Russell Syndrome (SRS): A rare condition characterized by intrauterine growth restriction,
macrocephaly, and a triangular face with prominent forehead. Early signs of puberty have been
reported despite growth retardation (112).

Pallister-Hall syndrome is a rare condition primarily characterized by polydactyly and/or cutaneous
syndactyly, midline defects, and neurological signs. The presence of a concurrent hypothalamic

hamartoma is often associated with CPP. Molecular genetic testing can confirm the diagnosis, as most



patients have inherited autosomal dominant mutations in the GLI3 gene. Approximately 25% of GLI3
mutations are de novo (113).

Additional rare syndromes, including Cohen syndrome, Stankiewicz-Isidor syndrome, and
mucopolysaccharidosis type IlIA, are associated with neurological and sensory dysfunction; some

also present with CPP.

2.2.3 Central Nervous System Lesions

CPP can be secondary to congenital or acquired central nervous system (CNS) insults, including
structural brain abnormalities, hypothalamic hamartomas, brain tumors, trauma, infections, hypoxia,
and seizures (114).

In individuals of both sexes, pubertal onset is observed earlier in the presence of organic etiologies
compared to idiopathic cases (77).

Unsuspected intracranial disease was reported in 8% of girls and 40% of boys without neurological
signs or neurofibromatosis in the 2007 consensus document on the use of GnRH analogues in
children; only 2% to 7% of girls who have onset of CPP between 6 and 8 years have an unsuspected
pathology, and about 1% have a tumor such as a glioma (81). Therefore, all boys and girls with CPP
younger than age 6 years should undergo a magnetic resonance imaging (MRI) study of the brain, but
it remains controversial whether all girls who develop CPP between the ages of 6 and 8 years require
MRI (11).

Since the consensus document (81), other studies supporting the use of MRI in the diagnosis of CPP
have been published (81,115-125) with recommendations as to how to approach the decision-making
process with the parents regarding brain imaging in asymptomatic 6- to 8-year-old girls (126). Despite
recent suggestions to avoid or postpone MRI studies in girls with CPP as a new approach in the
context of precision medicine (127), the low prevalence of genetic conditions and the risk of missing

CNS lesions reported by Helvacioglu et al represents an open question for debate (128,129).



We recently compared neuroimaging findings from a cohort of 112 girls with rapidly progressive
idiopathic CPP to previous research (130) (Fig.2). The strength of our study is that 112 girls with CPP
were studied over 15 years based on rigorous clinical, biochemical, and neuroradiological criteria,
with all patients undergoing brain MRI with specific focus of the sellar region, and with a centralized

neuroradiological reading.

186 patients underwent brain MRI for CPP

centralized neuroradiological reading
specific focus of the sellar region

14 females with incomplete clinical data

(9 Idiopathic, 2 pineal gland cyst, 1 midline defect, 1 Chiari-1 malformation,
1 hypothalamic hamartoma

136 females were analyzed

1 patient with McCune Albright Syndrome

10 patients showed pubertal onset after 8 years of age

9 patients did not fulfill the criteria of CPP progression based
\ on consensus statement

4 patients due to technical MRI image quality

112 patients fulfilled the clinical, endocrine, and instrumental criteria for the diagnosis and treatment of rapidly progressive CPP

Fig.2. Flowchart for selection of girls with central precocious puberty based on the adopted criteria for the study (MR,
magnetic resonance imaging; CPP, central precocious puberty; *Stabilization or regression of clinical pubertal signs,
normal growth velocity for age, bone age within 1 year of chronological age, uterine length < 34 mm; Estradiol not

detectable or close to the detection limit, Baseline LH or LH peak after GhRH in the prepubertal range) (.130)

Patients were classified into 3 groups based on MRI findings (Fig.3): 47 patients were considered as
“Idiopathic” based on normal MRI findings; 54 patients showed mainly congenital/developmental
hypothalamic-pituitary anomalies (HPA) or cerebral anomalies outside the hypothalamic-pituitary
region (extra HPA [EHPA]). Eleven patients were diagnosed with a brain tumor/tumor-like lesion

involving the hypothalamic-pituitary region (BT) (gliomas [n = 3], craniopharyngioma [n = 1],



nonfunctioning pituitary macroadenoma [n = 1], and 6 had hamartomas; they were classified as

intracranial tumors/tumor-like conditions)

BT/TL
10%

Idiopathic
42%

/,
HPA/EHPA
48%

Fig.3. Neuroimaging findings in 112 girls with CPP enrolled in the study (130)

In contrast to other studies showing normal brain MRIs in 75% of girls with idiopathic CPP, 47 girls
(41.9%) in this cohort had no brain abnormalities. A significant portion of the girls had a family

history of early puberty (46.8%), were adopted (10.6%), or had pre-existing conditions (10.6%)

(Fig.4).



Idiopathic

7 Nea7

Normal anterior pituitary
Normal posterior pituitary
Normal pituitary stalk size

Normal brain

N=22 (46.8%) family history for early
puberty

N=5 (10.6%) adopted

N=>5 (10.6%) preexisting conditions

Fig.4. Neuroimaging findings in 47 girls with idiopathic CPP (130)

The prevalence of pathological brain MRIs in this study was more than three times higher than in

prior reports (A30) (Fig.5) (Fig.6).

Inter-hypothalamic adhesion (n=5)
Pars intermedia cyst/Rathke cleft cyst (n=5)
Sellar spine (n=3)

Sellar dysmorphism (n=1) HPAIEHPA

Ectopic posterior pituitary (n=1)

\

Empty sella (n=1) N=54

Persisting embryonal infundibular recess (n=1)
Pineal gland cyst (n=22)
Nonspecific brain T2-hyperintensities (n=4)

Corpus callosus hypoplasia (n=2)

Arachnoid cyst (n=2)

Cisterna ambiens lipoma (n=1)
Vermian hypoplasia (n=1)

Pituitary hypoplasia (n=1)

Basilar invagination (n=1)
Developmental venous anomaly (n=1)
Olfactory bulbs hypoplasia (n=1)

Chiari-1 malformation (n=1)




Fig.5. Neuroimaging findings in 54 girls with CPP and congenital/developmental hypothalamic-pituitary anomalies

(HPA) or cerebral anomalies outside the hypothalamic-pituitary region (extra HPA [EHPA]) (130)

The subgroup with brain tumors or lesions (10%) had hypothalamic hamartomas in 54.5% of cases,
and other tumors like gliomas, craniopharyngiomas, and macroadenomas in 45.5%. This supports the
hypothesis that hypothalamic hamartomas could interfere with the hypothalamic-pituitary-gonadal

axis, potentially causing CPP.

Hypothalamic hamartoma (n = 6) (54.5%)
Hypothalamic-optochiasmatic glioma (n=3) BT/TL
Non-functioning pituitary macroadenoma (n=1)

Craniopharyngioma (n=1)

Fig.6. Neuroimaging findings in 11 girls with CPP and brain tumor/tumor-like lesion involving the hypothalamic-pituitary

region (BT/TL) (130)

Most patients with these lesions were diagnosed before age 6 (Fig.7), and the frequency of

hamartomas in this cohort (5.4%) was similar to previous studies.
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Fig.7. Distribution of the population by age and categories (130)



Our study also noted that neither clinical history, signs, nor biochemical markers were predictive of
brain lesions.

In conclusion, our study showed that MRI provides valuable information in girls with precocious
puberty by demonstrating that fewer than half have a normal brain MRI and that few of them can
have significant intracranial lesions after age of 6 years, despite the absence of suggestive
neurological signs and symptoms. Whether all or just some selected girls require a brain MRI
examination remains debatable; the identification of a number of patients with CNS lesions in our
cohort indicates the difficulty in adopting stringent criteria for neuroimaging examination regardless
of clinical, biochemical markers, or age at diagnosis. Close clinical and personalized follow-up for
detecting neurological signs is mandatory in girls with rapidly progressive central precocious puberty
to avoid late diagnosis of brain tumors/lesions and allow early intervention. It remains questionable
whether the identification of hypothalamic hamartomas not associated with seizures has any specific
preventive and prognostic value later in life.

Brain tumors that express premature pubertal initiation originate in the sellar and/or suprasellar region
of the encephalon and act directly by disrupting the normal prepubertal inhibition of the
hypothalamic-pituitary-gonadal axis (Fig.8). Tumors distant from the sellar region can also promote
pubertal initiation, however, and do so indirectly by altering the regulatory mechanism of GnRH
secretion. Indeed, in these cases, CPP could be consequent to the increased pressure on the
hypothalamic-pituitary region brought about by the development of hydrocephalus (131).
Infratentorial tumors are located in the posterior fossa and include medulloblastomas, cerebellar
astrocytomas, brainstem gliomas, ependymomas, and atypical rhabdoiditeratoid tumors. These
tumors commonly present with ataxia, neuropathy, and signs of increased intracranial pressure, such
as headache and vomiting. When precocious puberty occurs as a result of these types of lesions, it is
secondary to increased intracranial pressure.

Supratentorial tumors include suprasellar tumors such as craniopharyngiomas, gliomas, germinomas,

pineal tumors, primitive neuroectodermal tumors, and ependymomas (132).



These tumors commonly present with visual disturbances, focal neurological signs, signs of increased
intracranial pressure, and possible neuroendocrine dysfunction resulting in statural growth failure or
diabetes insipidus (131). Because of their slow growth, symptoms can often be nuanced and slowly
worsen over time. They can also be diagnosed incidentally during neuroradiologic examinations
performed for other reasons.

Gliomas represent the majority of supratentorial tumors100 in children and are commonly low-grade
Low-grade gliomas are most frequently located in the cerebellar region, cerebral hemispheres,
midline structures, cervicomidollar level, and optic pathway. More than 70% of gliomas located in
the hypothalamic site or along the optic pathway affect individuals with NF1 (133). In fact, 15%-
20% of children with NF1 develop hypothalamic/optic gliomas. Typically, only half of these become
symptomatic and require treatment, usually before the age of 5 years (134). Depending on the site,
clinical manifestations may differ. Tumors involving the hypothalamus and/or pituitary gland may
result in the development of obesity, poor statural growth, diabetes insipidus, or other endocrine
dysfunction.

When the optic pathways are involved, they can also manifest with visual changes. Indeed, in these
cases there is reduced visual acuity, optic nerve atrophy, proptosis, and strabismus (133).

Precisely because of the site of onset, located close to the hypothalamic-pituitary structures, optic
chiasm lesions may contribute to triggering premature pubertal initiation (135, 136).

Ependymoma is a slow-growing, well-circumscribed tumor commonly located in the posterior lateral
fossa. The mean age at diagnosis is 3 years with male predominance. The clinical signs and symptoms
of this tumor are related to obstructive hydrocephalus, and include precocious puberty. Because the
pineal gland is in fact located near the cerebral aqueduct, tumors originating in this location may
obstruct CSF drainage and result in increased intracranial pressure, which may promote PP.

Rare cases have also been described in which PP was associated with the presence of arachnoid-

esoprasellar cysts.



Finally, precocious puberty may also be observed in patients with craniopharyngioma. Premature
pubertal onset in these cases is not the most frequently associated endocrine disorder and may be
difficult to diagnose because of concomitant growth hormone deficiency and consequent absence of
statural acceleration.

Another risk factor for the occurrence of PP in cancer patients is cranial irradiation. Somatotropic
cells are the most sensitive adenohypophyseal cell type to irradiation, followed by gonadotropic,
corticotropic, and thyrotrophic cells (131). This type of treatment also could cause direct damage to
gabaergic neurons and thus result in loss of inhibitory control of GnRH-secreting neurons (132). The
risk of precocious puberty in girls increases with irradiation at doses between 18-24 Gray, and the
risk is higher the earlier the radiation therapy is started (131). Even in these cases, the pubertal growth
spurt may be absent due to concomitant GH deficiency. In contrast, with irradiation of 30 Gy, the
greatest risk is for gonadotropin deficiency (131).

Importantly, testicular volume in boys who have survived childhood cancer may not be reliable in
identifying the onset of puberty, so measurement of gonadotropin and testosterone levels in boys
previously treated with radiation and chemotherapy is critical (131).

Hypothalamic hamartoma is a rare (incidence 1-2 cases/100000), nonprogressive, “tumor-like”
congenital malformation that originates from the ventral hypothalamus, usually located at the base of
the third ventricle, near the tubercinereum or mammillary bodies. Hamartoma is responsible for 2%-
28% of cases of CPP (77). Individuals with hamartoma have a risk of developing CPP ranging from
33% to 85% (131).

A distinction can be made between the hamartomaparaipothalamic (pedunculated), which projects
below the hypothalamus, and the intrahypothalamic (sessile), which has a broad base of implantation,
including the lateral walls of the third ventricle (131). Pedunculated lesions are predominantly
associated with pituitary disorders, particularly CPP, rarely with epilepsy. In contrast,
intrahypothalamic forms are consistently associated with neurological symptoms such as epilepsy,

often drug-resistant, and cognitive abnormalities. There are also intermediate localization



hamartomas, which can occur simultaneously with both CPP and gelastic seizures (40% of
patients)105.

Hamartomas consist of a disorganized mass of cytologically normal neurons and glial cells (137).
CPP generally arises in these cases in the first 4 years of life, often under 2 years (138,139) . These
are lesions that on MRI present isointense on T1-weighted images and isointense or slightly
hyperintense on T2 and do not enhance after contrast administration. The therapy of choice in patients
with CPP resulting from the development of hamartomas are GnRH analogs since neurosurgical
removal is burdened with a considerable risk of neurological dimorbidity (140). In cases treated with

medical trapy alone, the outcome appears to be favorable (140).

Fig 8. MRI imaging studies in girls with precocious puberty and various hypothalamic-pituitary conditions.
Unenhanced (A) and contrast-enhanced sagittal T1-weighted (B) images in a 7-year-old girl shows craniopharyngioma
arising from the infundibulum (arrowhead, A), displaying intense peripheral enhancement (arrowhead, B). Unenhanced

(C) and contrast-enhanced sagittal T1-weighted (D) images in a 7-year-old girl with hypothalamic-chiasmatic




astrocytoma (arrows, C), showing absent contrast enhancement (arrows, D). Sagittal T2 driven-equilibrium (DRIVE) (E)
and contrast-enhanced sagittal T1-weighted (F) images in an 8-year-old girl with millimetric hypothalamic hamartoma
arising from the tuber cinereum just anterior to the mammillary bodies (arrow, E); the lesion does not enhance and is
therefore barely visible on the postcontrast T1-weighted image (arrow, F). Unenhanced (G) and contrast-enhanced sagittal
T1-weighted images (H) in a 14-year-old girl shows bony spike arising from the dorsum sellae and impinging on the
pituitary gland (arrow, G, H), consistent with sellar spine. Sagittal T2 driven-equilibrium (DRIVE) (I) and contrast-
enhanced sagittal T1-weighted (J) images in a 5-year-old girl with hypothalamic dysgenesis shows mass-like formation
arising from the tuber cinereum (arrowhead, 1) that does not enhance (arrowhead, J) and cannot reliably be differentiated
from a hypothalamic hamartoma unless orthogonal images (not shown) are also examined. Unenhanced (K) and contrast-
enhanced sagittal T1-weighted images (L) in a 10-year-old girl shows enlarged anterior pituitary lobe (arrows, K, L),

consistent with pubertal hyperplasia of the pituitary gland (130).

2.3 The Relationship Between Excess Weight and Preocious Puberty

The global prevalence of childhood obesity has reached alarming levels. According to WHO data, in
2022, approximately 37 million children under the age of 5 were overweight. Among children and
adolescents aged 5-19, over 390 million were overweight in 2022. Within this age cohort, the
prevalence of overweight individuals significantly increased from 8% in 1990 to 20% in 2022 (141).
Comparable rates were observed in both female (19%) and male (21%) participants (141).
Lockdowns and reduced physical activity during the COVID-19 pandemic contributed to a worsening
obesity problem. Pandemic-related increases in screen time and unhealthy eating habits have been
associated with significant childhood weight gain, according to numerous studies (142).

The marked rise in childhood and adolescent obesity is noteworthy, occurring in parallel with the
increase in CPP (143,144).

The relationship between excess weight and precocious puberty has been extensively studied in recent

years (33,144-148).



Childhood obesity has been consistently linked to an increased risk of early pubertal development,
particularly in girls. A meta-analysis revealed that girls experiencing precocious puberty are at a
higher risk of obesity, whereas no significant correlation was found in boys (33).

Another systematic review confirmed that overweight and obesity during childhood significantly
increase the likelihood of precocious puberty in girls (145).

For many years nutritional status has been linked with pubertal onset and progression. At first it was
hypothesized that minimal body weight was necessary to ensure normal pubertal initiation (149).
Subsequently, the importance of achieving a minimum fat mass and the relationship between the
initiation and maintenance of puberty and peptides secreted from adipose tissue (e.g., leptin) and in
the gastrointestinal tract (e.g., ghrelin) was demonstrated (150). Biro et al. reported body mass index
(BMI) as the strongest predictor of early telarche47. In fact, adiposity rebound, that is, the increase
in body weight that occurs early in life after a physiological nadir, appears to promote pubertal spurt
(151). In the work of Aksglaede et al. BMI at age 7 was found to be a significant predictor of the age
of pubertal spurt in a cohort of more than 150,000 boys and girls (152). However, the trend toward
early onset of puberty is found in all BMI categories, suggesting the involvement of factors other than
peripubertal weight.

Emerging research also highlights the role of dietary habits in this relationship. Diets rich in fats,
particularly saturated fats, have been shown to contribute to the early activation of the hypothalamic-
pituitary-gonadal (HPG) axis, thereby promoting early pubertal onset (146). Similarly, diets with high
caloric intake and low nutritional quality amplify the risk of early puberty, especially when coupled
with childhood obesity (147).

Furthermore, obesity-related hormonal imbalances, such as increased levels of leptin and insulin, may
play a mechanistic role in early pubertal development. Leptin, an adipokine secreted by adipose
tissue, has been identified as a key signal in the timing of puberty. Elevated leptin levels in obese

children may trigger the earlier activation of the HPG axis, advancing the onset of puberty (148).



More recently epigenetic studies have attempted to elucidate the influence of nutrition and
environment on gene expression and how these factors might also interfere with pubertal regulation

(153).

2.4 Psychosocial and Health Consequences of Precocious Puberty

Parental concerns associated with the diagnosis of precocious puberty are the premature onset of
menarche for girls, possible repercussions in the psychological and social spheres, impaired stature
prognosis, and behavioral changes, which may result in earlier onset of sexual activity and consequent
increased risk of sexually transmitted diseases and unwanted pregnancies. Some authors point to the
increased risk of school dropout, substance abuse, and violent behavior, but the data are controversial
(81). Several studies also show an association between early puberty and disease onset in adulthood.
Earlier age of menarche has been found to be associated with increased risk of obesity, hypertension,
type 2 diabetes, ischemic heart disease, stroke, overall cardiovascular mortality, and increased risk of
estrogen-dependent forms of cancer (154,155). This association is largely attributed to high early

estrogen exposure during the early stages of breast development and longer duration of exposure.

2.5 Evolutionary perspective

The evolutionary trajectory of humankind reveals adaptations to environmental stressors, optimizing
evolutionary fitness despite suboptimal outcomes. This is accomplished via a sequence of adaptive
responses modifying the length of specific life stages and the rate of transitions between them.

The term “early puberty” implies a pathological condition, but most cases of early puberty likely
reflect normal physiological and adaptive evolutionary plasticity (156). From an evolutionary
perspective, females face reproductive limits due to the maximum number of offspring they can
produce. Early maturation offers them a fitness advantage by extending the reproductive period,

which is less critical for males. In this light, early puberty is not solely or primarily pathological but



rather an adaptive response to changing life conditions. Indeed, since the emergence of Homo sapiens,
there have been significant changes in the timing of pubertal maturation.

While recognizing the role of individual genetic factors in pubertal timing, it is worth emphasizing
the plasticity of development and the role of the environment in regulating pubertal timing to serve
fitness goals.

Early psychosocial stress and the perception of an unsafe environment and relationships during
childhood guide development toward mating-oriented reproductive strategies.

Neolithic females (New Stone Age, 12,000-5,000 years ago) gained full reproductive competence
between ages 9 and 14 (157). Assuming a 2-4year interval between menarche and reproductive
competence (158), this would place menarche between ages 7 and 12. This suggests that Neolithic
menarche occurred even earlier than observed in modern Western countries (A33). This claim aligns

with data from the Aeta people of the Philippines, who reproduce as early as ages 10-14.

Early puberty evolved to enable reproduction sooner, reducing the risk of death before reproduction
in high-mortality environments. The result is a shorter stature due to the shortening of the
preadolescent growth period (159).

The pace of development is adaptively flexible, delaying maturation under severe stress and
accelerating it in moderate stress or ideal conditions. This reflects a U-shaped relationship between

environmental risk and nutrition in influencing pubertal timing (156).

However, the increasingly younger age of thelarche and menarche in girls may have multiple
explanations. It is widely believed that environmental endocrine disruptors are responsible for
accelerating hypothalamic maturation, contributing to earlier thelarche. However, this explanation

does not fully account for the secular trend in the menarche age observed over the past 150 years.



Hochberg and Belsky (156) propose that accelerated pubertal development represents a reproductive
strategy. While delaying maturation enhances fertility and pregnancy success, it raises the risk of
premature death. In contrast, early maturation prioritizes more reproductive cycles and offspring.

In an insecure world, maturing early and reproducing promiscuously would enhance reproductive
capacity more than delaying development, mating cautiously, and investing heavily in parenting. The
latter would make evolutionary sense for reproductive capacity in a secure world, as perceived by the
young child (161). This theory aligns with evidence linking early pubertal development with
increased sexual risk-taking; earlier menarche is associated with an earlier age of first dating, first
Kiss, first intercourse, and higher rates of teenage pregnancy, as examined.

In this perspective, the pandemic environment, characterized by stress and uncertainty, may have
acted as an evolutionary trigger for earlier sexual maturation, similar to patterns observed in
internationally adopted children (163).

Moreover, the imprinting of genes in two of the four described monogenic forms of CPP may be of
importance. The Kinship, or parental conflict, theory suggests imprinting evolved due to competition
between maternal and paternal genomes, with maternal alleles silenced to reduce demands on the
mother, ensuring her survival and nutrient distribution among offspring (103, 164). Paternally
expressed genes promote growth, while maternally expressed genes restrict it (165). Variants in
MKRN3 and DLK1, linked to sexual maturation timing in CPP, highlight differential parental
influence on fitness (103).

Epigenetic modifications play a key role in pubertal timing. Methylome profiling of girls with
precocious and normal pubertal onset revealed widespread DNA hypermethylation differences. Most
regions were hypermethylated in the post-pubertal group, indicating that pubertal onset is linked to

specific changes in epigenetic regulatory control (103).



3 Study

3.1 Rationale of the Study

In Italy, the number of girls referred to pediatric endocrinologists for suspected precocious puberty
increased significantly, especially during the COVID-19 pandemic (62,63,65,66,76).

Several hypotheses have been advanced to explain the increased incidence rate of PP in Italy, such as
increased time spent in front of digital screens, changes in sleep habits (166), reduced physical
activity, increased BMI, and emotional and psychological stress (65).

Daily use digital devices (cell phones, PCs, tablets, pcs) increased in U.S. adolescents aged 10-14
years from an average of 3.8 hours per day in pre-pandemic to 7.70 hours per day during the Covid-
19 pandemic (73).

Increased exposure to digital screens is correlated with an additional risk of the onset of mental health
problems, obesity, hypertension, insulin resistance, and metabolic syndrome, regardless of the
amount of physical activity performed (167-178) and promotes the establishment of poor eating habits
(179), creating a vicious cycle that results in weight gain and increased stress (180-183). There are
many studies linking the ongoing epidemic of childhood obesity and the tendency for pubertal
advancement (150,184). Higher BMI is indeed associated with earlier onset of telarche (52, 185,186).

However, it is difficult to demonstrate a direct causal relationship between weight gain and PP; in



fact, the effect may also be bidirectional, as E2 increases body fat (187-189). Body fat distribution
also seems to have an impact on the onset of puberty (149).

Frisch and Revelle hypothesized that a certain body weight must be achieved for menarche to occur
(150). As body fat increases, circulating levels of leptin increase; appropriate levels of leptin are
critical for activation of the hypothalamic-pituitary-gonadal axis, pubertal progression, and
maintenance of fertility (190). However, leptin alone is not sufficient to trigger puberty (33).

The analysis of body composition, in terms of hydration, fat mass, muscle mass, and mineral mass,
provides detailed information about the amount and distribution of different tissues in the body, which
are useful parameters for an accurate assessment of the state of nutrition. Dual-energy X-ray
absorptiometry (DXA) is the most widely used and reliable method for pediatric body composition
analysis, providing accurate measurements of fat mass, lean tissue mass, and bone mineral content
(191). Unlike BMI, which provides only a general measure of adiposity, DXA can differentiate

regional fat deposition.

The mechanisms that regulate pubertal development are complex, and the understanding of how
various genetic, environmental, dietary, and social factors interact to trigger puberty still remains

poor.

The aim of our study was to evaluate the body composition and lifestyle in girls with suspected
precocious puberty referred between May 2011 and May 2024 and who underwent DXA scanning
after clinical, biochemical, and ultrasound investigations.

Anthropometric, biochemical, ultrasound and body composition characteristics were analyzed in girls

with precocious puberty, premature thelarche, and in a control group of age-matched peers.

3.2 Study Design

Retrospective, single-center, nonpharmacological, observational cohort study.

3.3 Materials and Methods



We retrospectively assessed the health records of 184 girls> 5 years of age, referred to a tertiary level
academic center (Pediatric Endocrine Unit, IRCCS Istituto Giannina Gaslini, University of Genova;
Genova, Italy) for suspected central precocious puberty(PP)/early puberty (EP) (breast development
Tanner stage> 2 before 9 years of age, as reported by parents) and underwent DXA from May 2011
to May 2024.

We included

» 108 girls diagnosed with central precocious or early puberty (group P) based on:
e Tanner stage of breast development > 2 before 9 years of age
e Dasal serum luteinizing hormone (LH) >1 U/L or peak LH >5U/L after LHRH test
e rapidly progressive pubertal development with 1 or more of the following criteria:
- advanced bone age by at least 1 year (114),
- HorH-TH SDS >2.

» 76 girls diagnosed with premature telarche (group T):

e Tanner stage of breast development > 2 before 9 years of age
e basal LH <0.3 U/L or peak LH <5U/L at GnRH test
A control group of 47 age-matched girls without clinical signs of puberty (Tanner stage 1) was also

recruited. These girls underwent DXA from April 2009 to June 2023.

We excluded:

e qirls with peripeheral precocious puberty
e genetic syndromes

o skeletal dysplasia

e Dbrain tumor

e neuromuscular diseases



e osteoporosis and bone fragility
o extremely preterm (< 28 weeks)

e girls who did not underwent DXA scan

The study was approved by the local Ethical Committee (Protocol Number 13777/21; CER, Genova,
Italy) and written informed consent was obtained from parents or caregiver of patients after full

explanation of the study in accordance to the Declaration of Helsinki.

3.3.1 Data Collection

We collected anamnestic data (age at thelarche, development of pubarche before thelarche, mother's
age at menarche, family history for precocious puberty, gestational age at birth, birth weight SDS,
ethnicity (European vs non-European), anthropometric/clinical data (weight-W, height-H, height-H
SDS, body mass index-BMI SDS, target height (TH), delta TH-H SDS, pubertal Tanner stage),
biochemical data (basal and peak gonadotropins (follicle-stimulating hormone-FSH, luteinizing
hormone-LH after GnRH test, 17-beta estradiol-E2, insulin growth factor 1-1GF1, IGF1 SDS),
metabolic parameters (total cholesterol, LDL and HDL cholesterol, triglycerides, glycemia, glycated
hemoglobin-HbA1c, and insulin basal levels) and radiological data (bone age—BA; uterine length and
transverse diameter, ovarian volumes) and body composition parameters measured by total body
dual-energy x-ray absorptiometry (DXA) scans (Lunar Prodigy and Lunar iDXA)

Family history for PP was considered as the appearance of menarche before the age of 10.25 years in

patient’s mother or sister or grandmother (21).

3.3.2 Questionnaires



In a subgroup of 100 girls of P and T groups, evaluated between January 2022 and May 2024, we
assessed the adherence to the Mediterranean diet, sports activity and sleep behavior, through the
Italian versions of KIDMED (192), Physical Activity Questionnaire for Older Children (PAQ-C)
(194) and the Sleep Disturbance Scale for Children (SDSC) (195). These questionnaires were
administered to the children at visit. The girls filled out the questionnaires with the help of their
parents. We also collected data about the girls' use of electronic devices by asking parents questions
about frequency of use at different times of the day by the girls, daily screen time in minuts, type of
device used. We also asked whether the girls had their own digital device and the age at which they
had it.

KIDMED questionnaire evaluate adherence to the Mediterranean diet in children and adolescents
(192). A score <3 indicates poor adherence to the Mediterranean diet; a score between 4 and 7
indicates moderate adherence to the Mediterranean diet, and a score >8 an optimal Mediterranean
diet.

"As suggested by Altavilla C et al. (193), we removed the phrase ‘or fruit juice’ from the original
question ‘Takes a fruit or fruit juice every day’, rewording it as ‘Takes a fruit every day’ and
specifying ‘homemade orange juice’ as an acceptable alternative."The PAQ-C is a 7-day recall
instrument developed to assess general levels of physical activity in children between 8 to 14 years
of age. Each item is scored on a 5-point scale and the final activity score is a composite score made
up of 9 items. A final score of 1 indicates low physical activity, whereas a score of 5 indicates high
physical activity.

SDSC isa 27 item Likert-type rating scale developed by Bruni et al. (195) to evaluate sleep disorders
in children and adolescents between 6 to 15 years of age. Parents use a five-point scale to indicate
how frequently certain behaviors occurred in their children: 1 means “never,” 5 means “always”.
Parents also indicated the hours of sleep of the children. Higher scores indicate more acute sleep

disturbances. We considered the total cutoff score of 39, as suggested by Bruni and colleagues.



3.3.3 Clinical data

Pubertal maturation was determined through breast inspection and palpation and classified according
to Tanner stage (196). Height (to the nearest 0.1 cm) and weight (to the nearest 0.1 kg) were measured
by using a calibrated Harpenden stadiometer and an electronic scale. TH was calculated according to
the formula: (father’s height + mother’s height - 13 cm)/2 (197), by measuring parents’ height with
calibrated Harpenden stadiometer whenever possible (not for adopted girls). Standard deviation
scores (SDS) of the children’s height and TH were computed according to Tanner Whitehouse (1976)
reference charts (198). H-TH SDS was considered as the difference between H SDS and TH SDS.

BMI SDS was calculated by using the LMS method presented in the 2006 World Health Organization
chart (199). According to consensus position statement of the Italian Society for Pediatric
Endocrinology and Diabetology and the Italian Society of Pediatrics (200), we defined overweight as

BMI between 85°-97° percentile (p) and obesity as BMI1>97°p of the 2007 WHO charts (201).

3.3.4 Endocrine and metabolic data

FSH, LH, E2 were measured after venous fasting blood sampling between 08.00-09.00 a.m. with
electrochemiluminescence method, by using a Roche Elecsys™ Kit (Roche Diagnostics GmbH,
Mannheim, Germany).

Total cholesterol, cholesterol LDL/HDL, triglycerides, were measured with colorimetric enzyme
immunoassay; insulin basal level was determined with chemiluminescence, Hb was measured with
immunoturbidimetry.

The GnRH test was performed by administering i.v. Lutrelef™- Ferring at the dose of 100 pg/m2
(maximum dose: 100 pg) iv. Blood samples were taken at 0, 15, 30 and 60 minutes for the

determination of LH and FSH.



3.3.5 Radiological data

Bone age (BA) was determined based on radiography of the left hand and wrist according to Greulich
and Pyle (202) with the BoneXpert™ software (203) or by two different experts (D.F., C.P.). Delta
BA (D BA) was considered as the difference between BA and chronological age. Pelvic
transabdominal ultrasonography (US) was performed with a curvilinear 2—7 MHz probe by two
skilled gynecologists (R.A. and V.T.) working at our Centre. Uterine length, transverse uterine
diameter, and the height, width, and length of the ovaries were measured; the volume of each ovary
was calculated according to the ellipse formula (lengthx transverse diameter x fundal anteroposterior

diameter x 0.5233).

3.3.6 Assessment of body composition

All girls underwent whole-body DXA with Lunar Prodigy and Lunar iDXA (GE Healthcare,
Madison, WI, USA). The DXA machine’s calibration was checked daily with a GE Lunar block
calibration phantom; the results were within the acceptable range of variation.

Two different trained operators (N.D.l., A.A.) positioned the patients, performed all scans and
manually checked the quality of the single scan and edited, as necessary, repositioning correctly the
regions of interest (ROI). The ROI were automatically calculated by the enCORE software for total
body, arms, legs, trunk, android, and gynoid regions.

We collected total body less head — TBLH bone mineral density-BMD Z score, lumbar spine BMD
Z score, total fat mass-FM (kilograms-kg) , fat-free mass-FFM (kg), android fat mass (kg), gynoid
fat mass (kg), arms lean mass (kg), legs lean mass (kg).

We calculated body composition indices, including appendicular lean mass index (ALMI = [arms +
legs lean mass] / Height?) (kg/meters?), fat mass index- FMI (FMI = FM / Height2) (kg /meters?), fat-
free mass index — FFMI (FFMI= FFM/H?) (kg /meters?), fat-to-lean (FLR) mass ratio (FLR=

FMI/LM).



FFM is defined as the total mass of the human body, excluding fat. FFM is calculated as:
FFM=Total Body Weight—Fat Mass
It includes:

e Muscle Mass (Skeletal muscles, cardiac muscles, and smooth muscles)

e Bone Mass

e Intracellular and extracellular fluids

e Internal organs, connective tissues, and blood.

FFM is an indicator of muscle mass and increases during childhood.

3.4 Statistical analysis

The distribution of continuous variables was assessed using the Kolmogorov—Smirnov test.
Descriptive statistics were used to present the sample: continuous variables were described using the
median and the 25th and 75th percentiles, while categorical variables were presented as absolute
values and percentages.

The sample was divided into three groups based on inclusion criteria. Variables in each group were
compared: continuous variables were analyzed using the non-parametric Mann-Whitney U test or the
Kruskal-Wallis test, depending on the context. Categorical variables were compared using Pearson’s
> test or Fisher’s exact test.

The software used for the analysis was the Statistical Package for the Social Sciences for Windows,
version 22 (SPSS Inc., Armonk, NY). The threshold for statistical significance was set at a two-tailed

p-value of less than 0.05.

3.5 Results



A total of 1727 girls with breast development before the age of 9 years were evaluated for suspected
PP or EP between May 2011 and May 2024. Based on inclusion and exclusion criteria, we analyzed
the clinical, biochemical, ultrasound and densitometric data of 184 girls (108 girls in Group P and 76
girls in Group T) (Fig.9). A control group (Group C) of 47 age-matched girls without clinical signs
of puberty (Tanner stage 1) who underwent DXA scans between April 2009 and May 2024 were also

recruited.

Fig.9. Distribution of the Study Cohort: proportion of patients stratified by group

Group P
In 92 girls (85.2%) of Group P, breast development started before the age of 8 years, while in 16 girls

(14.8%) it occurred between 8 and 9 years of age (Fig.10). In 7 girls (7.6%), pubarche preceded
thelarche. One girl presented with premature menarche at 8.5 years of age and was found to have
Tanner stage 4 breast development during the visit. A family history for PP was reported in 20 girls
(18.5%). Nine girls (8.3%) were born preterm (<37 weeks gestation), all with normal birth weight.
Nine girls (8.3%) were small for gestational age (SGA) at birth (birth weight <10°percentile) and 14
girls (13%) were large for gestational age (LGA) (>90°percentile) (Table 1).

The distribution of girls of group P by Tanner stage and weight category are showed in Table 2.



GROUP P

@ Thelarche<8yrs @ Thelarche 8-8.99 yrs

* Puberty onset with pubarche: 7.6%
* Premature menarche: 1.1%

Thelarche<8yrs
85%

Fig.10. Distribution of patients of group P by age at thelarche

The GnRH stimulation test was performed in 82 patients (75.9%) and confirmed the activation of the
hypothalamic-pituitary-ovarian (HPO) axis. The remaining 26 patients did not require testing as they
presented significant baseline hormonal profile (LH>1 U/L) and rapid clinical progression of pubertal
development (Tanner 3-4, H SDS or TH-H SDS >2, and advanced bone age by at least 1 year) (Table
1).

Group T

In 69 girls (90.8%) of Group T, breast development started before the age of 8 years, while in 7 girls
it occurred between 8 and 9 years (Fig.11). Two girls were referred for premature menarche. In one,
menarche occurred at 4.6 years showing only a slight indication of breast development at clinical
evaluation. In the other, menarche occurred at 8.9 years and non-progressive thelarche was reported
at 4.3 years. In 16 girls with PP (23.2%) and 3 girls with EP (42.8%), pubarche preceded thelarche.
A family history of PP was reported in 13 girls (17.1%). Five girls (6.6%) were born preterm but had

normal birth weight. Six girls (7.9%) were SGA and 10 girls (13.1%) were LGA.



The GnRH stimulation test was performed in 55 patients and excluded the activation of HPO axis
(Table 1). The distribution of girls of group P by Tanner stage and weight category are showed in

Table 2.

GROUPT

@ Thelarche<8yrs O Thelarche 8-8.99 yrs

* Puberty onset with é > * Puberty onset with pubarche: 23.2%
ﬂ * Premature menarche: 2.9%

pubarche: 42.8%

Thelarche<8yrs
91%

Fig.11. Distribution of patients of group T by age at thelarche

Group C
All girls of Group C showed Tanner stage 1. A family history for PP was found in 1 girl (2.1%). Nine
girls (19.1%) were born prematurely, of whom 2 were born SGA and 1 was LGA. Five girls (10.6%)

were SGA and 3 girls (6.4%) were LGA (Table 1).

Weight categories and Ethnic Distribution of the Study Population
In our cohort, 19.5% (n = 45/231) of the girls were classified having obesity. The prevalence of
obesity was 15.7% (n = 17/108) in Group P, 27.6% (n = 21/76) in Group T, and 15.2% (n = 9/47) in

Group C.



Additionally, 19.9% (n = 46/231) of the girls had overweight, with a distribution of 24% (n = 26/108)
in Group P, 21% (n = 16/76) in Group T, and 8.5% (n = 4/47) in Group C.
The majority of the cohort, 60.6% (n = 140/231), had normal weight. This included 60.2% (n =

65/108) in Group P, 51.3% (n = 39/76) in Group T, and 76.6% (n = 36/47) in Group C (Fig.12).

B Obesity [ ] Overweight [ Normal weight

60.2%

P T C

Fig.12. Distribution of Patients by Weight Categories Based on BMI: number and percentage representation

In our cohort, 14.7% (n = 34/231) of the girls were of a non-European origin. This included 23.1%

(n =25/108) in Group P and 11.8% (n = 9/76) in Group T.

Comparative Analysis of the Three Cohort Groups

No significant differences were found in the median age at visit, gestational age at birth, birth weight
SDS, or target height SDS among Groups P, T and C, as shown in Table 3. However, a significant
difference was found in the age at bone age evaluation across the three groups (p=0.02). No
significant differences were found in the age at pubertal onset between Group P and Group T (7.12

[IQR 6.61;7.78] vs 7.13 [IQR 6.32;7.70], p=0.48) (Table 3).



Significant differences were found between group P, T and C in anthropometric parameters (H SDS,
W, BMI SDS, D H-TH SDS, BA, D BA). Similarly, significant differences were observed in
biochemical markers, including basal gonadotropin and E2 values, basal insulin, total, LDL and non-
HDL cholesterol. Notably, adiponectin values were highest in Group C, which also exhibited the
lowest IGF1 SDS levels, even after correction for bone age.

Regarding densitometric parameters, significant differences were detected among the three groups
for android and gynoid fat mass, total fat and free fat mass, arms and legs lean mass, and BMD Z

score, both for the lumbar spine and total body.

Comparative Analysis of Groups P and Group T

Significant differences were observed between Group P and Group T across several analyzed
parameters. Group P had higher values for D H-TH SDS, BA, D BA, basal and peak gonadotropin
levels and pelvic ultrasound data. Specifically, the longitudinal and anteroposterior diameters of the
uterus were greater in group P compared to Group T (Table 4). However, no differences were found
in ovarian volume between the two groups.

IGF1 SDS values were significantly higher in group P, both when adjusted for chronological age and
skeletal age. Additionally, girls in Group P had significantly higher total free fat mass and legs lean

mass compared to those in Group T.

Comparative Analysis of Groups T and Group C

When comparing Group T and Group C, girls in Group T were taller, even compared to the target
height. They also demonstrated more advanced BA and a greater D CA-BA. IGF1 SDS values were
higher in Group T, even when corrected for bone age. No differences were found in basal and peak
gonadotropin values between the two groups (Table 5).

Girls of group C had higher values of triglycerides, total cholesterol, LDL cholesterol and non-HDL

cholesterol, and adiponectin, whereas their insulin levels were lower compared to those in Group T.



In terms of densitometric parameters, girls in Group T had significantly higher android and gynoid
fat mass, total fat and free fat mass, arms and legs lean mass and BMD Z score, both in the spine and

the whole body.

Comparative Analysis of Girls with Thelarche and Pubarche as first sign of puberty in Group
T

Within Group T, significant differences were observed in anthropometric parameters (W, BMI SDS,
BA) and body composition between girls whose first pubertal sign was thelarche versus pubarche
(Table 6). Girls who began puberty with pubarche had a significantly older skeletal age (p=0.011),
despite being younger at skeletal age assessment, and had significantly higher weight and BMI
(p<0.001) (Table 6).

Girls with pubarche as first puberty sign showed greater adipose tissue, both in absolute values and
percentages), with higher android and gynoid adiposity. Likewise, they showed a greater amount of

lean tissue in their limbs and a higher lumbar spine BMD Z-score.

Analysis of Questionnaires
Questionnaires were administered to 100 girls in the cohort, with 69 girls (63.9%) from Group P
(subgroup P) and 31 girls (40.8%) from Group T (subgroup T). Of these, 55 girls had normal weight,

25 girls had overweight, 20 girls had obesity.

KIDMED Questionnaire Scores

According to KIDMED scores, the subgroup P included 15 girls with low adherence (<3 points), 41
girls with moderate adherence (4—7 points), and 13 girls with high adherence (>8 points) to the
Mediterranean diet (Fig.13). Fig.14 show the distribution of these girls by weight category.

Fig.15 and 16 show the distribution of children of subgroup T by KIDMED Questinnaire Scores and

weight category.



Fig 13. Distribution of KIDMED Questionnaire Scores among 69 girls of Group P

@ Normal weight & Overweight @ Obesity

Fig.14a. Distribution of Children with Low KIDMED Scores (<3) by Weight Category in subgroup P



@ Normal weight & Overweight @ Obesity

Fig.14b. Distribution of Children with Moderate KIDMED Scores (4-7) by Weight Category in subgroup P

@ Normal weight ' Overweight @ Obesity

Fig.14c. Distribution of Children with High KIDMED Scores (>7) by Weight Category in subgroup P



In the subgroupt T, 5 girls with low adherence (<3 points), 19 girls with moderate adherence (4—7

points), and 7 girls with high adherence (=8 points) to the Mediterranean diet (Fig.15).

Fig.15. Distribution of KIDMED Questinnaire Scores among 31 girls of subgroup T

@ Normal weight ' Overweight @ Obesity




Fig.16a. . Distribution of Children with Low KIDMED Scores (<3) by Weight Category in subgroup T

@ Normal weight © Overweight @ Obesity

Fig.16b. Distribution of Children with Moderate KIDMED Scores (4-7) by Weight Category in subgroup T



@ Normal weight Overweight @ Obesity

Fig.16c¢. Distribution of Children with High KIDMED Scores (=7) by Weight Category in subgroup T

PAQ-C Questionnaire Score

Eighty of the 100 distributed PAQ-C questionnaires were completed. Fifty-seven girls (52.8%)
belonged to the subgroup P and 23 girls (30.3%) belonged to the subgroup T. The final PAQ-C score
was below 2.5 in 46.2% of the sub-cohort, with 49.1% in subgroup P and 39.1% in subgroup T. No
significant difference was found between subgroup P and subgroup T in the median final PAQ-C

score (2.5 [IQR 2.09;2.95] vs 2.65 [IQR 2.34;2.75], p=0,733).

SDSC Questionnaire

Sleep disorders were identified in 28% of the subcohort, with 27.5% in subgroup P and 29% in
subgroup T. No significant differences were found between the two subgroups in the median final
SDSC score (34 [IQR 2.5;39] vs 30 [IQR 1;40], p=0,354) or in median hours of sleep during
weekdays (9.5 [IQR 8.75;10] vs 9.5 [IQR 9; 9.75], p=0,459) and weekends (10 [IQR 10;11] vs 10.5

[IQR 10; 11], p=0,670).



On weekdays, 23.1% of subgroup P and 16.1% of subgroup T went to bed after 10 p.m. On weekends,
62.3% of subgroup P and 58% of subgroup T after 10 p.m. Data were missing for 4 girls in subgroup
P and 2 in subgroup T, preventing calculation of their average hours of sleep per night.

Overall, 22 girls (23.4%) in the sub-cohort slept fewer than 9 hours per night on weekdays, and 4
girls (4.2%) slept fewer than 9 hours on weekends. In subgroup P, 26.1% (n=17) and 6.1% (n=4) of
girls slept fewer than 9 hours per night on weekdays and weekends, respectively. In subgroup T,

17.2% (n=5) of girls slept fewer than 9 hours on weekdays, but none slept fewer than 9 hours on

weekends.
O Weekdays B Weekend
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Screen time

The median screen time in minutes during weekdays for the entire sub-cohort was 76 (IQR 51; 156)
minutes. Subgroup P had a median screen time of 75 (IQR 52;162), and subgroup T had 86 (IQR

51;130), p=0,704.



The median screen time during weekends for the entire sub-cohort was 90 (IQR 60; 180) minutes.
Subgroup P had a median screen time of 105 (IQR 60;180), while subgroup T had 90 (IQR
56.25;157.5), p=0.650.

In total, 37.2% (n=34) of the sub-cohort exceeded 2 hours of screen time per day, with higher

proportions in subgroup P (40.3%) compared to subgroup T (24.1%).

B Screen time>2 hrs B <2hrs

SUBGROUP P

SUBGROUP T

2% 25% 50% 75% 100%

In the sub-cohort, 34.4% (n=31) of the girls, including 35.4% in subgroup P and 32% of subgroup T,
used a digital device within 30 minutes of waking up. Additionally, 51.1% (n=46) of the sub-cohort,
including 48.5% in subgroup P and 58.3% in subgroup T, used a digital device within 30 minutes of
bedtime.

A personal digital device was owned by 69.4% of the girls in the sub-cohort, with 68.6% in subgroup
P and 75.9% in subgroup T. The most commonly devices were tablets (40.9%), TVs (34.4%) and
smartphones (22.8%). Most girls (69.4%) in the sub-cohort (65.7% in subgroup P and 82.7% in
subgroup T). used at least one digital device during the day, with TVs being the most common (52%),
followed by smartphones (27%), and tablets (17%).

The median age at which girls received their own digital device was 6 years (IQR 5.25;7) for the

entire sub-cohort, 7 years (IQR 6;7) in subgroup P and 5.75 years (IQR 5;7) in subgroup T.



3.6 Discussion

Our study provides a comprehensive assessment of body composition, metabolic parameters, and
lifestyle factors in girls with precocious puberty (Group P) and premature thelarche (Group T).
Recent data indicate that the prevalence of childhood obesity has dramatically increased over the past
two decades, parallel with the lowering of the age of pubertal onset. Numerous research studies have
linked excess weight with increased risk of precocious puberty in girls while data are still mixed
regarding boys (33, 145). Lifestyle change, which occurred even more prominently and rapidly in the
pandemic years, contributed to altering metabolic processes and interfering with the complex
regulatory mechanisms of the hypothalamic-pituitary-gonadal axis (148). Both obesity and early
pubertal development have been associated with long-term health risks, including metabolic
syndrome, cardiovascular disease, cancer, psychological and social problems (35,186). Significant
differences in anthropometric, hormonal, metabolic profiles, and lifestyle behaviors were observed
across groups, providing valuable insights into the complex interplay of pubertal timing, body
composition, and environmental factors.

In our cohort of girls diagnosed with precocious puberty (Group P) we found a low prevalence of
family history of early pubertal onset, compared with what has been reported in the literature.
(204,205). This finding may be conditioned by the fact that it is more difficult to trace the history of
pubertal onset in the paternal lineage, so we collected only the data on the age of menarche in mother
and sister. It is noteworthy that family history of precocious puberty was reported with the same

frequency in the group of girls with PP and those with early telarche.



About 6.7 percent of all newborns in Italy are born prematurely, according to 2016 data from the
National Institute of Statistics (Istat) (206). The percentage of prematurity was slightly higher in girls
in the P group and 3 times higher in the control group. The latter group also exhibited a higher rate
of SGA births. Mortaz et al. (207) found that at follow-up from 8 to 12 years, children born preterm
were found to be significantly shorter, lighter, and with lower body mass index (BMI) and skin
thicknesses than children born at term, although there were no significant differences in plasma
concentrations of total cholesterol and HDL cholesterol between the two groups.

Similarly, the girls in group C had lower height, weight, and BMI SDS. Their younger age at bone
age assessment partly accounted for their lower bone age. These girls, however in contrast showed
higher levels of total, LDL and non-HDL cholesterol, even when compared with the girls in group T,
who were those with higher median BMI SDS. Ogden et al. (208), utilizing data from the Third
National Health and Nutrition Examination Survey (NHANES III), reported that 11% of 1727
children aged 4-6 years were born SGA. Elevated cholesterol levels were present in approximately
36% of the children. The study indicated a nearly doubled risk of hypercholesterolemia in SGA
children relative to non-SGA children (odds ratio = 1.97); however, this finding lacked statistical
significance. In Italy, the incidence of SGA or LGA births was 7.6 percent and 11.7 percent in 2013,
respectively, in 2013 (209).

The percentage of SGA births appears to be higher in Group P and Group C than reported by
Chiavaroli et al (209). The fact that there is a higher proportion of SGA births in group C than in the
other groups may have affected the cholesterol levels found. By contrast, the percentage of children
born LGA is lower in the control group.

The percentage of obesity and overweight in our cohort of girls is higher than the national data,
according to the seventh survey of the national “OKkio alla SALUTE” surveillance, conducted by
the Istituto Superiore di Sanita (ISS) (210). In particular, the percentage of obesity is about twice that
found nationally and even 3 times higher in the group of girls with premature telarche. In Group P

and Group T, there is also a lower percentage of normal-weight girls, especially in Group T, compared



with national data. This supports the potential contribution of adipose tissue to the early onset of
puberty. Additionally, it highlights the possibility that the advancement of puberty in Group T could
be influenced more by hormonal factors associated with excess weight rather than by the activation
of the HPG axis, evidenced by the hormonal levels in the prepubertal range in Group T when
compared to Group P. Despite the higher prevalence of obesity in Group T, there were no differences
in the metabolic profile between the 2 groups.

Sorensen et al. (211) reported that IGF1 values were elevated in our female participants with PP, even
after adjusting for both chronological age and bone age. However, no statistically significant
difference in basal insulin values was found in the P group compared with the other groups, although
the P group showed higher median insulin values than the other groups. Higher IGF1 values were
also found in the T group compared with the C group, which also had significantly lower basal insulin
values. The higher IGF1 value in the T group could be explained by the higher prevalence of obesity
and overweight in this group. Researches showed elevated IGF-1 levels in obese prepubescent
children, correlating with accelerated growth and bone maturation (212). This suggests that obesity
may lead to increased bioavailability of IGF-1, contributing to accelerated growth. It should also be
noted that IGF1 levels increase in girls with premature adrenarche. Silfen et al. (213) found that total
and free IGF-I levels were significantly higher in prepubertal girls with premature adrenarche than in
prepubertal controls, and these differences persisted even after adjustment for BMI SDS.

The higher prevalence of pubarche as the first sign of puberty in Group T may also account for the
disparity in BMI between the T and P groups. As previously reported in other studies, in fact, in T-
group girls with pubertal onset with pubarche have a higher BMI SDS compared to their peers of the
control group. (214). Premature adrenarche in girls is often associated with advanced growth patterns
and earlier onset of puberty, a correlation potentially influenced by BMI (216).

Research suggests a link between obesity, premature adrenarche, and increased metabolic risk, though
BMI shows a stronger influence on metabolic risk. Williams and colleagues (217) reported a higher

prevalence of metabolic syndrome among obese children irrespective of premature adrenarche.



Comparisons between Groups P and T revealed significant differences in growth and pubertal
maturation. Girls in Group P are taller compared to their target height, had more advanced Tanner
stage and bone age, greater uterine diameters, and higher IGF1 SDS values, indicating a stronger
activation of the HPO axis. Body composition analysis also showed higher gynoid fat mass and lean
mass in Group P, suggesting that more pronounced acceleration in growth and change in fat
distribution drived by hormonal influences characterize precocious puberty compared to premature
thelarche. Fat deposition patterns are sexually dimorphic. Android fat, which is primarily located in
the abdominal area, and gynoid fat, found in the hips and thighs, are influenced by hormonal factors
(218). Prepubertal children show uniform fat distribution. During puberty, fat mass deposition
undergoes significant changes influenced by rising sex hormone levels. Vink et al. (219), using DXA
scans, found that fat mass in pubertal girls significantly increases of 5.7% from breast stage 1 (B1) to
B5. In women, higher estrogen levels are associated with increased gynoid fat, while in men,
testosterone influences the accumulation of android fat (220). This different disposition of body fat
is not found in the group of girls with premature thelarche, who have a greater amount of fat mass
without variation in the adroid-gynoid ratio compared to the control group. In this group of girls, the
FMI, which provides a more direct assessment of adiposity, is higher. We also found good
appendicular muscle mass in these same girls, even relative to their height (ALMI), and higher bone
mineral density Z-scores. The difference in body composition in girls with premature thelarche
appears more relevant in girls with pubertal onset with pubarche. The latter in fact have a higher body
weight, a higher BMI SDS, a greater fat mass, without dimorphic distribution, but also a greater lean
mass. These girls also have statistically significant higher fat/lean mass ratio compared to girls in the
same group who presented thelarche as the first pubertal sign. The FLR is considered a more accurate
predictor of cardiometabolic health than BMI. In adults, a higher FLR is associated with an increased

risk of type 2 diabetes mellitus, hypertension, insulin resistance and metabolic syndrome (221-223).

Lifestyle and Environmental Factors



Analysis of KIDMED questionnaire responses shows that weight and BMI discrepancies between
girls in groups P and T are not apparently diet-related. Calcaterra et al. (146) showed that a high-fat
diet, particularly rich in saturated fats, leads to earlier activation of the HPO axis. Increased adipose
tissue, in fact, leads to higher levels of leptin, an adipokine that plays a role in triggering the HPG
axis. Similarly, high caloric intake, combined with poor-quality diets, increase the risk of precocious
puberty in girls, especially when paired with childhood obesity (224). A systematic review by Tang
et al. (147) further supports these findings, noting that early-life consumption of energy-dense, low-
nutrient foods is strongly associated with early pubertal onset.

It should be noted that in the P group, the percentage of those with poor adherence to the
Mediterranean diet is slightly higher than in the T group. It is important to note that nearly a quarter
of the girls in group P belong to a non-European ethnic group. This may have influenced the final
KIDMED questionnaire score for these girls. The percentage of obese girls with precocious puberty
is comparable regardless of whether they had optimal or poor adherence to the Mediterranean diet.
In contrast, there is a higher percentage of obese subjects in the T group with poor adherence to the
diet than those with moderate or optimal adherence.

The difference in weight in the two groups is also not explained by physical activity, although it
should be noted that in the T group more subjects have a low physical activity level. Reduced physical
activity may influence the pubertal onset through direct and indirect factors. Physical activity also
has a protective role against weight gain and appears to reduce the risk of estrogen-dependent cancers.
Niehoff et al. (225) found that higher levels of physical activity in children and adolescents are
inversely associated with breast cancer risk, particularly for estrogen receptor positive (ER+) cancers.
Therefore, promotion of physical activity could be important especially in girls with precocious
puberty, since Holmes et al. (226) demonstrated a causal link between earlier puberty and increased
risk of sex steroid-sensitive cancers.

The observed increase in LH pulse frequency during sleep indicates a potential physiological

relationship between sleep and the onset of puberty. The increase in LH pulse frequency is linked to



deep sleep, implying a possible relationship between sleep patterns and hormonal changes during
puberty (227). Nevertheless, no statistically significant difference emerged regarding sleep disorders
between groups P and T. It is worth noting that nearly a quarter of the girls in group P sleeping less
than the recommended hours during the week. Umano et al. (66) during COVID-19 pandemic
reported a higher prevalence of sleep problems, such as difficulty falling asleep and poor sleep quality
in children with central precocious puberty. These issues were associated with prolonged screen time
and reduced physical activity. Short sleep duration has been linked to early pubertal development in
both boys and girls. A Chinese study (228) revealed a correlation between reduced sleep duration and
early puberty in boys (odds ratio [OR] = 4.26), and a less pronounced association in girls (OR = 1.62),
after controlling for BMI and diet.

Excessive screen exposure is a risk factor for obesity and pubertal timing, though the role of specific
types of screen viewing is not fully understood (229-232). We observed a prolonged use of electronic
devices, which exceeds international recommendations (233), in more than one-third of girls with
premature thelarche and precocious puberty, with a higher prevalence of use in girls with precocious
puberty.

Wau et al. (142), demonstrated that excessive screen exposure and sedentary behaviors are strongly
correlated with early pubertal onset, particularly among girls. Prolonged screen time might disrupt
circadian rhythms and increase sedentary behavior, which in turn exacerbate metabolic disturbances
and influence pubertal timing. Our findings, which indicate higher screen time among Group P, align
closely with these results and highlight the need to address excessive digital engagement as a potential
modifiable risk factor.

It is worth noting, however, that more girls in Group T had limited time between device usage and
bedtime, potentially contributing to sleep disturbances.

It should be noted that two-thirds of girls with premature telarche and slightly less in girls with
precocious puberty own their own digital devices, especially tablets. Children who own their own

digital devices tend to have higher screen time, as evidenced by several studies. Radesky et al. (243)



found that children with their own devices averaged 115.3 minutes of screen time per day. The
portability and accessibility of devices like smartphones and tablets contribute to increased screen
time, as they allow for on-demand interaction (235). Despite recognizing potential health risks, such
as sleep disorders, many parents allow their children to exceed recommended screen time limits (236).
A recent systematic review and meta-analysis revealed a significant positive correlation between

increased screen time and BMI among children and adolescents (237).

Strenght, Limitations and Future Directions

The strength of our study is that 184 girls with precocious puberty and premature thelarche were
studied based on rigorous clinical, biochemical, and radiological criteria. All patients undergoing
DXA scans that is widley considered a reliable technigque for measuring body composition in children,
showing high agreement with other methods (238). Furthermore, these data are supplemented with
lifestyle assessment through direct completion of validated questionnaires by parents and children.
The findings of this study have important clinical implications. The association of change in body
composition and advanced bone age with precocious puberty and premature thelarche highlights the
need for early identification and management of these conditions (145,148). Interventions targeting
lifestyle factors, such as reducing screen time and improving sleep quality, could help to prevent early
pubertal onset or mitigate the long-term metabolic and hormonal effects of precocious puberty.
Furthermore, the observed differences in body composition and hormonal profiles between the groups
underscore the importance of individualized treatment strategies tailored to the specific needs of each
group (186).

Limitations include the observational and retrospective nature of the study. The cross-sectional
design prevents the establishment of causality between body composition, lifestyle factors, and
pubertal timing. Additionally, potential confounding factors, such as socioeconomic status, genetic
predisposition, etnicity and environmental exposures, were not comprehensively evaluated and this

could have influenced the results. Moreover, the relatively small sample size in some subgroups,



particularly Group C, may limit the generalizability of the findings to the broader population. Future
longitudinal studies are needed to better understand the causal pathways of early pubertal onset.
Investigating the role of genetic and epigenetic factors, as well as the impact of interventions targeting
modifiable risk factors, will be critical in advancing our understanding and management of these
condition.

In conclusion, this study highlights the complex relationships between pubertal timing, body
composition, metabolic health, and lifestyle factors. The findings emphasize the need for a
multidisciplinary approach in the evaluation and management of girls with early puberal onset to
optimize both short- and long-term health outcomes. Our data further validate the need for public

health strategies that address shared lifestyle behaviors contributing to early puberty and obesity.



4 Tables

Table 1. Clinical and Perinatal Characteristics of Study Groups

GROUP P GROUP T GROUPC
N=108 (100%6) N=76 (100%) N=47 (100%)

Telarche <8 yrs 92 (85.2%) 69 (90.8%) N.A.

Telarche at 8-8.99 yrs 16 (14.8%) 7 (9.2%) N.A

Family history 20 (18.5%) 13 (17.1%) 1 (2.1%)
Preterm birth 9 (8.3%) 5 (6.6%) 9 (19.1%)
SGA 9 (8.3%) 6 (7.9%) 5 (10.6%)
LGA 14 (13%) 10 (13.1%) 3 (6.4%)

N.A: not applicable; SGA: small for gestational age; LGA: large for gestational age



Table 2. Distribution of Girls of Group P and Group T by Tanner Stage and Weight Category

Tanner GROUP P GROUP T
Stage N=108 (100%) N=76 (100%)

Breast Total NW ow Obesity Total NW ow Obesity

37 26 7 4 48 26 11 11
2 (34.3%)  (40%)  (26.9%) (23.5%) | (63.1%) (66.7%) (68.8%) (52.4%)

3 58 34 13 11 26 12 4 10
(53.7%) (52.3%) (50%) (64.7%) | (34.2%) (30.8%) (25%) (47.6%)

4 13 5 6 2 2 1 1 0

(12.%) (7.7%) (23%) (11.8%) (2.6%) (2.56%) (6.2%)

Pubic hair ‘ Total NwW ow Obesity Total NwW ow Obesity

1 41 29 10 2 37 24 10 3
(38%) (44.6%) (38.5%) (11.8%) | (48.7%) (61.5%) (62.5%) (14.3%)

5 45 25 9 11 24 9 3 12
(41.7%) (38.5%) (34.6%) (64.7%) | (31.6%) (23.1%) (18.7%) (57.1%)

3 20 11 4 5 15 6 3 6
(18.5%) (16.9%) (15.4%) (29.4%) | (19.7%) (15.4%) (18.7%) (28.6%)

4 2 0 1 1 0 0 0 0

(1.9%) (7.7%) (5.9%)

NW: normal weight; OW: overweight



Table 3: Clinical, biochemical and densitometric findings across three study groups.

Group P (n=108)

Group T (nN=769)

Group C (n=47)

Clinical characteristics Median (IQR 1°; 3°) p-value
Age at visit (yrs) 8.2 (7.5; 8.6) 8.0(7.3;8.4) 7.9 (6.2; 8.9) 0.16
Age at puberty onset (yrs) 7.1(6.6;7.8) 7.13(6.3;7.7) N.A. 0.48
Age of mother’s menarche (yrs) 12.0 (10.5; 12.0) 12.0 (11.0; 13.0) 12.0 (11.5; 14.0) 0.009
Gestational age at birth (weeks) 40.0 (38.0; 40.28) 39.5 (38.0; 40.0) 39.3 (37.0; 40.5) 0.66
Birth weight (SDS) -0.10 (-0.86;0.88) -0.08 (-0.84; 0.66) -0.17 (-0.70;0.26) 0.72
Height (SDS) 1.45 (0.72;2.30) 1.20 (0.50;2.00) -0.20 (-1.20;0.90) <0.001
Weight (kg) 31.40 (26.60; 36.00) 29.25 (24.67; 37.37) 23.6 (19.60; 29.80) <0.001
BMI SDS (kg/m2) 0.78 (0.27;1.46) 0.92 (0.03;2.01) 0.37 (-0.54;0.99) 0.02
Target height (SDS) -0.30 (-0.80;0.20) 0.00 (-0.80;0.70) -0.72 (-1.24;0.42) 0.16
Delta H-TH SDS (yrs) 1.8 (0.7; 2.6) 1.4 (0.5;1.8) -0.1 (-1.0;0.7) <0.001




Age at BA evaluation (yrs) 8.0(7.4:;8.5) 7.8(7.1;8.2) 7.3(5.9; 8.4) 0.022

Bone age (BA) (yrs) 9.8 (8.6; 10.5) 8.9 (7.8; 10.0) 6.7 (5.8; 7.9) <0.001
Delta CA-BA (yrs) 1.3(0.8;2.2) 1.1(0.4;1.7) -0.5(-1.4;0.4) <0.001
Endocrine data Median (IQR 1°; 3°) p-value
Baseline LH (U/L) 1.05 (0.30;2.47) 0.00 (0.00;0.10) 0.00 (0.00;0.02) <0.001
LH peak (U/L) 9.30 (7.05; 14.37) 3.30 (2.20;4.00) N.A. <0.001
Baseline FSH (U/L) 4.35 (3.00; 5.40) 1.70 (1.12;2.20) 1.60 (1.10; 2.35) <0.001
FSH peak (U/L) 12.35 (9.77; 17.40) 10.00 (8.10; 12.40) N.A. <0.001
basal LH-FSH ratio 0.26 (0.08;0.5) 0.00 (0.00;0.36) 0.00 (0.00; 0.49) <0.001
peak LH-FSH ratio 0.90 (0.52; 1.42) 0.32 (0.22;0.40) N.A. <0.001
E2 (pg/ml) 20.50 (0.00; 41.25) 0.00 (0.00; 10.00) 0.00 (0.00; 5.00) <0.001
Metabolic data Median (IQR 1°; 3°) p-value
Glycated hemoglobin (%) 5.09 (4.92;5.22) 5.08 (4.85;5.23) 5.06 (4.78;5.60) 0.80

Baseline insulin (uU/ml) 10.15 (6.55; 13.55) 8.90 (5.80; 14.50) 3.95 (2.00; 7.87) <0.001
Triglycerides (mg/dl) 57.00 (46.00; 76.00) 57.00 (46.00; 79.25) 51.00 (42.00; 59.25) 0.07

Total cholesterol (mg/dl) 153.00(136:00; 165.00)  152.00(136.50; 167.00)  165.50(148.50; 178.00) 0.01




HDL cholesterol (mg/dl) 60.50 (51.00; 69.00) 55.50 (47.25; 70.00) 63.00 (51.00; 71.00) 0.29
LDL cholesterol (mg/dl) 84.00 (74.00; 96.00) 85.50 (72.75; 95.00) 93.00 (79.50; 106.50) 0.01
Non-HDL cholesterol (mg/dl) 91.00 (75.00; 103.00) 96.00 (78.00; 109.00) 109.00 (85.00; 117.00) 0.006
Triglycerides HDL-C ratio 0.94 (0.67;1.36) 0.99 (0.75;1.45) 0.82 (0.67; 1.02) 0.09
Adiponectin (mg/l) 8.70 (6.12; 11.10) 8.05 (5.80; 11.77) 11.70 (8.25; 15.72) 0.006
BAP (ug/l) 97.20 (68.30; 117.85)  93.20 (72.10; 126.85) 104.10 (74.95; 137.10) 0.46
CTX (ng/ml) 1.93 (1.56;2.60) 1.77 (1.17;2.20) 1.91 (1.39;2.31) 0.31
IGF1 SDS 2.60 (1.73; 3.42) 1.02 (0.50;1.86) 0.05 (-0.84; 0.59) <0.001
IGF1 SDS according to bone age  1.50 (0.85;2.16) 0.62 (0.14;1.18) 0.05 (-0.45;0.48) <0.001
Densitometric data Median (IQR 1°; 3°) p-value
Android fat mass (Kg) 0.451 (0.261; 0.697) 0.454 (0.248; 0.105) 0.352 (0.178; 0.558) 0.01
Gynoid fat mass (Kg) 1.656 (1.208; 2.140) 1.630 (1.095; 2.467) 1.152 (0.819; 1.791) <0.001
Android-gynoid fat ratio 0.266 (0.206; 0.358) 0.297 (0.230; 0.419) 0.262 (0.209; 0.349) 0.054
Total fat mass (Kg) 9.605 (7.002; 11.943)  9.403 (6.625; 14.727)  6.650 (4.952; 9.485) 0.001
Total free fat mass (Kg) 21.587 (19.515; 24.263)  20.077 (17.585; 23.270) 17.335(14.190; 20.584)  <0.001
FMI 5.28 (4.29;6.51) 5.53 (4.10;8.61) 4.88 (3.70;6.13) 0.055




Upper limbs lean mass (Kg)
Lower limbs lean mass (Kg)
ALMI

FFMI

FLR

BMD TBLH Z-score

BMD L1-L4 Z-score

L1-L4 TBS

1.885 (1.687; 2.097)
6.720 (5.915: 7.567)
4.79 (4.38; 5.26)
12.14 (11.44; 12.80)
0.44 (0.35; 0.59)
-0.11 (-0.74; 0.61)
0.42 (-0.69; 1.20)

1.28 (1.24; 1.34)

1.742 (1.453; 2.140)
6.046 (5.009; 7.573)
4.62 (4.22; 5.26)
11.92 (11.28; 12.74)
0.47 (0.36; 0.68)
-0.11 (-0.51; 0.83)
0.71 (0.03; 1.14)

1.30 (1.26; 1.37)

1.380 (1.140; 1.823)
5.216 (3.804; 6.361)
4.41 (3.86; 4.84)
11.64 (10.57; 12.23)
0.43 (0.32; 0.52)
-0.47 (-1.23; 0.32)

-0.23 (-0.88; 0.93)

<0.001

<0.001

0.01

0.016

0.07

0.033

0.002

0.029

BAP: bone alkaline phosphatase; CTX: C-terminal telopeptide of type I collagen, IGF1: Insulin-Like Growth Factor 1;

BMD bone mineral density; TBLH Total Body Less Head, L1-L4: lumbar spine; FMI: fat mass index; FFMI: fat-free mass index

ALMI: appendicular lean mass index, FLR: fat to lean mass ratio



Table 4: Clinical, biochemical and densitometric findings in Group P and Group T.

Group P (n=108)

Group T (n=76)

Clinical characteristics Median (IQR 1°; 3°) p-value
Age at visit (yrs) 8.2 (7.5; 8.6) 8.0(7.3; 8.4) 0.05
Age at puberty onset (yrs) 7.1 (6.6; 7.8) 7.1(6.3;7.7) 0.48
Age of mother’s menarche (yrs) 12.0 (10.5; 12.0) 12.0 (11.0; 13.0) 0.10
Gestational age at birth (weeks) 40.0 (38.0; 40.3) 39.5 (38.0; 40.0) 0.67
Birth weight SDS -0.10 (-0.86; 0.88) -0.08 (-0.84; 0.66) 0.77
Height SDS 1.45 (0.72; 2.30) 1.20 (0.50; 2.00) 0.20
Weight (Kg) 31.40 (26.60; 36.00) 29.25 (24.67; 37.37) 0.55
BMI SDS 0.78 (0.27; 1.46) 0.92 (0.03; 2.01) 0.31
Target height SDS -0.30 (-0.80; 0.20) 0.00 (-0.80; 0.70) 0.06
Delta H-TH SDS 1.8 (0.7; 2.6) 1.4 (0.5; 1.8) 0.005
Age at BA evaluation (yrs) 8.0 (7.4; 8.5) 7.8(7.1;8.3) 0.05
Bone age (BA) (yrs) 9.8 (8.6; 10.5) 8.90 (7.8; 10.0) 0.001
Delta CA-BA (yrs) 1.3(0.8;2.2) 1.1(0.4;1.7) 0.031




Endocrine data Median (IQR 1°; 3°) p-value
Baseline LH (U/L) 1.05 (0.30; 2.47) 0.00 (0.00; 0.10) <0.001
LH peak (U/L) 9.30 (7.05; 14.37) 3.30 (2.20;4.00) <0.001
Baseline FSH (U/L) 4.35 (3.00; 5.40) 1.70 (1.12; 2.20) <0.001
FSH peak (U/L) 12.35 (9.77; 17.40) 10.00 (8.10; 12.40) <0.001
Basal LH-FSH ratio 0.26 (0.08; 0.5) 0.00 (0.00; 0.36) <0.001
Peak LH-FSH ratio 0.90 (0.52; 1.42) 0.32 (0.22; 0.40) <0.001
E2 (pg/ml) 20.50 (0.00; 41.25) 0.00 (0.00; 10.00) <0.001
Metabolic data Median (IQR 1°; 3°) p-value
Glycated hemoglobin (%) 5.09 (4.92; 5.22) 5.08 (4.85; 5.23) 0.51
Baseline insulin (uU/ml) 10.15 (6.55; 13.55) 8.90 (5.80; 14.50) 0.28
Triglycerides (mg/dl) 57.00 (46.00; 76.00) 57.00 (46.00; 79.25) 1.00
Total cholesterol (mg/dl) 153.00(136:00; 165.00) 152.00(136.50; 167.00) 0.86
HDL cholesterol (mg/dl) 60.50 (51.00; 69.00) 55.50 (47.25; 70.00) 0.19
LDL cholesterol (mg/dl) 84.00 (74.00; 96.00) 85.50 (72.75; 95.00) 0.96
Non-HDL cholesterol (mg/dl) 91.00 (75.00; 103.00) 96.00 (78.00; 109.00) 0.27




Triglycerides HDL-C ratio 0.94 (0.67; 1.36) 0.99 (0.75; 1.45) 0.39
Adiponectin (mg/l) 8.70 (6.12; 11.10) 8.05 (5.80; 11.77) 0.79
BAP (ug/l) 97.20 (68.30; 117.85) 93.20 (72.10; 126.85) 0.82
CTX (ng/ml) 1.93 (1.56;2.60) 1.77 (1.17;2.20) 0.16
IGF1 SDS 2.60 (1.73; 3.42) 1.02 (0.50;1.86) <0.001
IGF1 SDS x eta ossea 1.50 (0.85;2.16) 0.62 (0.14;1.18) <0.001
Ultrasound data Median (IQR 1°; 3°) p-value
Uterus length (mm) 35.0 (31.0; 40.5) 31.0 (26.0; 34.0) <0.001
Uterus anteroposterior diameter (mm)  10.0 (8.0; 13.1) 8.0 (6.0; 10.0) 0.001
Right ovary volume (cmq) 1.5(0.7; 2.4) 1.5(0.7; 2.5) 0.52
Left ovary volume (cm?) 1.1(0.7; 2.2) 1.2 (0.7; 2.0) 0.67
Densitometric data Median (IQR 1°; 3°) p-value
Android fat mass (Kg) 0.451 (0.261; 0.697) 0.454 (0.248; 1.052) 0.29
Gynoid fat mass (Kg) 1.656 (1.208; 2.140) 1.630 (1.095 ; 2.467) 0.82
Android-gynoid fat ratio 0.266 (0.206; 0.358) 0.297 (0.229; 0.419) 0.02
Total fat mass (Kg) 9.605 (7.002; 11.943) 9.403 (6.625; 14.727) 0.65




Total free fat mass (Kg)
FMI

Upper limbs lean mass (Kg)
Lower limbs lean mass (Kg)
ALMI

FFMI

FLR

TBLH Z-score

L1-L4 Z-score

L1-L4 TBS

21.587 (19.515; 24.263)
5.28 (4.29; 6.51)

1.885 (1.687; 2.097)
6.720 (5.915; 7.567)
4.79 (4.38; 5.26)

12.14 (11.44; 12.80)
0.44 (0.35; 0.59)

-0.11 (-0.74; 0.61)

0.42 (-0.69; 1.20)

1.28 (1.24; 1.34)

20.076 (17.585; 23.270)
5.53 (4.10; 8.61)

1.742 (1.453; 2.140)
6.046 (5.009; 7.573)
4.62 (4.22; 5.26)

11.92 (11.28; 12.74)
0.47 (0.36; 0.68)

-0.11 (-0.51; 0.83)

0.71 (0.03; 1.14)

1.30 (1.26; 1.37)

0.03

0.16

0.06

0.04

0.22

0.30

0.083

0.20

0.50

0.027

BAP: bone alkaline phosphatase; CTX: C-terminal telopeptide of type I collagen, IGF1: Insulin-Like Growth Factor 1;

BMD bone mineral density; TBLH Total Body Less Head, L1-L4: lumbar spine; FMI: fat mass index; FFMI: fat-free mass index
ALMI: appendicular lean mass index, FLR: fat to lean mass ratio



Table 5: Clinical, biochemical and densitometric findings in Group T and Group C.

Group T (n=76)

Group C (n=47)

Clinical characteristics Median (IQR 1°; 3°) p-value
Age at visit (yrs) 8.0 (7.3; 8.4) 7.9 (6.2; 8.9) 0.69
Age of mother’s menarche (yrs) 12.0 (11.0; 13.0) 12.0 (11.5; 14.0) 0.08
Gestational age at birth (weeks) 39.5 (38.0; 40.0) 39.3 (37.0; 40.5) 0.56
Birth weight SDS -0.08 (-0.84; 0.66) -0.17 (-0.70; 0.26) 0.64
Height SDS 1.20 (0.50; 2.00) -0.20 (-1.20; 0.90) <0.001
Weight (kg) 29.25 (24.67; 37.37) 23.6 (19.60; 29.80) <0.001
BMI SDS 0.92 (0.03; 2.01) 0.37 (-0.54;0.99) 0.01
Target height SDS 0.00 (-0.80; 0.70) -0.72 (-1.24; 0.42) 0.59
Delta H-TH SDS 1.4 (0.5; 1.8) -0.1 (-1.0; 0.7) <0.001
Age at BA evaluation 7.8(7.1,8.2) 7.3(5.9; 8.4) 0.24
Bone age (BA) 8.9 (7.8; 10.0) 6.7 (5.8; 7.9) <0.001
Delta CA-BA 1.1(0.4;1.7) -0.5 (-1.4; 0.4) <0.001
Endocrine data Median (IQR 1°; 3°) p-value




Baseline LH (U/L) 0.00 (0.00; 0.10) 0.00 (0.00; 0.02) 0.68
Baseline FSH (U/L) 1.70 (1.12; 2.20) 1.60 (1.10; 2.35) 0.63
basal LH-FSH ratio 0.00 (0.00; 0.36) 0.00 (0.00; 0.49) 0.89
E2 (pg/ml) 0.00 (0.00; 10.00) 0.00 (0.00; 5.00) 0.38
Metabolic data Median (IQR 1°; 3°) p-value
Glycated hemoglobin (%) 5.08 (4.85; 5.23) 5.06 (4.78; 5.60) 0.95
Baseline insulin (uU/ml) 8.90 (5.80; 14.50) 3.95 (2.00; 7.87) <0.001
Triglycerides (mg/dl) 57.00 (46.00; 79.25) 51.00 (42.00; 59.25) 0.04
Total cholesterol (mg/dl) 152.00 (136.50; 167.00) 165.50 (148.50; 178.00) 0.01
HDL cholesterol (mg/dl) 55.50 (47.25; 70.00) 63.00 (51.00; 71.00) 0.18
LDL cholesterol (mg/dl) 85.50 (72.75; 95.00) 93.00 (79.50; 106.50) 0.01
Non-HDL cholesterol (mg/dl) 96.00 (78.00; 109.00) 109.00 (85.00; 117.00) 0.02
Triglycerides HDL-C ratio 0.99 (0.75; 1.45) 0.82 (0.67; 1.02) 0.03
Adiponectin (mg/l) 8.05 (5.80; 11.77) 11.70 (8.25; 15.72) 0.005
BAP (ug/l) 93.20 (72.10; 126.85) 104.10 (74.95; 137.10) 0.39
CTX (ng/ml) 1.77 (1.17; 2.20) 1.91 (1.39; 2.31) 0.24



IGF1 SDS 1.02 (0.50; 1.86) 0.05 (-0.84; 0.59) <0.001
IGF1 SDS according to bone age 0.62 (0.14;1.18) 0.05 (-0.45;0.48) <0.001
Densitometric data Median (IQR 1°; 3°) p-value
Android fat mass (Kg) 0.454 (0.248; 1.052) 0.352 (0.178; 0.558) 0.006
Gynoid fat mass (Kg) 1.630 (1.095; 2.467) 1.152 (0.819; 1.791) 0.001
Android-gynoid fat ratio 0.297 (0.229; 0.419) 0.262 (0.209; 0.349) 0.10
Total fat mass (Kg) 9.403 (6.625; 14.727) 6.650 (4.952; 9.485) 0.001
Total free fat mass (Kg) 20.076 (17.585; 23.270) 17.335 (14.190; 20.584) <0.001
FMI 5.53 (4.10; 8.61) 4.88 (3.70;6.13) 0.023
Upper limbs lean mass (Kg) 1.742 (1.453; 2.140) 1.380 (1.140; 1.823) <0.001
Lower limbs lean mass (KQ) 6.046 (5.009; 7.573) 5.216 (3.804; 6.361) <0.001
ALMI 4.62 (4.22; 5.26) 4.41 (3.86; 4.84) 0.01
FFMI 11.92 (11.28; 12.74) 11.64 (10.57; 12.23) 0.05
FLR 0.47 (0.36; 0.68) 0.43 (0.32; 0.52) 0.03
TBLH Z-score -0.11 (-0.51; 0.83) -0.47 (-1.23; 0.32) 0.01
L1-L4 Z-score 0.71 (0.03; 1.14) -0.23 (-0.88; 0.93) 0.002

BAP: bone alkaline phosphatase; CTX: C-terminal telopeptide of type I collagen, IGF1: Insulin-Like Growth Factor 1;



BMD bone mineral density; TBLH Total Body Less Head, L1-L4: lumbar spine; FMI: fat mass index; FFMI: fat-free mass index
ALMI: appendicular lean mass index, FLR: fat to lean mass ratio

Table 6: Clinical, biochemical and densitometric findings in Girls with Thelarche (t) and Pubarche (p)as first sign of puberty in Group T
Girls with Thelarche as Girls with Pubarche as
first sign of puberty first sign of puberty

Clinical characteristics Median (IQR 1°; 3°) p-value
Age at visit LHRH (yrs) 8.0 (7.0; 8.4) 8.0 (7.6; 8.5) 0.37
Age at puberty onset (yrs) 7.1(5.9;7.7) 7.2 (6.6;7.7) 0.48
Age of mother’s menarche (yrs) 12.0 (11.0; 13.0) 12.0 (10.8; 13.3) 0.53
Gestational age at birth (weeks) 40.0 (38.0; 40.2) 38.6 (37.0; 40.0) 0.11
Birth weight SDS -0.08 (-0.84; 0.68) -0.06 (-0.94; 0.60) 0.86
Height SDS 1.10 (0.50; 1.78) 1.50 (0.90; 2.30) 0.06
Weight (kg) 29.40 (25.40; 35.50) 37.60 (29.10; 41.27) <0.001
BMI SDS 0.50 (-0.24; 1.83) 2.05 (0.89; 2.61) <0.001
Target height SDS -0.1 (-0.8; 0.7) 0.4 (-0.7; 0.7) 0.658
Delta H-TH SDS 1.2 (0.3; 1.8) 1.6 (0.8; 2.3) 0.052
Age at BA evaluation 8.0 (7.4, 8.5) 7.8(7.1,8.2) 0.022
Bone age (BA) 8.8 (7.5;9.7) 9.9 (8.8; 10.5) 0.387



Delta CA-BA 1.0 (0.3; 1.7) 1.5(0.7; 2.2) 0.054
Endocrine data Median (IQR 1°; 3°) p-value
Baseline LH (U/L) 0.00 (0.00; 0.10) 0.00 (0.00; 0.00) 0.657
LH peak (U/L) 3.30 (2.40; 4.18) 2.35 (2.02; 3.59) 0.657
Baseline FSH (U/L) 1.80 (1.20; 2.20) 1.30 (1.00; 2.00) 0.164
FSH peak (U/L) 10.15 (8.95; 12.30) 8.85 (6.93; 12.43) 0.278
basal LH-FSH ratio 0.00 (0.00; 0.42) 0.00 (0.00; 0.25) 0.916
Peak LH-FSH ratio 0.34 (0.23; 0.40) 0.29 (0.19; 0.38) 0.447
E2 (pg/ml) 0.00 (0.00; 8.50) 0.00 (0.00; 10.00) 0.564
Metabolic data Median (IQR 1°; 3°) p-value
Glycated hemoglobin (%) 5.06 (4.81; 5.18) 5.17 (4.98; 5.26) 0.107
Baseline insulin (uU/ml) 7.85 (5.45; 14.15) 11.30 (8.62; 18.18) 0.135
Triglycerides (mg/dl) 54.00 (46.00; 75.25) 61.00 (45.00; 88.00) 0.591
Total cholesterol (mg/dI) 154.50 (132.75; 174.25) 147.00(140.00; 154.00) 0.317
HDL cholesterol (mg/dl) 58.00 (48.25; 71.75) 50.00 (47.00; 62.00) 0.91
LDL cholesterol (mg/dl) 83.00 (72.00; 93.50) 86.00 (73.00; 95.00) 0.569



Non-HDL cholesterol (mg/dl) 95.50 (78.00; 113.00) 99.00 (74.00; 105.00) 0.968
Triglycerides HDL-C ratio 0.96 (0.74; 1.33) 1.15(0.76; 1.81) 0.278
Adiponectin (mg/l) 10.40 (6.10; 13.35) 7.30 (5.90; 8.10) 0.09
BAP (ug/l) 92.80 (71.00; 132.55) 93.20 (71.80; 106.90) 0.90
CTX (ng/ml) 1.68 (0.97; 2.00) 1.88 (1.75; 2.37) 0.53
IGF1 SDS 0.98 (0.59; 1.84) 1.22 (0.38; 2.00) 0.977
IGF1 SDS according to bone age 0.64 (0.11;1.21) 0.35(0.09; 1.13) 0.513
Ultrasound data Median (IQR 1°; 3°) p-value
Uterus length (mm) 31.0 (27.0; 34.0) 30.0 (25.0; 34.0) 0.833
Uterus anteroposterior diameter (mm) 9.0 (7.0; 12.0) 7.0 (5.0; 8.0) 0.148
Right ovary (cm3) 1.6 (0.8; 2.5) 1.0(0.7; 2.1) 0.433
Left ovary (cm3) 1.3(0.7; 2.0) 0.9 (0.7; 2.0) 0.744
Densitometric data Median (IQR 1°; 3°) p-value
Android fat mass (Kg) 0.362 (0.220; 0.704) 1.145 (0.541; 1.320) <0.001
Gynoid fat mass (Kg) 1.416 (1.208; 2.140) 2.578 (1.095; 2.467) <0.001
Android-gynoid fat ratio 0.271 (0.217; 0.371) 0.398 (0.302; 0.454) 0.009



Total fat mass (Kg)

Total free fat mass (Kg)
FMI

Upper limbs lean mass (Kg)
Lower limbs lean mass (KQ)
ALMI

FEMI

FLR

TBLH Z-score

L1-L4 Z-score

8.114 (5.828; 13.122)
19.046 (17.142; 22.104)
5.01 (3.90; 7.27)

1.583 (1.437; 2.071)
5.689 (4.840; 6.954)
4.49 (4.14; 4.93)

11.74 (11.25; 12.30)
0.44 (0.34; 0.61)

-0.11 (-0.55; -0.69)

0.70 (0.08; 1.09)

16.472 (10.481; 18.978)
23.208 (20.296; 25.120)
9.04 (5.88; 9.84)

2.092 (1.832; 2.231)
7.447 (6.786; 8.274)
5.24 (4.80; 5.51)

12.44 (11.83; 13.20)
0.73 (0.47; 0.76)

0.64 (-0.44; 0.81)

1.09 (0.07; 1.53)

<0.001

0.003

<0.001

0.003

0.001

0.004

0.030

<0.001

0.059

0.018

BAP: bone alkaline phosphatase; CTX: C-terminal telopeptide of type I collagen, IGF1: Insulin-Like Growth Factor 1;
BMD bone mineral density; TBLH Total Body Less Head, L1-L4: lumbar spine; FMI: fat mass index; FFMI: fat-free mass index;

ALMI: appendicular lean mass index, FLR: fat to lean mass ratio
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