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Abstract

:

Central precocious puberty (CPP) is due to the premature activation of the hypothalamic–pituitary–gonadal axis, which is responsible for the appearance of secondary sexual characteristics. It occurs before the age of 8 and 9 in girls and boys, respectively. CPP shows higher incidence in females than in males. Causes of CPP are similar in both sexes, but the idiopathic form is more frequent in girls, while organic forms are more frequent in males. Recent studies demonstrated a role of some genetic variants in the pathogenesis of CPP. The diagnostic evaluation based on accurate physical examination, assessment of the pituitary–gonadal axis, pelvic sonography in girls, and determination of bone age. Magnetic resonance of the central nervous system should be done in all boys and selected girls. Since the 1980s, pharmacologic treatment involves the use of gonadotropin-releasing hormone (GnRH) analogs. These drugs are characterized by few side effects and long-term safety. Many data are available on the outcome of GnRH analog treated female patients, while poor data are reported in boys. Adult height is improved in both sexes.
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1. Introduction


Precocious puberty (PP) is a specific pediatric disease characterized by the appearance of secondary sexual characteristics at an abnormally early age in comparison with reference populations. It is usually defined as the onset of puberty before 8 years in girls and 9 years in boys. PP largely differentiates in its pathogenesis; the two main groups are related to activation or not of neuronal pathways driving hypothalamic–pituitary–gonadal axis activity [1,2,3].



Central precocious puberty (CPP) is the gonadotropin-dependent form of PP. It is due to premature awakening of the hypothalamic gonadotropin-releasing hormone (GnRH) generator with subsequent increase in amplitude and frequency of GnRH pulses, which determines the pubertal secretion pattern of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) by gonadotropin cells in the pituitary gland [1,2]. LH and FSH are responsible of the premature increase in gonadal sex steroids secretion, determining the development of secondary sexual characteristics. CPP may have important physical and psycho-social consequences [1,2,3].



Girls’ preponderance of CPP is clearly documented and criteria for clinical decisions in females are frequently extrapolated to males. In this paper, some findings of CPP are reviewed, showing similarities and differences in the two sexes.




2. Epidemiology


The true epidemiology of CPP is unknown. A US study estimated that PP in the general population was between 1:5000 to 1:10,000 children [4]. In Europe, a Danish national study reported the prevalence of CPP as 0.2% for girls and less than 0.05% for boys [5]. Spanish and French studies showed different annual incidence of CPP in both sexes [6,7]. A low incidence of CPP was found in a first study from Korea (Table 1) [8]. A second paper from Korea, including girls aged ≤9 years and boys aged ≤10 years, showed high values mainly in girls in comparison with the previous Korean study (Table 1) [8,9]. A higher incidence of CPP in girls in comparison with boys was reported in all the studies (Table 1), suggesting that males are less prone than females to develop CPP.



Geographical and genetic differences as well as environmental factors may be involved in the different epidemiological results from various studies (Table 1). In addition, data reported in Table 1 were obtained with different methods of assessment and may not be representative of the total susceptible population. Excessive weight gain during childhood as well as adoption or immigration from underdeveloped countries are risk factors for the development of precocious pubertal onset [1,2,6]. They may be involved in the differences among the various reports. Recent data of an Italian cohort have reported an increased incidence of precocious and accelerated puberty in girls during the COVID-19 pandemic [10], suggesting that even acute environmental factors may trigger precocious pubertal onset. Similar data are not yet reported in boys.




3. Etiology


The etiology of CPP is summarized in Table 2. CPP may be due to organic disorders of the central nervous system (CNS) or to specific genetic variants [1,2,3]. Several brain abnormalities are involved in CPP (Table 2). Some syndromes may also be associated with early or precocious pubertal onset [11]. CPP is defined as “idiopathic” (or “isolated”) when no identifiable cause is found. This latter form is more frequent in females than in males (Table 3) [1,2].



Some authors suggested an increase of idiopathic CPP in boys. A Turkish study revised a series of 100 boys with CPP during a period of 10 years [12]. They showed that the diagnoses of CPP in boys gradually increased by each year of the study. However, cases of organic CPP remained the same throughout the observational period, whereas the idiopathic cases increased until 2009, after which they reached a plateau [12]. In total, there was no underlying cause in 74% of cases, while an organic cause was observed in a minority of boys (26%) [12].



A high percentage of idiopathic CPP was also found in two series of 71 and 138 boys from Korea [13,14] (Table 3). On the contrary, another Korean series of 23 boys reported a 74% of organic CPP (Table 3) [15]. A recent US paper confirmed that the majority (64%) of a series of 50 boys with CPP had organic forms [16]. No change in the incidence of male CPP after accounting for the increase in the clinic volume during the period 2001–2010 was documented [16]. A recent large French study from single center confirmed a low proportion of boys presenting with idiopathic CPP, while this diagnosis occurred in the majority of girls (Table 3) [17].
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Table 3. Organic vs. idiopathic CPP in boys and girls.






Table 3. Organic vs. idiopathic CPP in boys and girls.





	
Author

	
Year

	
Country

	
N *

	
Organic/Idiopathic (%)

	
F:M Ratio




	
Boys

	
Girls






	
Thamdrup [18]

	
1961

	
Netherland

	
56

	
64/36

	
24/76

	
4.1:1




	
UCSF ° [19]

	
1981

	
USA

	
205

	
67/33

	
27/73

	
4.2:1




	
Bridges et al. [20]

	
1994

	
UK

	
95

	
100/-

	
6/94

	
23.0:1




	
ISGPP ^ [21,22]

	
2000

	
Italy

	
473

	
40/60

	
18/82

	
9.5:1




	
Chemaitilly et al. [23]

	
2001

	
France

	
256

	
73/27

	
19/81

	
8.8:1




	
Klein et al. [24]

	
2001

	
USA

	
98

	
83/17

	
32/68

	
4.4:1




	
Lee et al. [25]

	
2011

	
USA

	
54

	
—

	
—

	
9.8:1




	
Jaruratanasirikul et al. [26]

	
2011

	
Thailand

	
73

	
100/-

	
15/85

	
13.6:1




	
Soriano-Guillén et al. [6]

	
2010

	
Spain

	
250

	
33/67

	
11/89

	
9.4:1




	
Alikasifoglu et al. [12]

	
2015

	
Turkey

	
100

	
26/74

	
—

	
—




	
Lee et al. [13]

	
2018

	
Korea

	
71

	
38/62

	
—

	
—




	
Yoon et al. [14]

	
2018

	
Korea

	
138

	
6/132

	
—

	
—




	
Choi et al. [15]

	
2013

	
Korea

	
23

	
6/17

	
—

	
—




	
Topor et al. [16]

	
2018

	
USA

	
50

	
64/36

	
—

	
—




	
Harbulot et al. [17]

	
2021

	
France

	
395

	
60/40

	
12/88

	
10.6:1








* Total boys + girls; ° UCSF, University of California; San Francisco, USA; ^ ISGPP, Italian Study Group for Physiopathology of Puberty.











The onset of puberty seems to be earlier in organic than in idiopathic CPP in both sexes [1,2,3,17]. Albeit the odds of detecting an underlying pathology are very high in boys with a very early presentation of pubertal findings, there is consensus that all boys with CPP should undergo brain imaging to exclude a central cause [27]. This recommendation should be operative until more data are available. Brain imaging in girls with CPP is a much-discussed issue. Recent meta-analyses cast doubt on the benefit of routine brain magnetic resonance in girls with CPP older than 6 years of age without any neurological concerns [28,29].



A main organic cause of CPP is hypothalamic hamartoma (HH), which is a congenital and benign brain mass (Figure 1, left image). This lesion develops on the inferior surface of hypothalamus with a thin stalk that arises from tuber cinereum. Parahypothalamic tumors, which attach to the anterior part of this gland, more frequently cause CPP. HH may be associated with gelastic seizures and/or psychiatric disorders [30]. Each child with HH should be fully evaluated for neuro-developmental disorders. Males with HH present a CPP with an average age of presentation around 3.5 years, about one year later than girls (2.5 years) [31]. Another relatively frequent cause of CPP is optic glioma due to type 1 neurofibromatosis [Figure 1, right image] [11,19,32].



In the few last years, some genetic causes of CPP have been identified [33]. Genetic variants in the kisspeptin pathway, MKRN3 and Delta-like homolog 1 (DLK1) have been reported in both familial and sporadic cases of CPP [33,34,35,36,37]. Kisspeptin is a peptide hormone expressed by hypothalamus and it serves as a ligand of the kisspeptin receptor (KISS1R), which is a G-protein receptor expressed on the surface of GnRH secreting neurons. If kisspeptin levels increase, the amplitude and frequency of GnRH pulsatility increase. In CPP, gain-of-function mutations of the kisspeptin gene and KISS1R are found [2,33]. MKRN3 loss-of-function mutations may also cause early activation of reproductive axis in children. MKRN3 mutations have been reported in 33% of children with family members with CPP; they represent the most frequent genetic cause of familial CPP, even if an imprinting pattern of inheritance of MKRN3 from an asymptomatic father was described [36,38]. A high frequency of genetic mutations (deleterious MKNR3 variants: 8/20; KISS1 activating mutation: 1/20) in boys with CPP previously classified as idiopathic has been described [34]. The patients with CPP due to MKRN3 variants had classical features of CPP with puberty onset at a borderline age. This suggests that gene mutations may be an unrecognized cause of apparent idiopathic CPP. DLK1 is responsible for differentiation of pituitary cells and it is also implicated in pathogenesis of CPP in girls, but at present, no male cases related to this gene mutations have been reported [33]. Currently, the occurrence of sound discrepancies among sexes are not clear.



It is unknown if identification of the genetic basis of CPP may have implications for medical treatment, but genetic analysis should be included in the CPP diagnostic workup, at least when familial inheritance is present [2]. Positive genetic analyses have clear implications for future reproductive counselling.




4. Clinical Presentation


When CPP is suspected, a complete patient history should be taken, including information about growth patterns since birth, past medical, family, social and psychological history and age of onset of physical pubertal changes. Information about pubertal development of the family members is important to understand if underlying genetic causes may be involved. Possible exposure to exogenous hormones or endocrine disruptors, previous or current central nervous system symptoms and the presence of syndromes associated with PP should be investigate [1,2,3].



The evaluation of a child with PP requires an accurate physical examination with measurements of height, weight and height velocity. In girls, estrogen determines the development of breasts (thelarche), enlargement of labia majora and minora and an increase and redistribution of body fat, predominantly in the hips. In boys, the first physical change is an increase of mean testicular volume more than 3 mL. Testosterone is responsible for the testicular, penis and cricoid cartilage growth, facial hair development, changes in body fat distribution and muscle mass. Transient pubertal gynecomastia can occur in 40% of boys. Increase in growth velocity (pubertal spurt) and advancement of bone age are additional features of CPP. They are largely related to estrogen action on bone. In boys, estrogen arises from aromatization of testosterone; thus, these findings may be delayed in comparison with girls [1,2,3,19].



Skin examination may show neurofibromas, café-au-lait spots (namely, coast of California spots) and axillary/pubic freckling in children with CPP due to type 1 neurofibromatosis. In these cases, optic gliomas may be present. If irregular café-au-lait spots (namely, coast of Maine spots) are observed, peripheral precocious puberty due to McCune-Albright syndrome should be suspected [1,2,39].




5. Laboratory Assessment


Final diagnosis of CPP depends on the demonstration of pubertal levels of gonadotropins and sex steroids [1,2]. The sensitivity of early morning serum LH (before 10.00 am) is between 60–100% and depends on cut-off values and laboratory methodology [1,40]. A GnRH stimulation test (100 μg e.v.) may be necessary to clearly document pubertal LH and FSH levels, because as many as 35.7% of girls with CPP initially presented low basal LH values [40]. Various basal and peak cut-off limits have been reported (Table 4). Thus, each center should be aware of its laboratory methodology and its appropriate reference range. Distinct cut-off values for boys and girls are rarely reported (Table 4).
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Table 4. Suggested basal and GnRH-stimulated (100 µg/i.v.) LH cut-off values for diagnosis of CPP in some studies by using different assay methods.






Table 4. Suggested basal and GnRH-stimulated (100 µg/i.v.) LH cut-off values for diagnosis of CPP in some studies by using different assay methods.





	
Author

	
Method

	
LH (IU/L)




	
Girls

	
Boys




	
B

	
P

	
B

	
P






	
Brito et al. [41]

	
IFMA

	
0.6

	
6.9

	
0.6

	
9.6




	
Lee et al. [42]

	
IRMA

	
1.1

	
5

	
—

	
—




	
Neely et al. [43]

	
ICMA

	
0.15

	
5

	
0.15

	
5




	
Pasternak et al. [44]

	
ICMA

	
0.1

	
4.9

	
—

	
—




	
Resende et al. [45]

	
IFMA

	
0.6

	
4.2

	
0.6

	
3.3




	

	
ICMA

	
0.1

	
3.3

	
0.3

	
4.1




	
Wankanit et al. [46]

	
CMIA

	
0.2

	
5.0 *

	
—

	
—








IFMA = immunoflorimetric; IRMA = immunoradiometric; ICMA = immunochemiluminescence; CMIA = chemiluminescent maicriparticle immunoassay; * after triptorelin 100 µg/s.c.











Neely et al. [43] found the same cut-off values in both the sexes, while Brito et al. [41] indicated a higher cut-off in boys in comparison with girls. Resende et al. [45] reported a higher cut-off in girls than in boys by using an IFMA method as in Brito et al. [41], while they found the contrary with an ICMA assay [45] (Table 4). Thus, it remains unclear if a true difference of LH peak after GnRH stimulation is operative between boys and girls. In some countries, GnRH drug is not available and GnRH analogs (0.1 mg) were used to evaluate activation of pituitary-gonadal axis [40,46]. Schemes of sampling and cut-offs values remain not well standardized with this approach.



Standard estradiol assays have low sensitivity and large overlap between prepubertal and early pubertal levels. Serum total testosterone assay is sensitive to diagnose PP, but its isolated measurement does not permit the differential diagnosis between central or peripheral forms of PP [1,40]. Adrenal hormonal profile may be done if an adrenal disorder driving a secondary CPP is suspected. Interpretation of endocrine tests should be made in strict conjunction with clinical data [1,2,3,19,40].




6. Clinical Consequences of Untreated CPP


Impaired adult height is the main long-term somatic consequence of untreated CPP (Table 5). Albeit smaller series are available in boys than in girls, a poorer auxological outcome is likely in males, suggesting a more aggressive disease (Table 5), which may be related to the lower occurrence of idiopathic form in male sex (Table 3). The adult height in untreated men is about −2.5/−3.0 standard deviation scores (SDS) below the normal mean (Table 5) [18,47,48,49,50,51]. Adult height in men results in at least –1 SDS below the mean adult height of females with untreated CPP (Table 5). Other concerns related to CPP are altered body proportions in adulthood, with an upper: lower ratio >1 [1,19] and psycho-social distress (decreased peer interaction, social withdrawal, impairment in school performance, altered behavioral development, increased aggression, increased risk of sexual abuse) [1,2,19].
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Table 5. Adult height (AH) in untreated boys and girls with CPP.






Table 5. Adult height (AH) in untreated boys and girls with CPP.





	
Author

	
Year

	
Adult Height, Males

	
Adult Height, Females




	
n

	
cm

	
SDS a

	
n

	
cm

	
SDS a






	
Thamdrup [18]

	
1961

	
8

	
155.4 ± 8.3

	
−2.9

	
26

	
151.3 ± 8.8

	
−1.8




	
Sigurjonsdottir et al. [47]

	
1968

	
11

	
156.0 ± 7.3

	
−2.8

	
40

	
152.7 ± 8.0

	
−1.6




	
Bovier-Lapierre et al. [48]

	
1972

	
5

	
155.8 ± 2.8

	
−2.8

	
4

	
150.5 ± 1.6

	
−1.9




	
Paul et al. [49]

	
1995

	
4

	
159.6 ± 8.7

	
−3.7 b

	
8

	
153.8 ± 6.8

	
−2.4




	
Pisa [50]

	
2008

	
4

	
156.0 ± 4.7

	
−2.8

	
7

	
151.4 ± 4.7

	
−1.8




	
Swaiss et al. [51]

	
2017

	
2

	
149.0 ± 12.7

	
−3.9

	
11

	
151.2 ± 8.4

	
−1.8








a SDS, standard deviation score vs. reference values of Tanner et al. [52]; b According to the NCSH reference values [49].











Early engagement in risk-taking behavior (such as smoking, alcohol or drug abuse and early unprotected sex) are additional concerns related to CPP [2,19,53]. These items remain poorly investigated, mainly in boys.




7. Therapy


Management of CPP should be primarily directed to the treatment of the organic cause when this is possible. Children with no treatable organic cause or with idiopathic forms may undergo medical treatment [1,2,3,19,27,39]. The goal of therapy is the attainment of effective and selective suppression of pubertal gonadotropin secretion to induce prepubertal sex steroid levels and to stop premature sexual maturation [1,2,3,27,39]. In addition, treatment should permit the attainment of an adult height adequate for each child in relation to their genetic target by suppressing the accelerated skeletal maturation to a larger extent than growth velocity [1,2,3]. Prompt reversal of the suppression after the discontinuation of treatment, the absence of toxicity and/or side effects during administration and of interferences with reproductive function in adulthood must be considered in prescribing medical therapy for CPP [1,2,3,27].



GnRH analogs are the drug of choice because these drugs desensitize and down-regulate GnRH-receptors, suppress gonadotropin secretion and reduce gonadal steroids to prepubertal levels. Then, stabilization or recovery of the symptoms of CPP as well as improvement of adult height occur [1,2,3,27]. These drugs are synthetic decapeptides, which differ from the naïve GnRH for various hydrophobic D-amino acid substitutions of glycine 6, determining different potencies (Table 6). Glycine 10 can also be modified or substituted by an ehtylamide group, but this latter change is not needed for complete superagonist activity, while aminoacids 1–5 need to be conserved for the preservation of an agonist effect [54]. The result is a higher affinity of the agonist for the receptor and lower enzymatic degradation in comparison with naïve GnRH [54].



The depot formulations are able to provide a constant release of the peptide for weeks or months (Table 6) after an immediate peak release of the molecules [54,55,56,57,58]. Many long-term data are available on monthly formulations (1 injection/28 days), while few trials reported on the use of quarterly (11.25 mg/90 days), triptorelin 6-month (22.50 mg) or yearly histrelin implants (50 mg) [55,56,57]. A small volume of 45 mg subcutaneous leuprolide acetate formulation has been recently approved for both sexes; it effectively suppressed pubertal hormones and stopped or caused regression of pubertal progression [58]. The reduced injections frequency of very long-acting GnRH analogs has the potential advantage of improving compliance to treatment and increasing comfort for children [56].



Variable end-results are reported [57]. Table 7 and Table 8 summarized some data related to GnRH analog treatment of CPP in the two sexes. Relatively large series in girls are in Table 7. Few data are available for boys (Table 8).
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Table 7. Adult height in some series of girls treated with monthly GnRH analogues (only full papers with n ≥ 40 girls treated with a single drug are considered).






Table 7. Adult height in some series of girls treated with monthly GnRH analogues (only full papers with n ≥ 40 girls treated with a single drug are considered).





	
Triptorelin, 3.75 mg

	
Leuprorelin, 3.75 mg




	
Authors

	
AH

	
AH-PH

	
AH-TH

	
Authors

	
AH

	
AH-PH

	
AH-TH




	
cm

	
cm






	
Adan et al. [59]

	
159.5 ± 5.3

	
3.5

	
−1.7

	
Brito et al. [60]

	
155.3 ± 6.9

	
−5.3

	
−2.2




	
Arrigo et al. [61]

	
158.4 ± 5.8

	
2.9

	
−2.9

	
Cho et al. [62]

	
161.5 ± 4.6

	
8.4

	
2.2




	
Carel et al. [63]

	
161.1 ± 5.9

	
4.7

	
1.0

	
Lee et al. [25]

	
160.1 ± 5.0

	
4.0

	
0.8




	
Faienza et al. [64]

	
160.6 ± 3.4

	
2.2

	
−0.2

	
Tanaka et al. [65]

	
154.5 ± 5.7

	
−0.4

	
−0.4




	
Heger et al. [66]

	
160.6 ± 8.0

	
5.7

	
−2.0

	
Vuralli et al. [67] *

	
−0.6 ± 0.8 a

	
2.0

	
0.6




	
Kauli et al. [68]

	
159.6 ± 6.3

	
2.7

	
1.9

	
−0.7 ± 0.9 b

	
1.0

	
0.2




	
Pasquino et al. [69]

	
159.8 ± 5.3

	
9.5

	
2.4

	
−1.0 ± 0.7 c

	
0.6

	
−0.5








AH = adult height; AH-PH = adult height—predicted adult height at the start of GnRH therapy; AH-TH = adult height—mid-parental height; * data are expressed as SDS; age at start of GnRH analog (leuprorelin, 3.75 mg or 7.5 mg/28 days): a ≤6.4 years, b 6.4–8.3 years, c <8.3 years [67].
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Table 8. Final height in boys treated with GnRH analogues (only full papers with n ≥ 15 boys are considered).






Table 8. Final height in boys treated with GnRH analogues (only full papers with n ≥ 15 boys are considered).





	
Authors

	
GnRH Analog (Dose)

	
AH

	
AH-PH

	
AH-TH




	
cm






	
Klein et al. [24]

	
Deslorelin (4 mg/kg/day)

	
171.1 ± 8.7

	
15.0

	
−7.2




	
Mul et al. [70]

	
Triptorelin (3.75 mg/28 days)

	
172.9 ± 6.6

	
6.2

	
−2.2




	
Shim et al. [71]

	
Leuprorelin or triptorelin (3.75 µg/28 days)

	
173.4 ± 5.8

	
3.3

	
2.5




	
Tanaka et al. [65]

	
Leuprorelin (10–90 µg/28 days)

	
163.2 ± 13.0

	
1.1

	
−4.4








AH = adult height; AH-PH = adult height—predicted adult height at the start of GnRH therapy; AH-TH = adult height—mid-parental height.











Adult height was improved in all the studies (Table 7 and Table 8) in comparison with the height of untreated patients (Table 5). Variable increase in final height over pre-treatment predicted height has been shown (Table 7 and Table 8) [56,57]. Overall, better results are shown in boys than in girls, but comparative trials between sexes are lacking.




8. Short- and Long-Term Safety


GnRH analogs in children with CPP generally demonstrated good tolerance and relatively few minor side effects [27]. There are some short-term side effects, such as pain, local skin reactions, gastrointestinal symptoms, and headache. Vaginal bleeding after the first administration can occur. Sterile abscess or anaphylaxis rarely occur [72]. Some boys developed a sonographic pattern suggestive of testicular microcalcification during GnRH analog administration [73]. An increase of adiposity during therapy with GnRH analogs may affect some children [72].



After the discontinuation of GnRH analogs, the hormonal suppression recovers and menses occur after a period of 12–18 months [3,55,56]. The development of polycystic ovary syndrome (PCOS) in treated girls is a subject of debate [72]. Magiakou et al. [74] found a prevalence of 17.2% and 30.8% in triptorelin-treated patients and untreated ones, respectively, without evidence of a predisposing effect to PCOS or menstrual irregularities played by GnRH analog therapy. Other authors reported that young women previously treated with analogs showed a hyperandrogenism, insulin resistance and increased prevalence of PCOS [62,75]. Likely, baseline characteristics of patients, modalities of treatment and different criteria to diagnose PCOS may be involved in the different results. Untreated and GnRH analog treated women with previous CPP experienced spontaneous and uncomplicated pregnancies with the delivery of healthy babies reviewed in [3,55]. Few data are available about adult males treated for CPP. Manasco et al. [73] showed that serum levels of testosterone increased progressively after discontinuation of treatment reaching values similar to the pre-treatment period in about three months. In the same patients, an adequate development of testis volume occurred [73]. Ramos et al. [76] reported successful paternity in three young men. In both sexes, the assessment of antimüllerian hormone before, during and after the discontinuation of GnRH analogs also suggests that treatment has no adverse effects on reproductive function [77,78].




9. Conclusions


CPP is an endocrine disease limited to pediatric age. Idiopathic CPP affects mainly girls, while an organic cause is likely in boys and in young children (age < 5–6 years). Its prevalence is increasing in both sexes [5,6,7,8,9]. Genetic background, environmental interferences, geographical differences and better diagnostic work-up may be involved. The “classic” endocrine diagnosis is based on the demonstration of a pubertal pattern of gonadotropin secretion after GnRH stimulation test, while some authors recently suggested that basal LH levels are adequate to diagnose precocious activation of reproductive axis [reviewed in 40]. The latter approach permits to reduce costs and overcome the lack of GnRH availability in some countries, but it may not allow an early diagnosis in some children. A standardization of two strategies will require additional studies, also considering the differences among the results obtained with different assays (Table 4). Whether the cut-offs are the same in boys and girls will be better clarified. Long-acting GnRH analogs are the ‘gold standard’ for the medical treatment of CPP [27]. Long-term results demonstrated improvements of adult height in both boys and girls. A recent systematic review and meta-analysis (98 studies, 5475 individuals) concluded that GnRH analog treatment increase adult height and decrease the body mass index in girls with idiopathic CPP in comparison with no treatment [79]. The same authors stated that GnRH analog treatment did not evidently increase the risk of PCOS [79]. Even better outcome in terms of adult height seems to present in males, but few data are available and poor evidence on the reproductive function in adulthood are available in male sex [50,73,76]. The very long-acting (quarterly, half yearly and yearly) GnRH analogs likely represent a key developmental step to optimize pharmacological treatment of CPP, but their use has been explored in relatively few trials, in particular regarding end results on adult height [55,56,57,58]. A comprehensive agreement on the criteria for discontinuation of therapy are not reached. Several parameters usually considered to evaluate the effects of treatment are interrelated; thus, they may not be sensitive enough [3,27]. It is reasonable that stopping therapy at a bone age close to the physiological age for puberty onset (11.5–12.5 years in girls; 13.0–14 years in boys) may permit to improve adult height, because residual growth capacity is likely better [3,55,56]. Strict auxological follow-up should be warranted to all children with CPP during GnRH analog administration, because some children show an excessive decrease of growth velocity during GnRH analog therapy [80,81]. Adjunctive treatment with growth hormone has been proposed to optimize growth velocity and adult height of these patients, and some papers reported a benefit of this associated therapy [81,82,83]. This associated therapy is not licensed in several countries if a clear growth hormone deficiency is not diagnosed. Large discrepancies have been reported on the improvement of adult height in children treated by GnRH analogs (Table 7 and Table 8). The lacking standardization of inclusion criteria, protocols of treatment monitoring, cut-off values to define optimal LH and FSH suppression during treatment as well as criteria to stop treatment and differences in mid-parental height and in adult height prediction methods may play roles in these discrepancies. Future longitudinal trials should explore these items. In addition, evidence regarding other key long-term outcomes (such as infertility and malignant or metabolic diseases) were judged to be very weak, suggesting high benefits and few side effects of GnRH analog treatment [79]. Finally, psychological difficulties related to precocious pubertal onset, presence of menarche in girls and aggressiveness in males represent the main issues for treatment [53], but sound data on these aspects are poorly evaluated, mainly in males. Long-term high-quality studies on these matters are needed.
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Figure 1. Left image: Hypothalamic hamartoma in a boy with CPP (onset of pubertal development at the age of 7.0 years; mean testis volume, ml: 8; LH, IU/L: 1.4; FSH IU/L: 1.7; Testosterone, nmol/L: 3.5). Right image: Optic glioma in a boy with neurofibromatosis type 1 and CPP (onset of pubertal development at the age 5.6 years; mean testis volume, ml: 10; LH, IU/L: 3.7; FSH IU/L: 1.9; Testosterone, nmol/L: 5.8). 
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Table 1. Incidence of central precocious puberty (CPP) in boys and girls.
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Author

	
Years of Assessment

	
Country

	
Girls

	
Boys




	
Age, Years

	
Incidence *

	
Age, Years

	
Incidence *






	
Teilman et al. [5]

	
1993–2001

	
Denmark a

	
<9

	
8.0 °

	
<10

	
1.0–2.0




	
Soriano-Guillen et al. [6]

	
1997–2009

	
Spain b

	
<8

	
0.1

	
<9

	
0.01




	
Le Moal et al. [7]

	
2011–2013

	
France c

	
<9

	
2.7

	
<10

	
0.2




	
Kim et al. [8]

	
2004–2010

	
Korea d

	
<8

	
1.5

	
<9

	
0.06




	
Kim et al. [9]

	
2008–2014

	
Korea e

	
<9

	
26.3

	
<10

	
0.7








* per 10,000 children. ° age 5–9 years. a Data calculated from Danish National Patient Registry and Statistics. b Data calculated from afferences to 90% tertiary centers of pediatric endocrinology centers. c Data calculated from French National Registry. d Data from all tertiary centers of pediatric endocrinology centers. e Data calculated from Health Insurance Review and Assessment Service (HIRA).
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Table 2. Main causes and conditions associated with CPP.
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	Idiopathic forms.



	CNS abnormalities:



	Arachnoid cyst, septo-optic dysplasia



	Cerebral palsy



	Hydrocephalus, myelo-meningocele



	Hypothalamic hamartoma



	Infections (congenital, acquired)



	Malignancy (craniopharyngioma, gliomas, meningiomas, ependymoma, germinoma, astrocytoma, pineal tumor)



	Trauma, Irradiation, Intracranial bleeding



	Type 2 Chiari malformation



	Syndromes/genetic variants:



	Chromosomal microdeletion (1p36; 9p)



	Neurofibromatosis, type 1, Tuberous sclerosis



	Sturge-Weber, Williams-Beuren, Temple syndromes, RASopathies



	Gain of function mutations (MKRN3, DLK1)



	Environmental factors:



	Endocrine disruptors



	International adoption



	Withdrawal of sex hormone exposure
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Table 6. Main depot GnRH analogs used in children with CPP.






Table 6. Main depot GnRH analogs used in children with CPP.












	Agonist
	Structural Change a
	Potency b
	Formulation
	Dose





	Goserelin
	D-Ser(tBu)/AzaGly
	100
	Monthly
	3.6 mg/28 days



	
	
	
	Quarterly
	10.8 mg/90 days



	Histrelin
	D-His(Bzl)/N-ethylamide
	210
	Implant
	50 mg/12 months



	Leuprorelin
	D-Leu/N-ethylamide
	20
	Monthly
	3.75/7.5 mg/28 days



	
	
	
	Quarterly
	11.25 mg/90 days



	
	
	
	Half-year
	45.0 mg/180 days



	Triptorelin
	D-Trp/—
	35
	Monthly
	3.75 mg/28 days



	
	
	
	Quarterly
	11.25 mg/90 days



	
	
	
	Half year
	22.5 mg/180 days







a substitution(s) relative to naïve GnRH at glycine 6 and glycine 10. b In respect with naive GnRH.
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