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ABSTRACT

Puberty is a biological process that represents the development of secondary sexual characteristics and attainment of reproductive capacity, influenced by genetic, metabolic, environmental, ethnic, geographic, and economic factors. Pubertal onset is characterized by the increased kisspeptin and neurokinin B secretion leading to re-emergence of pulsatile gonadotropin releasing hormone signaling from the hypothalamus which stimulates increased pituitary secretion of luteinizing hormone and follicle stimulating hormone, which in turn stimulate gonadal sex hormone production. Precocious puberty refers to secondary sexual development occurring earlier than the lower end of normal age and delayed puberty refers to secondary sexual development occurring later than the upper end of normal age for the onset of puberty. These changes may represent a serious underlying condition or signify a common variation of normal for which treatment may not be necessary. Clinical evaluation should include a detailed history and physical examination, including anthropometric measurements, calculation of linear growth velocity, and evaluation of secondary sexual characteristics. This chapter summarizes the physiology of pubertal development, variations in pubertal development, and recent developments regarding human puberty. 

[bookmark: _Hlk163494076]INTRODUCTION 

Puberty is the process through which reproductive competence is achieved (1). Physical characteristics associated with this process include the development of secondary sex characteristics, acceleration in linear growth velocity, and the occurrence of menarche in women and spermatogenesis in men. The sex chromosome karyotype of the embryo, XX or XY, determines the trajectory for differentiation of the gonads and development of the internal and external genital structures. This complex process, beginning in utero, depends on neuroendocrine signaling and gonadal components. Ultimately, integrated communication between the reproductive and metabolic systems is critical for timely pubertal development (2).

Pubertal development and neuroendocrine system maturation involve the ontogeny, activity, and interactions of the gonadotropin releasing hormone (GnRH) neurons. The onset of puberty is accompanied by increased kisspeptin and neurokinin B secretion causing the GnRH neurons to secrete GnRH in a pulsatile manner. Increased GnRH secretion stimulates pulsatile pituitary luteinizing hormone (LH) and follicle stimulating hormone (FSH) secretion (3). LH and FSH stimulate gonadal sex steroid secretion which promotes development of secondary sex characteristics and influences hypothalamic-pituitary function via negative feedback inhibition. This chapter summarizes the physiology of pubertal development, variations in pubertal development, and recent developments regarding human puberty. 

CLINICAL FEATURES OF NORMAL PUBERTAL DEVELOPMENT 

Children typically demonstrate a predictable sequence of physical changes during pubertal maturation. Within the chronologic age ranges for pubertal development, individual variations regarding age at onset and tempo of pubertal development are expected.

In humans, two physiological processes, gonadarche and adrenarche, govern pubertal transition. Gonadarche reflects the reactivation of the hypothalamic GnRH pulse generator which has been quiescent since late infancy. Increasing pulsatile GnRH secretion stimulates pulsatile gonadotropin secretion which, in turn, stimulates the growth and maturation of the gonads and gonadal sex steroid secretion. Increased estrogen secretion promotes breast development, cornification of the vaginal mucosa, and uterine growth in girls. Increased testosterone secretion promotes penile enlargement. The increased HPG axis activity culminates in folliculogenesis, ovulation, and menses in the female and spermatogenesis in the male. 

In addition to gonadal sex steroid secretion, humans experience adrenarche signifying adrenal pubertal maturation. Adrenarche typically begins prior to the first visible physical manifestation of gonadarche, breast development, or testicular enlargement. Pubarche, the physical manifestation of adrenarche, is characterized by the development of pubic hair, axillary hair, apocrine odor, and acne. Adrenarche indicates increased adrenal cortical zona reticularis activity and is accompanied by increased secretion of dehydroepiandrosterone sulfate (DHEAS), dehydroepiandrosterone (DHEA), androstenedione, and 11-hydroxyandrostenedione (4, 5). These so-called “adrenal androgens” are C19 steroids which do not bind directly to the androgen receptor and can be peripherally converted to more potent androgens. Circulating concentrations of two adrenal 11-oxyandrogens, 11-hydroxyandrostenedione and 11-ketotestosterone increase with adrenarche. Whereas 11-hydroxyandrostenedione has minimal androgenic activity, 11-ketotestosterone is almost as potent as testosterone. During adrenarche, 11-ketotestosterone appears to be the major bioactive adrenal C19 steroid and may be responsible for the physical changes associated with pubarche (6). 

Gonadarche and adrenarche are dissociated such that the absence of adrenarche does not prevent gonadarche or the attainment of fertility (7). Curiously, the phenomenon of adrenarche appears to be limited to humans and a few species of non-human primates (8, 9). The factors that drive the dynamic changes within a strictly defined zona reticularis within the adrenal cortex, are still poorly defined. How adrenarche and increased adrenal C19 steroids impact brain development during human adolescence is indeterminate (10). Urinary steroid hormone profiling suggest that adrenarche may be a gradual process that likely begins earlier than previously believed (11). 

STAGING OF PUBERTY 

Tanner and colleagues followed the pubertal development of children living in an orphanage in the UK. Their five-stage classification system continues to be commonly utilized for clinical assessments (12, 13, 14). For girls, Tanner staging is used to describe breast and pubic hair development (See Figure 1). For boys, Tanner staging is used to describe testicular volume, penile development, and pubic hair development (See Figure 2). Tanner and his colleagues also described that the tempo of puberty varies between individuals. 
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Figure 1. Tanner Staging for pubertal development in girls. In girls, breast development is rated from 1 (preadolescent) to 5 (mature), and stage 2 (appearance of the breast bud) marks the onset of pubertal development. Pubic hair stages are rated from 1 (preadolescent, no pubic hair) to 5 (adult), and stage 2. Although pubic hair and genital or breast development are represented as synchronous in the illustration, they do not necessarily track together and should be scored separately. Figure 1 Adapted with permission from Carel JC, Léger J. Clinical practice. Precocious puberty. N Engl J Med. 2008;358(22):2367 and Klein DA, Emerick JE, Sylvester JE, Vogt KS. Disorders of Puberty: An Approach to Diagnosis and Management. Am Fam Physician. 2017 Nov 1;96(9):590-599. PMID: 29094880
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[bookmark: _Hlk161588949]Figure 2. Tanner Staging for pubertal development in boys. In boys, genital development is rated from 1 (preadolescent) to 5 (adult); stage 2 marks the onset of pubertal development and is characterized by an enlargement of the scrotum and testis and by a change in the texture and a reddening of the scrotal skin. Pubic hair stages are rated from 1 (preadolescent, no pubic hair) to 5 (adult), and stage 2 marks the onset of pubic hair development. Although pubic hair and genital or breast development are represented as synchronous in the illustration, they do not necessarily track together and should be scored separately. In normal boys, stage 2 pubic hair develops at an average of 12 to 20 months after stage 2 genital development. Figure 2 Adapted with permission from Carel JC, Léger J. Clinical practice. Precocious puberty. N Engl J Med. 2008;358(22):2367 and Klein DA, Emerick JE, Sylvester JE, Vogt KS. Disorders of Puberty: An Approach to Diagnosis and Management. Am Fam Physician. 2017 Nov 1;96(9):590-599. PMID: 29094880

Girls

The typical first clinical sign of puberty in girls is the appearance of breast tissue with elevation of the breast and papilla; this is considered to be Tanner Stage 2 (Figure 1). Initially, breast development (thelarche) may be unilateral. Many girls complain of mild breast tenderness or discomfort during this stage that subsequently resolves. Tanner stage 3 breast development is considered to be additional enlargement of the breast and areola. During Tanner stage 4, the papilla forms a secondary mound above the breast; this stage is often very rapid. Tanner stage 5 represents mature breast development due to recession of the areola to the contour of the breast. Palpation of the breast is obligatory to differentiate breast tissue from lipomastia. In children with obesity without breast development, a palpable depression beneath the nipple in the center of the areola when examined in the supine position gives the impression of a donut and is referred to as the ‘donut’ sign.  Breast ultrasound correlates reasonably well with Tanner staging by palpation and can detect breast development slightly earlier than physical exam (15). In most instances, breast development is evident before pubic hair development. Typically, the pubertal growth spurt in girls occurs concurrently with the onset of breast development with only 4-6 cm of linear growth occurring after menarche, however this may be variable. 

[bookmark: _Hlk156073972]The appearance of sexual hair including pubic hair (pubarche) signifies the onset of adrenarche. In girls, Tanner stage 2 pubic hair is characterized by sparse, coarse, lightly pigmented hairs along the labia majora. For Tanner stage 3, pubic hair becomes progressively darker, coarser, and spreads over the mons pubis. For Tanner stage 4, pubic hair continues to extend to become an inverse triangle, with spread to the medial aspects of the thighs being considered Tanner stage 5. 

With the onset of ovarian estrogen secretion, the vaginal mucosa changes from shiny bright red to pale pink appearance due to cornification of the vaginal mucosa. Increased estrogen secretion promotes uterine growth and causes physiologic leukorrhea, a thin, white, non-foul-smelling vaginal discharge that typically begins 6 to 12 months before menarche. Menarche occurs, on average, 2 to 2.5 years after the onset of breast development (See figure 3A). During the first-year post-menarche, menses are usually irregular and anovulatory. These early years are characterized by inconsistent ovulation and varying lengths of follicular and luteal phases. Ultimately, coordinated maturation of the hypothalamic, pituitary, and ovarian components occurs culminating in cyclic monthly ovulation (16). Although full HPG axis maturation generally occurs over several years, by three years post-menarche, most cycles are between 21-35 days. 
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Figure 3A and 3B. Average ages and sequence of pubertal development. Panel A: girls; Panel B: boys.

Boys

For boys, increased testicular volume is the first physical finding indicating onset of gonadarche (See Figure 2 and Figure 3B). Palpation of the testes and use of a Prader orchidometer is essential for accurate assessment. A Prader orchidometer is a collection of 3-D ellipsoids ranging in volume from 1 to 25 mL (See Figure 4). During gonadarche, testicular volume increases, and the penis increases in length and diameter. Flaccid penile length can be measured using a straight edge on the dorsal surface from the pubic ramus to the tip of the glans while compressing the suprapubic fat pad and applying gentle traction to stretch to penis.
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Figure 4. Prader Orchidometer.

Increased testicular volume represents Sertoli cell proliferation, differentiation, and eventually, the initiation of spermatogenesis. The onset of puberty is defined as a testicular volume > 4 ml and a testicular length > 2.5 cm. The volume of mature human testis is approximately 20-25 ml. Spermatozoa (spermaturia) can be found in early morning urine samples beginning during genital stage 3 (16). Nocturnal sperm emissions may also begin around this time.

For boys, Tanner stage 2 pubic hair consists of downy hairs at the base of the penis. During pubic hair stage 3, the hair becomes longer, darker, and extends over the junction of the pubic bones. For pubic hair stage 4, the extent of hair has increased, but has not yet achieved the adult male escutcheon with spread to the medial aspects of the thighs that would be considered Tanner stage 5. Additional features include axillary hair, increased size of the larynx, voice break with deepening of the voice, increased bone mass, and increased muscle strength. Terminal hair develops in androgen-dependent regions on the face and trunk approximately three years after appearance of pubic hair. The distribution and density of beard, chest, abdominal, and back hair varies among individuals.

Peak height velocity is both age and sex-dependent. It occurs earlier in girls, between Tanner breast stages 2 and 3, and later in boys, between Tanner testis stages 3 and 4. 

Approximately 50% of boys experience pubertal gynecomastia (17). Typically, pubertal gynecomastia is transient and most prominent in mid-puberty when the ratio of circulating estradiol to testosterone concentrations is relatively higher. 

DISCOVERY OF THE HYPOTHALAMIC-PITUITARY-GONADAL (HPG) AXIS 

[bookmark: _Hlk163494169]Since ancient times, it was known that castration of animals and humans interfered with development of secondary sex characteristics and fertility (14). In 1935, Ernst Laquer and colleagues isolated testosterone from several tons of steer testes (18). Later that year, Adolf Butenandt, Gunter Hanisch, Leopold Ruzicka, and A. Wettstein published the chemical synthesis of testosterone (19, 20). After showing that follicular fluid obtained from a sow ovary was able to induce cornification of vaginal mucosa, Edgar Allen and Edward Doisy isolated the active substance, estrone (21). Donald MacCorquodale, Stanley Thayer, and Edward Doisy isolated estradiol from 8000 pounds of sow ovaries in 1935 (22). Philip Smith, Bernhard Zondek, Hermann Zondek, H.L. Fevold and colleagues, and Geoffrey Harris established the functional relationships involved in HPG axis function (23, 24, 25, 26). Roger Guillemin and Andrew Schally engaged in a vigorous competition to identify hypothalamic releasing hormones including GnRH (27, 28, 29). Ernst Knobil and his colleagues identified that pulsatile GnRH secretion was essential for sustained pituitary gonadotropin secretion (28, 30). Fred Karsch and Ernst Knobil independently developed the concept of the “GnRH pulse generator” (31). In the 1970s, Melvin Grumbach and colleagues measured circulating gonadotropin concentrations in the human fetus (32). Around the same time, Charles Faiman and Jeremy Winter also reported gonadotropin concentrations in normal and agonadal children (33). Their collective findings led to recognition of early postnatal HPG axis activity followed by quiescence of the HPG axis during childhood until resumption of GnRH pulse generator activity at the onset of puberty. 

Ontogeny of GnRH Neurons

Reproductive competence depends on the meticulous development of the GnRH neuron system. In the human fetus, GnRH neurons initially develop in the olfactory placode outside the central nervous system. The olfactory placodes invaginate at approximately 39 days of gestation in the human. Based on the appearance of immunoreactive GnRH protein, the GnRH neuron specification occurs between 39-44 days of gestation (34). The developing GnRH neurons are associated with the embryonic vomeronasal organ. Available data suggest that the GnRH neuron precursors are distinct from those giving rise to the vomeronasal neurons (35). 

Subsequently, the GnRH neurons migrate accompanied by olfactory-derived axons, olfactory epithelial sheath cells, and blood vessels towards the cribriform plate (36). Migration of the GnRH neurons seems to pause at the nasal/forebrain junction prior to crossing the cribriform plate (37). During this “pause” phase, multiple tissues, chemokines, growth factors, and neurotransmitters appear to form gradients influencing movement of GnRH neurons. Upon reaching the hypothalamus, the GnRH neurons disperse to their final locations sending projections to the median eminence to release GnRH into the hypophyseal portal vasculature. 

The precise origin and particular factors responsible for the specification and differentiation of GnRH neuron precursors remain enigmatic. Inaccessibility of developing human GnRH neurons has led to development of alternative approaches to elucidate the history of GnRH neurons. One approach has involved a protocol to generate GnRH neurons from human pluripotent stem cells (38). With this approach, Yellapragada et al. demonstrated that dose- and time-dependent FGF8 signaling via FGFR1 is indispensable for human GnRH neuron ontogeny (39). Using a differentiation trajectory analysis approach, DLX family of transcription factors have been reported to promote in vitro human GnRH neuron differentiation (40). 

Components of the HPG Axis

Gonadotropin-releasing hormone is a decapeptide (pGlu-His-Trp-Ser-Trp-Gly-Leu-Arg-Pro-Gly-NH2) derived from a 92-amino acid precursor, preproGnRH, that was characterized in 1984 (41). LH and FSH are synthesized in the same gonadotroph cell located in the anterior pituitary. LH and FSH are glycoproteins consisting of two subunits. The alpha subunits are identical whereas the beta subunits confer hormone specificity. Each GnRH pulse stimulates an LH pulse. 

During human gestation, human chorionic gonadotropin (hCG) drives fetal testicular testosterone secretion in the developing male fetus early during gestation. The pituitary gland begins to secrete gonadotropins with LH and FSH becoming detectable in fetal blood after 14 weeks of gestation (42, 43). Initially, pituitary gonadotropin secretion appears to be GnRH-independent with progressive transition to kisspeptin-GnRH regulation of pituitary gonadotropin secretion during the third trimester (44). Peak gonadotropin concentrations occur around the midpoint of gestation followed by a progressive decline attributed to suppression by placental estrogens (45). In the male fetus, testicular testosterone secretion is essential for normal development of internal and external male genital structures. Comparatively, the fetal ovary is quiescent.

As noted above, GnRH stimulates pituitary LH and FSH secretion. LH and FSH signal through their cognate receptors which are G-protein coupled receptors (46).

GONADS

The gonads synthesize sex steroids from cholesterol. In the testis, LH acting through the LH receptor stimulates conversion of cholesterol to testosterone in the Leydig cell. In specific target tissues such as external genital skin and the prostate, testosterone is converted to dihydrotestosterone by the enzyme, 5α-reductase type 2 encoded by the SRD5A2 gene. Testosterone influences pituitary LH secretion through negative feedback either via direct actions or indirectly after conversion to estradiol. FSH acting through the FSH receptor promotes growth of seminiferous tubules and supports sperm development. Growth of the seminiferous tubules and increasing numbers of germ cells accounts for increasing testicular volume during puberty. 

In females, the two cell-two gonadotropin model applies to ovarian steroidogenesis. LH stimulates the theca cell to synthesize androstenedione which diffuses to the granulosa cell where FSH-stimulated aromatase activity stimulates estradiol synthesis. Estradiol has both negative feedback and positive feedback. Estradiol mediated positive feedback is required to elicit the LH surge responsible for ovulation. 

Activin and inhibin are heterodimeric glycoproteins secreted by the gonads. Inhibins consist of an alpha subunit and one of two homologous yet distinct beta subunits, βA or βB. Inhibin B is composed of an alpha subunit and a βB subunit whereas inhibin A consists of an alpha subunit and a βA subunit. Inhibins are secreted by Sertoli cells in the testes and granulosa cells in the ovary. Inhibin B influences pituitary FSH secretion by negative feedback. In prepubertal boys, inhibin B concentrations reflect Sertoli cell mass and function. After puberty, inhibin B concentrations reflect spermatogenesis (47). Inhibin B correlates inversely with FSH levels in adult men. Activins are dimers of inhibin β subunits, βA, βB and βC; the best characterized are activin A (βAβA) and activin B (βBβB). Activin A stimulates pituitary FSH secretion(48, 49). Follistatin is a monomeric protein that modulates activin activity and can irreversibly inhibit activin activity. 

Leydig cells secrete insulin-like peptide 3 (INSL3), a small peptide that, in utero, acts through the relaxin-like family peptide receptor 2 (RXFP2) to promote trans-abdominal testicular descent. INSL3 concentrations increase in boys during puberty (50).

HYPOTHALAMUS 

The hypothalamus serves as the rheostat for many physiological functions especially reproduction and growth. The adult human hypothalamus contains approximately 2000 GnRH neurons with cell bodies diffusely distributed in a rostro-caudal continuum (34). The GnRH neurons send projections to the median eminence that terminate in close association with the capillaries of the primary plexus of the hypophyseal portal circulation. Synchronized activity of the GnRH neurons leads to episodic GnRH release into the median eminence with consequent pulsatile pituitary gonadotropin secretion. 

An extrinsic hypothalamic neuronal network, known as the GnRH pulse generator, governs GnRH neuron function. This network is located within the infundibular nucleus (known as the arcuate nucleus in non-human species). In the human, the GnRH pulse generator is responsible for tonic gonadotropin secretion; pulsatile LH and FSH secretion regulate testicular function in men and modulate ovarian function, especially folliculogenesis in women. In women, the developing follicle secretes increasing amounts of estradiol ultimately triggering an LH surge followed by ovulation. In adult men, pulse frequency is relatively constant at approximately one pulse every 90-120 minutes. Among women, pulse frequency varies across the menstrual cycle from approximately one pulse per hour during the follicular phase and one pulse every 180 minutes during the luteal phase.

Among GnRH deficient women, pulsatile GnRH administered at a frequency simulating the follicular phase led to ovulatory menstrual cycles (51). In a preclinical model, administration of pulsatile GnRH to prepubertal rhesus female monkeys initiated pubertal development including ovulatory menstrual cycles (52). Thus, puberty in girls and boys is entirely dependent on resumption of pulsatile GnRH release.

Although the GnRH pulse generator was conceptualized by Fred Karsch and Ernst Knobil, the anatomic location of the pulse generator was indeterminant. Identification of loss of function variants in the kisspeptin receptor (KISS1R) gene in patients with congenital hypogonadotropic hypogonadism launched the investigations establishing kisspeptin, neurokinin B, dynorphin, and their cognate receptors as major components of the pulse generator (53, 54). Kisspeptin signals through its receptor, KISS1R, expressed on GnRH cells. Neurokinin B is a decapeptide encoded by the TAC3 (Tac2 in rodents) gene and its cognate receptor encoded by NK3R gene. Both the kisspeptin and neurokinin B receptors are G-protein coupled receptors. Dynorphin is an opioid peptide that signals through a kappa-opioid receptor which is also a G-protein coupled receptor.

Due to the inaccessibility of human brain, especially the pubertal brain, the contemporary model of the GnRH pulse generator has been delineated by preclinical studies performed in rodents, sheep, and non-human primates (55). This model predicts that reciprocal interactions within a network of kisspeptin neurons in the infundibular nucleus leads to synchronous intermittent activation transmitted to GnRH neurons by kisspeptin fibers that project to the median eminence. These kisspeptin fibers are closely associated with GnRH projections targeting the portal capillaries (56).

Based on the detection of kisspeptin, neurokinin B, and dynorphin in the arcuate kisspeptin neurons of mice and sheep, these neurons have been labeled as KNDy neurons (57). Preclinical data suggest that KNDy neurons serve as the intrinsic GnRH pulse generator (58). Kisspeptin and neurokinin B stimulate GnRH release whereas dynorphin appears to be inhibitory. Coordinated interactions of these neuropeptides within the arcuate kisspeptin neuronal network are ostensibly central to the neurobiology of the GnRH pulse generator resulting in pulsatile kisspeptin output. However, the applicability of these findings to human biology remains to be confirmed. 

In humans, the HPG axis is active during gestation and the early neonatal period followed by the quiescent years of childhood until the onset of puberty occurs. This pattern suggests that diverse mechanisms integrate the hierarchical activation and deactivation of various stimulatory and inhibitory neuronal pathways ultimately regulating pubertal onset and progression towards reproductive maturity. Thus, a central inhibition of the axis occurs during childhood. For puberty to occur, increased expression of the key factors, KISS1, NKB3, and GnRH, must begin along with decreased expression of the various inhibitory factors. In other words, during the pubertal transition, the balance between inhibitory and stimulatory factors shifts to favor the re-activation of the HPG axis, onset of pubertal changes, and reproductive competence. 

Identifying the proximate factors and specific interactions responsible for the on-off-on pattern of HPG axis activity in humans has been a longstanding enigma. Starting with clinical findings, the availability of more sophisticated tools and preclinical models have begun to identify pieces of the puzzle to elucidate the fine details of HPG axis functioning. One factor involved in the suppression of puberty was identified in families with paternally inherited GnRH-dependent/central precocious puberty (CPP). Exome sequencing analyses in multiple families with CPP identified loss of function variants in the makorin 3 (MKRN3) gene (59). This gene, mapped to the Prader Willi region at chromosome 15q11.2, is exclusively expressed from the paternal allele. Consistent with the hypothesis that MKRN3 suppresses the GnRH pulse generator, circulating MKRN3 concentrations decline during puberty (60, 61, 62).  

The MKRN3 protein is an E3 ubiquitin ligase consisting of 507 amino acids. It is expressed in KNDy neurons. The protein has five zinc finger domains. Regarding its function, the protein can ubiquitinate substrates and can undergo auto-ubiquitination (63). MKRN3 ubiquitinates methyl-CpG-DNA binding protein 3 (MBP3) interfering with GnRH1 transcription (64). Available preclinical data suggest that MKRN3 functions as a brake on neuronal GnRH release (65). One potential factor influencing MKRN3 expression is microRNA (miRNA) miR-30. Using a rat model, hypothalamic miR-30 expression increased while Mkrn3 expression decreased during puberty. In addition, treatment with agents that interfered with the binding of miR-30 to Mkrn3 were associated with delayed puberty in female rats (66). Using proteomics, MKRN3 targets include insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) and several members of the polyadenylate-binding protein family (67). The decline of hypothalamic Mkrn3 expression in mice and serum MKRN3 protein levels in females prior to the onset of puberty support the hypothesis that MKRN3 suppresses pubertal initiation possibly through effects on prepubertal hypothalamic development and plasticity (61, 67)

Preclinical studies have provided persuasive evidence regarding the regulatory role of epigenetic modifications in pubertal maturation. Epigenetics refers to changes in gene expression and/or activity independent of changes in the primary nucleotide sequence (68). Epigenetic changes include DNA modifications such as methylation/demethylation and histone post-translational modifications such as acetylation/deacetylation. Other post-translational protein modifications such as ubiquitination may also influence protein function. Ubiquitination involves the transfer of ubiquitin to a protein altering its function typically by interfering with protein actions or by promoting protein degradation. As noted above, the MKRN3 protein can function as a ubiquitin ligase. Noncoding RNAs such as miRNAs provide yet another regulatory mechanism. 

Another example of epigenetic regulation of pubertal maturation involves two mutually antagonistic histone methylating complexes, the Poly-comb and Trithorax groups. The Poly-comb group represses gene transcription while the Trithorax group appears to function as a gene activator. Preclinical studies performed in rats showed that the Poly-comb group effectively silenced Kiss1 expression until the onset of puberty when increased methylation of the Eed and Cbx7 genes occurred leading to decreased Eed and Cbx7 expression and increased Kiss1 expression (69). Recruitment of the Trithorax activity group further enhanced.  Kiss1 expression (70, 71). Genome wide association studies have implicated zinc finger (ZNF) genes. In nonhuman primates, expression of two ZNFs, GATAD1 and ZNF573, decreases upon pubertal reactivation of the GnRH pulse generator (71). 

Clinically, it has long been recognized that extremes of body energy status such as chronic malnutrition or severe obesity influence the HPG axis especially in girls and women. The hypothalamic kisspeptin neurons integrate various peripheral and central metabolic signals reflecting energy intake, energy expenditure, and environmental circumstances. Signal coordination between reproductive and metabolic neurons can be direct or indirect. For example, leptin does not directly regulate kisspeptin neurons yet acts as a permissive factor for the onset of puberty (72). Cellular energy and metabolic sensors include mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK), and sirtuin 1 (SIRT1) (73). Depending on energy status, mTOR and AMPK promote or repress puberty, respectively, by activating or inhibiting Kiss 1 neurons in the arcuate nucleus. Other factors such as melanocortin and agouti-related peptides also interact with kisspeptin pathway (74). In the hypothalamus, neuronal nitric oxide (NO) appears to act on GnRH neurons to integrate metabolic and gonadal information (75, 76). Detailed reviews regarding the neurobiology of the GnRH pulse generator are beyond the scope of this chapter and are available elsewhere (77, 78, 79, 80, 81, 82). 

MINI-PUBERTY

Facilitated by the availability of more sensitive hormone assays, Forest and her colleagues described a transient period of increased HPG axis activity in early infancy (83, 84). Following the low gonadotropin concentrations at birth, gonadotropin concentrations were found to rise in both boys and girls within weeks of birth (85). This period of transient gonadotropin secretion has been designated as “minipuberty”. Gonadotropin concentrations in the immediate neonatal period are likely low due to in-utero suppression by placental estrogen. With removal of the placental estrogen suppression, the HPG axis is functional. Relevantly, physical findings typical of pubertal sex steroid secretion are absent with the rare exception of vaginal bleeding attributed to decreased exposure to placental estrogen. 

Over the first few years of life, sexual dimorphism in gonadotropin concentrations occurs (86) Boys have higher LH concentrations which peak between 2-10 weeks of age and decline by 4-6 months of age. Girls have higher FSH concentrations which may remain elevated until 2-4 years of age.

In boys, LH stimulates testicular testosterone secretion with testosterone concentrations typically peaking around 1 month of age followed by a decline to prepubertal concentrations by 7-12 months of age. During this phase, the number of germ cells and Sertoli cells increase and penile size increases (87, 88). The proliferation of Sertoli cells leads to a transient increase in testicular volume (89). Sertoli cells secrete Anti-Mullerian Hormone (AMH) and inhibin B. Since Sertoli cells do not express androgen receptors during this stage, spermatogenesis does not occur and AMH secretion remains high (90, 91). A temporary increase in the number of Leydig cells also occurs, but subsequent fetal Leydig cell apoptosis reduces fetal Leydig cell number (92). Longitudinal data obtained from healthy boys suggests a temporal dissociation of Leydig and Sertoli cell activity during minipuberty (93). These data suggest that single blood sample may be insufficient to assess HPG axis activity during early infancy and that obtaining several consecutive samples may be more informative. Curiously, gonadotropin and testosterone concentrations are higher among preterm boys. In addition, increases in testicular volume and penile length are greater in preterm boys compared to full term boys essentially enabling catch-up for testicular volume and penile length (94). Some small studies have documented an exaggerated physiologic hormonal response in extremely premature infants (95).

In girls, the gonadotropins promote granulosa cell proliferation and ovarian estrogen and AMH secretion (96). As would be anticipated, AMH concentrations remain much lower in girls compared to boys (97). A longitudinal study involving healthy full-term infant girls demonstrated two gonadotropin peaks in early infancy with one peak occurring around days 15 to 27 and a later peak occurring at days 164-165 (98). Again, collecting several consecutive samples may be more informative than a single blood sample to assess for minipuberty in infancy.

This transient time period of an active HPG axis, provides an opportunity to diagnose individuals with differences/variants of sex development (DSD/VSD). In a series including both healthy infants and infants with DSD, testosterone measured by LC-MS/MS, AMH concentration, and LH/FSH ratio provided the best discrimination between sexes. The cut-point for LH/FSH ratio was 0.32. Inhibin B and AMH levels were higher in boys with minimal overlap in girls (99). Infants with Turner Syndrome usually have elevated FSH concentrations. Surprisingly, gonadotropin concentrations are typically not elevated in patients with complete androgen insensitivity. 

This brief interval of HPG axis activity can also help diagnose congenital hypogonadotropic hypogonadism in boys who present with micropenis accompanied by low gonadotropin and testosterone concentrations (100). Testosterone, LH, FSH, AMH, and inhibin B concentrations may provide information regarding the functionality of testicular tissue in infant boys (101). 

As noted above, the human HPG axis displays an “on-off-on” pattern. The biological basis and rationale for transient post-natal HPG axis activity during the first few months of life are enigmatic. At birth, the brain is still plastic with ongoing development. Most axon and synapse formations are completed during the first year of life. Does this transient HPG axis activity imprint specific areas in the brain? Does minipuberty influence future patterns for female and male reproductive function with cyclic gonadotropin patterns in females and not in males? Are gonadal hormones during infancy able to affect future fertility, gender identity, sexual orientation, behaviors, and risk for autism spectrum dysfunction? Data are accruing regarding patterns of hormone secretion during the first six months of life. However, the factors that initiate and terminate this transient period of HPG axis activity and maintain the quiescence of the HPG axis until the onset of puberty are still unknown. 

SECULAR TRENDS REGARDING PUBERTY 

Over the past few decades, several studies have observed that puberty is beginning at a younger age. Clinical studies examining ages of the onset of puberty depend on the criteria used to denote puberty. Onset of breast development and age at menarche are the conventional indicators of puberty in girls. Prospective observations and retrospective questioning of parents and young girls through in-person questioning has been used to record age at menarche; shorter recall intervals provide the greatest accuracy regarding the details of menarche (102, 103). For boys, age at voice change has been used as a surrogate marker because accurate ascertainment of pubertal onset in boys requires testicular exams using an orchidometer, thus, effectively excluding large-scale epidemiologic clinical studies (104). 

During medieval times, available evidence suggests that puberty began around 10-12 years of age. However, the tempo of puberty was slow with menarche occurring closer to 15 years in rural areas and 17 years in London (105). Presumably, undernutrition, increased infections, and greater physical exertion impacted both the timing and tempo of puberty during medieval times (106). The age of menarche declined from 16 to 17 years in the early 19th century to 13 years of age in the late 20th century in Europe and North America. Similarly, the age at menarche has declined in the Yunnan Province in China (107). This decline has been attributed to the improvement in socioeconomic conditions. Currently, the dialogue continues as to whether the trend towards earlier puberty is persisting and, if so, what are the factors driving this process.  

Data regarding pubertal milestones in American girls were obtained through the cross-sectional Third National Health and Nutrition Examination Survey (NHANES III) between 1988 and 1994.  Among these American girls, mean ages in years for breast development, pubic hair development, and menarche were 9.5, 9.5, and 12.1 for non-Hispanic black girls; 9.8, 10.3, and 12.2 for Mexican-American girls; and 10.3, 10.5, and 12.7 years for non-Hispanic white girls, respectively (108). In 1997, the Pediatric Research in Office Settings (PROS) study reported earlier onset of thelarche with the caveat that breast palpation was not performed (109). The Copenhagen Puberty Study reported that mean age at breast development was lower in the 2006 cohort compared to the 1991 cohort whereas mean age at menarche was similar in both cohorts. Independent of BMI, gonadotropin concentrations were comparable between these cohorts while estradiol concentrations were lower in the 2006 cohort (110). 

Beginning in 2004, the Breast Cancer and Environment Research Program (BCERP) prospectively recruited three cohorts of girls aged 6-8 years. This program recruited non-Hispanic white, Hispanic, non-Hispanic black girls, and Asian girls living in New York, Ohio, and California. The overall median age at menarche was 12.25 years with ethnic background median ages as follows: Hispanic girls 11.6 years, black girls at 11.8 years, white girls at 12.5 years, and Asian girls at 12.0 years (111). This cohort differed from the NHANES III study because Hispanic girls experienced menarche earlier than the black girls. These studies, all performed in the United States, report race and ethnicity-related differences in onset of pubertal milestones. Detailed assessment of the potential impact of socio-economic factors was not performed. Notably, differences noted in pubertal timing are smaller than the overall variation among individuals in the population. Most importantly, clinical decision-making should reflect an individual patient's characteristics and family history with less dependence on racial or ethnic backgrounds.

Comparable studies from Spain and Greece have also reported earlier onset of breast development and slower pubertal tempo (112, 113). Thus, available data including a systemic review of international studies largely confirm the ongoing trend for earlier breast development with minimal decline in age at menarche (114).
 
Several questions regarding this earlier onset of puberty, predominantly earlier thelarche, need to be considered. Does this earlier breast development reflect earlier resumption of GnRH pulse generator activity, extragonadal estrogen production, or environmental exposures? What, if any, is the relationship of BMI to puberty? Another consideration is that race/ethnicity are socio-political constructs and are not fully representative of biology. While genetic ancestry likely influences the onset of puberty, nutritional factors and environmental exposures play important roles. Hence, should cut-off points based primarily on race/ethnicity continue to be utilized? 

Based on single unstimulated gonadotropin concentrations, data from the Copenhagen puberty in girls study suggest that gonadotropin concentrations are not obviously increased in girls with early thelarche. Thus, the phenomenon of early thelarche appears to be independent of gonadotropin secretion and may not signify early resumption of GnRH pulse generator activity (115). 

The possibility that exposure to endocrine-disrupting chemicals (EDCs) can induce early thelarche has been questioned. EDCs are defined as exogenous chemicals that interfere with hormone action. EDCs include phthalates, phenols, phytoestrogens, organochlorine pesticides, polybrominated flame retardants, diphenyl ethers, heavy metals, and perfluorochemicals. In addition to pesticides, these chemicals can be found in common household products such as hair products, soaps, toothpaste, perfumes, plastics, essential oils, and cleaning products (116). Valid assessment of the consequences of EDCs on puberty is problematic because exposure may occur in utero and generally involves a mixture of assorted EDCs with differing half-lives and activities. Differences in the duration and route of the exposure(s), methodology to detect EDCs, and potential sample contamination further confound analyses. One potential example regarding EDCs involved transient past exposure to organochlorine pesticides among internationally adopted girls in Belgium who subsequently developed precocious puberty (117). Animal models suggest that EDCs can affect puberty through epigenetic mechanisms (118). Nevertheless, most data available regarding the consequences of EDCs on human puberty are inconclusive (119).

Relationship with BMI

Observational data has shown a relationship between BMI and age at puberty in girls (120, 121). The BCERP study found that girls who were overweight or obese at baseline experienced menarche 0.3 years earlier with age at thelarche being inversely correlated with BMI. The BCERP also concluded that BMI had a greater effect than ethnic background on age at menarche (111). Limited data exist regarding the relationship of BMI to pubertal onset in boys. The Puberty Cohort of the Danish National Birth Cohort reported that increased BMI was associated with earlier onset of puberty in boys and girls (122). Among boys, pubertal milestones, testicular enlargement, voice break, and testosterone concentrations showed inverse correlation with BMI (104). Hence, available evidence strongly indicates an inverse relationship between BMI and the onset of puberty in both boys and girls.  

Yet, investigating the relationship between puberty and BMI is confounded by potential hormonal and genetic influences (123). Obesity may be associated with hyperinsulinemia and lower sex hormone binding globulin concentrations with consequent higher free sex steroid concentrations. In addition, some genes influence both BMI and pubertal timing (124, 125). The pro-opiomelanocortin (POMC) and central melanocortin systems provide one example of the intricate interrelationships between nutrient signaling and reproductive function. Neurons expressing POMC, producing α-MSH (melanocyte-stimulating hormone), have been suggested to stimulate puberty onset and gonadotropin secretion via modulation of arcuate Kiss1 neurons (126, 127). 

Genetic Factors

Genetic  factors influence pubertal timing as evidenced by twin studies demonstrating > 50% hereditability for menarche (128). Skeletal maturation, age at pubertal growth spurt, and Tanner staging also show greater concordance between monozygotic twins compared to dizygotic twins emphasizing the relevance of genetic variation in the timing of puberty. Thus, 50-80% of variation in the timing of puberty onset may reflect genetic variation (129). Parental self-reports regarding pubertal timing are associated with timing of specific pubertal milestones in offspring of the concordant sex (130, 131). Genome-wide association studies (GWAS) have detected loci associated with age at menarche (132). Some loci appear to be common and independent of ancestry. A large-scale trans-ethnic GWAS, involving 38,546 women of diverse and predominantly non-European ancestry or ethnicity, identified a novel locus in chromosome 10p15 that is associated with early menarche. This region maps to intron 7 of the aldo-keto reductase Family 1, member C4 (AKR1C4) gene, a member of family of enzymes involved in steroid metabolism and action (133). 

To summarize, the secular trends suggesting an earlier onset of puberty appear to be persistent although the age at menarche appears to be relatively static. Likely contributing factors include the rising prevalence of obesity, exposure to potential EDCs, specific dietary influences, and decreased physical activity. 

VARIATIONS IN PUBERTAL DEVELOPMENT 

[bookmark: _Hlk163494304]Timing of the onset of puberty reflects complex interactions between hormonal and neuronal signals with genetic, metabolic, and environmental factors. These interactions presumably begin early in development and ultimately lead to the re-activation of the HPG axis concomitant with the onset of puberty. Multiple factors, both known and unknown, influence the reactivation of the GnRH pulse generator modulating pubertal onset. As noted above, familial patterns of pubertal development and twin studies highlight the role of genetic factors. Studies of families with either delayed or precocious puberty led to discovery of genes relevant to pubertal onset. In addition, genetic factors including single nucleotide polymorphisms (SNPs) have been associated with pubertal timing in both sexes and across ethnic groups. Epigenetic mechanisms have been suggested to affect the development and function of the GnRH neuronal network ultimately influencing HPG axis function. How confounders such as socioeconomic, environmental, and nutritional status influence pubertal development is unclear. These factors can influence puberty timing, HPG axis function, and fertility.

Precocious puberty is defined as the development of puberty prior to age 8 in girls, and age 9 in boys (134, 135). In girls, delayed puberty is defined as the absence of breast development by age 13 years, absence of menarche by age 15 or lack of menses after 3 years since breast development. In boys, delayed puberty is defined as absence of pubertal development by age 14 (136). Evaluation of a child with abnormal timing of puberty entails thorough knowledge of normal pubertal development, typical variations of normal pubertal development, and causes of abnormal pubertal development. The next section focuses on the evaluation of a patient presenting with a variation in pubertal development. 

PRECOCIOUS PUBERTY  

Traditionally, the diagnosis of precocious puberty is considered when signs of puberty develop prior to 8 years of age in girls and 9 years in boys (137). These ages are based on Tanner’s original observations on English children regarding typical ages at specific pubertal stages. However, these age criteria should be used as guidelines to complement the evaluation of individual patients. Precocious puberty can be categorized as central or gonadotropin-dependent precocious puberty (CPP) or non-gonadotropin-dependent or peripheral precocious puberty (PPP). Additionally precocious puberty can be further classified as familial or sporadic and syndromic or non-syndromic. The specific etiologies and management differ between the two broad categories of CPP or PPP. Potential consequences of early puberty and menarche in girls include increased risks for breast cancer and diabetes as adults (138, 139).

CENTRAL PRECOCIOUS PUBERTY OR GONADOTROPHIN DEPENDENT PRECOCIOUS PUBERTY 

Central precocious puberty (CPP) is associated with early maturation of the HPG with premature reactivation of the GnRH pulse generator and sequential maturation of breasts and pubic hair in females. In males, sequential maturation of testicular volume, penile enlargement, and pubic hair is observed. Typically, the pubertal characteristics are appropriate for the child's sex (isosexual). Despite the earlier onset of puberty, the sequence of pubertal events is usually normal. CPP is due to organic lesions in approximately 40-100 percent of boys whereas idiopathic precocious puberty is the most common diagnosis in girls (69-98%) (140). These children have accelerated linear growth for age, advanced bone age, and pubertal levels of LH and FSH. A Spanish observational report described an annual incidence of CPP ranging between 0.02 and 1.07 new cases per 100,000 (141) while a Korean study reported an incidence of 15.3 per 100,000 girls, and 0.6 per 100,000 boys (142). Distinguishing among CPP, isolated premature thelarche, and premature adrenarche is important because the pathophysiology and therapeutic interventions differ.

CNS LESIONS/INSULTS 

CPP can be associated with central nervous system lesions. Hamartomas of the tuber cinereum are congenital benign lesions comprised of heterotopic gray matter, neurons, and glial cells. The prevalence is approximately 1 in 200,000 children (143). Hamartomas are the most commonly recognized CNS lesions associated with CPP in very young children. Hamartomas can be categorized as para-hypothalamic, attached or suspended from the floor of the third ventricle, or as intrahypothalamic, in which the mass is enveloped by the hypothalamus and distorts the third ventricle. The lesions do not grow over time, do not metastasize, and do not produce β-human chorionic gonadotropin-(β-hCG). In some instances, hamartomas are associated with gelastic (laughing or crying) seizures. Yet, most patients with hypothalamic hamartomas do not display neurological symptoms (144, 145). Most hypothalamic hamartomas are sporadic and appear to be idiopathic. Hypothalamic hamartomas can also occur in Pallister-Hall Syndrome (PHS) and oral-facial-digital syndrome (OFD) types I and VI (146). Genetic variants in the sonic hedgehog pathway have been associated with hypothalamic hamartoma (147, 148). The mechanism(s) through which hypothalamic hamartomas lead to CPP is unknown. Hamartoma located close to the infundibulum or tuber cinereum are often associated with CPP whereas those functionally connected to the mammillary bodies and limbic circuit are typically associated with epilepsy without CPP (149, 150). As discussed below, medical treatment is usually indicated for hypothalamic hamartomas associated with CPP. Surgical treatment should be limited to large hamartomas complicated by severe refractory drug-resistant epilepsy (151).

CNS tumors such as astrocytomas, ependymomas, and pinealomas have rarely been associated with CPP. Among girls, factors associated with CNS lesions include: (1) age younger than 6 years; (2) absence of pubic hair; and (3) estradiol concentrations greater than 30 pg/ml (110 pmol/L) (152, 153). As noted above, suspicion for CNS lesions is higher for boys than for girls.

Neurofibromatosis type 1 (NF1) is an autosomal dominant multi-system neurocutaneous disorder due to loss-of-function variants in the neurofibromin-1 (NF1) gene located at chromosome 17q11.2. NF1 is often associated with CPP typically due to optic glioma. The glioma is usually a benign pilocytic astrocytoma that can occur anywhere along the optic tract; the most common locations are within the optic nerve or chiasm. CPP has also been described in NF1 in the absence of optic glioma (154). Children with meningomyelocele and spina bifida also have an increased incidence of CPP. Although the precise mechanism responsible for CPP in these children is unclear, associated factors may include increased perinatal intracranial pressure and brainstem malformations such as Chiari II malformations (155). The mechanistic link between CPP and Rathke cleft cysts, Chiari malformation, and pineal and arachnoid cysts is unclear.

Septo-optic dysplasia (SOD) is a heterogeneous congenital condition characterized by presence of at least two features of the classic triad which include optic nerve hypoplasia, anterior pituitary hormone deficiencies, and midline brain anomalies. SOD is associated with genetic variants in HESX1, SOX2, SOX3, and OTX2 genes. Although SOD is typically associated with delayed puberty, CPP can occur (156, 157).

CNS tumors may be treated with CNS irradiation (158). In some instances, CNS irradiation is associated with acquired CPP (159). In this situation, concurrent growth hormone (GH) deficiency may be present. The linear growth spurt of CPP may mask the decreased linear growth velocity due to GH deficiency. Hence, in this setting, consideration should be given to evaluating the GH axis by provocative GH testing. If testing shows GH deficiency, the patient may benefit from treatment with GH combined with GnRH agonist therapy. Rarely, CPP occurs following head trauma and can develop many years after the injury(160, 161).

SECONDARY CPP

Some children exposed to elevated circulating high sex steroid concentrations occurring in other disorders such as McCune-Albright syndrome, congenital adrenal hyperplasia, and virilizing adrenocortical tumors may develop a secondary CPP (163). These individuals typically have accelerated bone age maturation. The precise mechanism responsible for development of the secondary CPP is unclear. The secondary CPP may represent a priming effect of sex steroids on the hypothalamus or potentially as the consequence of the acute decrease in sex steroid concentrations with treatment of the underlying etiology (164) (165).

NON-SYNDROMIC CPP

Specific genetic variants have been associated with non-syndromic CPP (See Table 1) (166). Loss of function MKRN3 variants are the most reported genetic cause of familial CPP. Paternally inherited loss-of-function MKRN3 variants have been reported in up to 33-46 percent of familial cases of CPP and nearly 0-20% percent of sporadic cases (167) . To date, at least 70 deleterious MKRN3 variants have been identified in patients with CPP. These variants lead to diminished inhibition of puberty results in early onset of puberty. Differing ubiquitination patterns suggests that MKRN3 has multiple molecular mechanisms associated with CPP (168). Curiously, a GWAS study investigating parental effects on pubertal development reported that the paternal allele of a specific SNP (rs12148769, G>A) in MKRN3 was associated with age at menarche in healthy girls suggesting that variants in this region affect pubertal timing within the normal range (132). Although circulating MKRN3 concentrations decrease with onset of puberty, peripheral blood MKRN3 concentrations are not adequately sensitive to distinguish CPP (169).

	TABLE 1. Genes Associated with Central Precocious Puberty (175, 461)


	Gene
(Reference/s)
	Protein encoded
	Genetic locus
	Comments

	MKRN3
(59, 63, 167, 462)
	Makorin ring finger protein 3
	15q11-q13
	Loss-of-function mutation

	KISS1R (previously named GPR54)
(463, 464, 465)
	Kisspeptin receptor
	19p13.3
	Gain-of-function mutation

	KISS1
(465)

	Kisspeptin
	1q32
	Gain-of-function mutation

	DLK1
(466, 467, 468)
	Delta-like homolog 1
	14q32
	-Loss-of-function mutation 
-Metabolic abnormalities (obesity, type 2 diabetes, hyperlipidemia)

	ESR1
(469, 470)
	Estrogen receptor 1
	6q25.1-q25.2
	Mutations/polymorphisms, epigenetic change

	CYP19A1 
(471)

	Aromatase
	15q21
	(TTTA)n polymorphism, epigenetic change



Evaluation of another family with CPP led to identification of a loss of function variant in the delta-like 1 homologue (DLK1) gene. DLK1, also known as preadipocyte factor 1, plays a role in the Notch signaling pathway. DLK1 is a paternally expressed gene located at chromosome 14q32.2. Two differentially methylated regions influence the DLK1 imprinting pattern. DLK is located within the genetic locus associated with Temple syndrome. Temple syndrome is characterized by prenatal growth retardation, hypotonia in infancy, motor delay, small hands, CPP, and short stature. In addition to DLK1 loss, two other genes from the paternally inherited chromosome, RTL1 and DIO3, results in Temple Syndrome. Genetic findings associated with Temple syndrome include maternal uniparental disomy, paternal deletion, or loss of differential methylation at the DLK1/MEG3 region on chromosome 14 (170). Women with DLK1 variants also have a metabolic phenotype characterized by overweight/obesity and insulin resistance (171).

Gain-of-function variants in the kisspeptin 1 gene (KISS1) and its cognate receptor, KISS1R, gene have been identified in children with CPP. A heterozygous variant in the KISS1 gene, p.Pro74Ser, was identified in a boy who developed CPP at one year of age; in vitro studies suggested that this variant was more stable than the normal protein leading to a prolonged duration of action (172). A girl with precocious puberty was found to have a variant in the KISS1R gene; in vitro studies of this p.Arg386Pro variant showed prolonged activation of the intracellular signaling pathways following kisspeptin stimulation (173, 174). 

Among a series of 586 children with familial CPP, both maternal and paternal inheritance patterns were found. Variants in MKRN3 were the most common cause in paternally inherited CPP. Among the maternally inherited cases, genetic analysis detected rare variants of unknown significance (175). 

SYNDROMIC CPP

In addition to genetic and idiopathic CPP, CPP can occur as a feature in specific syndromes. Pallister-Hall and Temple Syndrome are described above. Other syndromes associated with CPP include Cowden and Cowden-like cancer predisposition syndromes associated with PTEN, SDHB-D and KLLN gene variants. These disorders are characterized by multiple multisystemic hamartomas which may be associated with CPP when the skull base, infundibulum, or hypothalamus are affected. Although Prader-Willi syndrome is typically associated with delayed puberty, CPP has also been reported (176). Other genetic syndromes associated with CPP include tuberous sclerosis and Williams-Beuren (See Table 2). Williams-Beuren is associated with genetic variant at chromosome 7q11.23 (177). Rare cases of precocious puberty have also been reported in Russell Silver syndrome (178). 

	Table 2. Syndromic Causes of Central Precocious Puberty Without CNS Lesions (CPP)

	Gene (Reference/s)
	Genetic locus
	Comments

	MECP2
methyl-CpG-binding protein 2
(472)

	Xq28
	Rare forms of Rett syndrome

	X-linked dead-box helicase 3
(461)
	Xp11.4
	Neurodevelopmental delay

	Xp22.33 deletion, SHOX region
(473)
	Xp22.33
	Body disproportion, short stature, Madelung deformity

	Xp11.23-p.11.22 duplication 
(474)
	Xp11.23-p11.22
	Intellectual disability, speech delay, electroencephalogram abnormalities, excessive weight, skeletal anomalies

	Temple syndrome
-DLK1
Maternal uniparental disomy or paternal deletion
(170, 473)
	14q32.2
	Imprinting defect, act via DLK1,
Prenatal and postnatal growth failure, hypotonia, small hands and/or feet, obesity, motor delay

	Prader-Willi syndrome
- MKRN3
Paternal deletion or maternal uniparental disomy of chromosome 15q11-q13
(475)
	15q11-q13
	Changes to the imprinted MKRN3 and/or MAGEL2genes 
Hypotonia, obesity, growth failure, cognitive disabilities, hypogonadism

	Silver-Russell syndrome
Hypomethylation of chromosome 11p15 or maternal uniparental disomy of chromosome 7	
(476)

	11p15.5
	Possible imprinted or recessive factors, not well elucidated,
Prenatal and postnatal growth retardation, relative macrocephaly, prominent forehead, body asymmetry, feeding difficulties

	Williams-Beuren
(177, 477, 478)
	7q11.23
	Distinct face, cardiovascular disease, short stature, intellectual disability, hyper-sociability

	Kabuki syndrome 
(479)
	12q13.12
	Downregulation of estrogen receptor activation 
Neurodevelopmental phenotypes, typical distinct face, short stature

	Mucopolysaccharidosis type IIIA or Sanfilippo disease
(480)
	17q25.3
	Severe neurologic deterioration, visceromegaly, skeletal abnormalities


 
NONPROGRESSIVE PRECOCIOUS GONADARCHE 

Some children experience a nonprogressive (or slowly progressing) CPP (179). Typically, basal gonadotropin concentrations are prepubertal. In general, children with nonprogressive CPP show no or minimal pubertal responsiveness to GnRH stimulation. Height potential is generally unaffected. Typically, these individuals do not usually benefit from GnRH-Ra therapy. Physical findings alone cannot distinguish between progressive and nonprogressive CPP. Presumably this early pubertal development reflects a transient premature activation of the GnRH pulse generator. Longitudinal follow-up to assure that puberty is not progressive is the most appropriate management. 

GONADOTROPH ADENOMA

The anterior pituitary gland consists of highly differentiated ectoderm-derived cells expressing specific hormones such as LH, FSH, GH, prolactin, and ACTH. LH and FSH are secreted by gonadotrophs which are derived from the steroidogenesis factor 1(SF-1) lineage. Gonadotroph adenomas, a type of pituitary adenoma, account for approximately 40% of pituitary adenomas  (180, 181) in adults. In children, gonadotroph adenomas can very rarely cause central precocious puberty (182). Though, most gonadotroph adenomas are nonfunctional and benign, rare cases of functional adenomas have been reported. Hormone profiles of functioning adenomas most commonly show elevated FSH concentrations with or without increase in LH concentrations. Elevated TSH secretion resulting in hyperthyroidism may occur concurrently (180, 181).

GUT MICROBIOME AND PUBERTY 

[bookmark: _Hlk161172854]Microbiota interact with a variety of metabolic and endocrine pathways of the host through genetic expression of more than 100 times the human genome. The gut microbiome variety, composition and impact on health depend on a vast number of variables, both internal, such as age, genetic factors, gender, and endocrine and immune systems, as well as external factors, such as diet, environment, drugs, and pathogens. The relationship between sex hormones and gut microbiome is complex. Sex steroids may directly or indirectly influence the sex-specific gut microbiome that develops during puberty (183). One study reported several gut microbiome alterations in girls with CPP including Ruminococcus bromii, Ruminococcus callidus, Roseburia inulinivorans, Coprococcus eutactus, Clostridium sporosphaeroides, Clostridium lactatifermentans, Alistipes, Klebsiella and Sutterella (176). Although the evidence of the interaction between microbiota and sex hormones remains limited, evidence of diversity of the gut microbiota at different pubertal stages and that alterations may occur in girls with CPP represents an area for potential future development in the prediction and prevention of precocious puberty (184).

Treatment of central precocious puberty

GONADOTROPIN-RELEASING HORMONE ANALOGS 

Long-acting Gonadotropin-releasing hormone analogs (GnRHa) have been the standard treatment of CPP since the mid-1980s (185, 186). The GnRHa are super-agonists that bind to the pituitary GnRH receptor downregulating the endogenous pituitary GnRH receptor resulting in decreased gonadotropin and sex steroid secretion. These medications are modified preparations of the native GnRH decapeptide engineered to increase potency and duration of action by substituting a D-isomer amino acid for the naturally occurring L-glycine at position 6. In some analogs, the tenth amino acid is deleted with modification of the naturally occurring L-proline at position 9 (14). 

Several distinct GnRHa preparations are available differing in route of administration and duration of action (See Table 3) (28). The choice of a specific GnRHa depends on patient, caregiver, and physician preference and on insurance coverage/payment/authorization. Treatment with GnRHa leads to regression or stabilization of pubertal symptoms, deceleration of linear growth velocity, and slowing of skeletal maturation. Some girls experience estrogen withdrawal bleeding about 2-3 weeks following the first injection. Parents and the patient should be counseled to expect this episode of vaginal bleeding (187).  

	 Table 3. Currently Available GnRHa Therapeutic Options

	GnRHa Preparations                          
	Dose   
	Frequency        
	Route

	Goserelin
	3.6mg
	Once a month
	intramuscular

	Leuprolide 
	7.5mg
	Once a month
	intramuscular

	
	11.25mg
	Once a month
	intramuscular

	
	15mg
	Once a month
	intramuscular

	
	11.25mg
	Every 3 months
	intramuscular

	
	30mg
	Every 3 months
	intramuscular

	
	45mg
	Every 6 months
	intramuscular

	Leuprolide 
	45mg
	Every 6 months
	subcutaneous

	Triptorelin
	22.5mg
	Every 6 months
	intramuscular

	Nafarelin
	800mcg
	Twice daily
	intranasal

	Histrelin 
	50mg
	Annually *
	Subdermal implant


*May be used up to 2 years (481).

Adverse Effects

In general, GnRHas are safe and effective. Adverse events include injection site reactions and sterile abscesses at the site of the injection or implant (188, 189, 190) which may result in loss of efficacy. Minor reported side effects include headaches, hot flashes, vaginal withdrawal bleeding, and mood swings (191). Extremely rare side effects include hypersensitivity reactions, seizures, slipped capital femoral epiphysis, idiopathic intracranial hypertension, and anaphylaxis. One concern regarding the histrelin implant is possible device fracture during extraction; ultrasound-guided removal of the remaining fragments may be necessary (192). 

GnRHas, specifically only leuprolide and degarelix, have been associated with prolonged QT interval. A prolonged QT interval increases the risk of developing torsades de pointes (TdP) which is a ventricular arrhythmia associated with sudden cardiac death. Low serum potassium or magnesium may exacerbate the risk for prolonged QT interval. Individuals also taking anti-psychotics (typical and atypical), anxiolytics, and anti-depressants may have an increased risk for prolonged QT intervals when taking leuprolide. Hence, providers should inquire regarding other medications, history of congenital heart disease, and family history of Long QT Syndrome or sudden death. If positive, the provider should obtain screening and follow-up EKGs. 

Studies conflict regarding how GnRHa treatment impacts weight gain and BMI. Some studies have reported weight gain during treatment (193, 194, 195, 196) whereas others have not found any significant change in weight or BMI (197, 198). As with all patients, counseling patients regarding the pre-treatment weight trajectory and healthy lifestyle is beneficial. Women with a history of CPP have been reported to have similar adult weight to the general population (199). 

Bone mineral density is typically elevated at diagnosis with deceleration in bone mineral accrual during treatment. However, follow-up several years after treatment shows normal bone mineral density compared to population norms (200). Available outcome data suggest that fertility is not compromised for women or men with histories of CPP (192, 201, 202, 203, 204). 

Despite suggestions that CPP is associated with subsequent development of PCOS, available data are inconsistent. Prospective longitudinal studies are needed to adequately address this concern (205, 206). 

Who to Treat?

For patients less than 7 years of age with a confirmed diagnosis of CPP, the benefit of GnRHa treatment is generally unequivocal. However, the value of GnRHa treatment may be unclear for the peripubertal child (typically a girl) with onset of puberty between 7-9 years of age especially when treatment is unlikely to improve the predicted adult height (PAH) (207). Some girls and their families are comfortable with early pubertal onset and early menarche. In contrast, some girls and their families are distraught when even contemplating early puberty and premature menarche. Consistent evidence-based data regarding negative psychosocial consequences in children with CPP are lacking (208). Further, it may be challenging to justify the medical benefits of GnRHa therapy for early puberty due to the accompanying burdens of increased physician office visits and financial impact. Shared decision-making involving the patient, parents, and medical staff is indispensable to address the benefits and risks of GnRHa in the individual patient (209) .  

Goals of Treatment

Goals of GnRHa treatment include prevention of pubertal progression and height preservation (210). Growth velocity can significantly decline in some children during GnRHa treatment particularly in those with a markedly advanced bone age (211). The use of other height augmenting medications including recombinant human growth hormone (GH) (212, 213, 214, 215), stanozolol (216, 217), and oxandrolone (218) have been explored but none are recommended for sole use or as an adjunct to GnRHa therapy (219, 220).  

Increasing adult height must be judged considering the financial and psychological burdens of this intensive treatment regimen (221). Several recent studies have recommended treatment beyond a bone age of 12 years, however more rigorous studies are needed before such treatment is endorsed (222, 223).

Another goal of CPP treatment is to mitigate psychosocial distress and prevent adverse mental health outcomes. One epidemiological study of over 7000 women showed that adolescents with early age of menarche had higher rates of depression and antisocial behavior, which persisted into adulthood (224). Adverse psychosocial experiences reported in girls with early age at menarche include increased likelihood of teenage pregnancy and childbearing, sexual and physical assault, and reduced likelihood of high school graduation (225). However, studies thus far do not show that GnRHa therapy can mitigate these effects. One small study of 36 girls with CPP treated with GnRHas evaluated behavioral health diagnosis and health-related quality of life and found no abnormalities in psychological functioning (226). In a small study of 15 girls with CPP treated with GnRHa and 15 age-matched controls, comprehensive test batteries revealed similar scores in cognitive performance, behavioral, and psychosocial problems (227). A review of 15 studies evaluating the psychosocial impact of CPP showed an increased psychosocial and health-related quality of life burdens with CPP compared with controls (228). The same study showed qualitative data demonstrating emotional lability in patients with CPP and that physical differences associated with sexual precocity could increase feelings of shame and embarrassment which further increase isolation and social withdrawal (228). Again, larger studies are needed to better establish if and how GnRHas influences the psychosocial issues associated with CPP. 

Monitoring of Treatment 

Treatment efficacy can be monitored by repeat clinical exams assessing pubertal progression, ultrasensitive LH, FSH and sex hormone concentrations (estradiol in girls, testosterone in boys), rate of progression of bone maturation, estimates of PAH and change in PAH, and patient satisfaction. No uniform consensus exists regarding the optimal strategy for monitoring treatment efficacy in children with CPP. Progression of breast or testicular development may indicate poor adherence, treatment failure, or incorrect diagnosis (188). 

Random basal LH concentrations to confirm treatment efficacy may be unhelpful because random LH levels often fail to revert to a prepubertal range even when the HPG axis is fully suppressed (229, 230). Therefore, random LH concentrations cannot be used to indicate treatment failure. To confirm gonadotropin suppression, a GnRH stimulation test with short-acting GnRH or, alternatively, a single LH sample 30–120 min after long-acting GnRH analog administration may be performed (231, 232) and different protocols exist regarding the specific timing and number of LH and FSH measurements (233). Some clinicians prefer to utilize clinical indices particularly in areas where hormone determinations are costly. 

During treatment, breast tissue usually becomes softer with variable changes in size. The rate of bone maturation typically slows with adequate treatment resulting in a decline in BA/CA or a change in BA divided by time. Recent data show that the decline in BA/CA is non-linear and that larger declines are seen in the first 18 months of treatment (222). Thereafter, a slower rate of decrease suggests maintenance of suppression rather than treatment failure.

Height velocity is typically rapid prior to treatment and decreases on treatment. The height deceleration is most apparent during the first 18 months of treatment, similar to the deceleration in skeletal maturation. Subsequently, a prepubertal growth rate is often evident (222). Ideally, the rate of bone maturation decelerates resulting in a net gain in height potential. Therefore, calculating PAH during treatment helps assess efficacy. It is also important to understand that mid-parental height (MPH) influences height outcome. GnRHa treatment for CPP may restore genetic potential but rarely causes PAH to surpass genetic potential. Therefore, treatment efficacy by PAH assessment is always in comparison to MPH.

Discontinuation of Therapy

The decision to discontinue GnRHa treatment needs to be tailored to meet the patient’s specific needs. Factors influencing the decision-making process include synchronizing pubertal progression with peers, patient readiness for resumption of puberty, recent linear growth velocity, bone age X-ray results, and adult height prediction (234). Specific considerations for the developmentally delayed child may be reviewed with the caregivers (137, 234, 235). Pubertal manifestations generally reappear within months of discontinuation of GnRHa treatment; the mean time to menarche is approximately 16 months (217, 218). Several studies have reported that ovulatory function and menstrual cycles are normal once they resume (137, 236). 

PERIPHERAL PRECOCIOUS PUBERTY OR GONADOTROPIN-INDEPENDENT PRECOCIOUS PUBERTY

Peripheral precocious puberty (PPP) is due to either excessive endogenous gonadal or adrenal sex steroid secretion (estrogens or androgens) or from exogenous exposure to sex steroids. Ectopic gonadotropin secretion typically from a germ-cell tumor often located in the CNS can also lead to PPP. PPP may be appropriate for the child's sex (isosexual) or inappropriate, with virilization of females and feminization of males (heterosexual). In most instances, pubertal development is incomplete, and fertility is not attained. Etiologies of PPP include: 

MCCUNE-ALBRIGHT SYNDROME 

McCune-Albright syndrome (MAS) is an uncommon disorder characterized by the triad of gonadotropin-independent precocious puberty, irregular café-au-lait skin pigmentation and fibrous dysplasia of bone (237, 238).  It has been recognized more recently that MAS may exist as a “form fruste” with only one or two features (239). MAS affects both boys and girls. Importantly, precocious puberty is not observed in all affected individuals and tends to be more common among girls. 

MAS is due to a somatic cell (post-zygotic) variant arising early during embryogenesis in the GNAS1 gene which is located at chromosome 20q13.3. This gene encodes the Gsα protein coupled to the G-protein membrane receptors for glycoprotein hormones. Vertical transmission has not been reported suggesting that germline variants are embryonic lethal. Variability in post-zygotic expression of the deleterious variant results in a mosaic pattern of tissue expression and inconsistent clinical manifestations between affected individuals (237). 

Two missense variants, Arg201His and Arg201Cys, are the most frequently identified variants. These variants lead to loss of the α-subunit’s intrinsic GTPase activity resulting in inappropriate cyclic AMP production and constitutive receptor activation. The net result is autonomous ligand-independent signaling by LH, FSH, TSH, GHRH, and ACTH receptors leading to the associated hyperfunctioning endocrinopathies(237).

The café-au-lait lesions are generally large with irregular “coast of Maine” borders and typically do not cross the midline. The café-au-lait lesions result from increased tyrosinase gene expression and melanin production in affected melanocytes (240). 

Bone manifestations are characterized by dysplastic lesions with abnormal bone turnover and inadequate mineralization. These lesions can be associated with pain, malformations, fractures, or nerve compression. The somatic cell gain-of-function variants alter the differentiation of multi-potent skeletal stem cells resulting in the replacement of normal bone and marrow with immature woven bone and fibrotic stroma. The dysplastic tissue is characterized by abundant osteoclast-like cells. Although the somatic Gsα skeletal variants arise during embryogenesis, bone development appears to be normal in utero. 

Bony lesions become apparent during early childhood typically reaching the maximal burden in young adulthood. The variability in the somatic cell expression accounts for the variability in the location and extent of the fibrous dysplasia.  To date, an accurate ascertainment of risk to develop bone disease is unavailable. However, younger age and higher skeletal burden score derived from scintigraphic bone scans appear to predict longitudinal progression of bone disease. Importantly, evolution of bony lesions is not associated with the extent of endocrine manifestations (241).

Overproduction of fibroblast growth factor 23 (FGF23) by skeletal cells bearing the GNAS1 variant can lead to increased urinary phosphate excretion and decreased renal 1-α-hydroxylase activity (242). Although overt hypophosphatemic rickets is uncommon due to compensatory mechanisms, affected individuals often manifest increased serum FGF23 levels and renal phosphate wasting (243).

In the gonads, these variants induce ligand independent activation of gonadotropin receptors resulting in subsequent autonomous ovarian estrogen and testicular testosterone secretion in affected prepubertal girls and boys, respectively. 

Girls may develop recurrent estrogen-secreting cysts accompanied by breast development and linear growth acceleration. Spontaneous resolution of a cyst decreases the estrogen concentration resulting in withdrawal vaginal bleeding. The sequence of pubertal development may be atypical with vaginal bleeding preceding breast development. Hence, MAS should be considered in females with recurrent ovarian cysts and vaginal withdrawal bleeding. Ovarian torsion rarely occurs. Bloodwork may reveal elevated estradiol concentrations with suppressed gonadotropin concentrations. Pelvic ultrasound typically shows one or more ovarian cysts and uterine enlargement. Nevertheless, serum estradiol concentrations and pelvic ultrasound results may be unremarkable following spontaneous involution of an ovarian cyst. Estrogen exposure may lead to accelerated skeletal maturation with adverse consequences on final adult height. In some instances, a secondary gonadotropin-dependent precocious puberty develops. In adult women, the persistent autonomous ovarian activity can lead to abnormal uterine bleeding, menometrorrhagia, which may be so severe as to require blood transfusion. Spontaneous pregnancies can occur, but relative infertility is common (244).

Among boys, autonomous GNAS1 activation in the testes leads to Leydig and Sertoli cell hyperplasia which can be associated with macro-orchidism. Scrotal ultrasound may show focal masses, diffuse heterogeneity, and microlithiasis. Differing from typical pubertal progression, testicular volume in boys with MAS does not accurately indicate pubertal status. Substantial autonomous testosterone production is uncommon. Approximately 15% of boys manifest clinical signs of excessive androgen secretion (239). Leydig cell hyperplasia, the most common histologic finding of the testes, carries a low risk of malignant transformation. Thus, conservative management with periodic scrotal ultrasound imaging is appropriate for follow-up of testicular masses detected in boys with MAS (245). 

Other features associated with MAS include thyrotoxicosis, growth hormone excess (gigantism or acromegaly), and Cushing syndrome. Hypercortisolism is uncommon, typically occurs during the first year of life, and is associated with higher mortality attributed to secondary infections (246). Specific laboratory evaluation and treatment for associated endocrine features should be obtained. Genetic variants can be found in other nonendocrine organs (liver, intestines, and heart) resulting in cholestasis and/or hepatitis, intestinal polyps, and cardiac arrhythmias, respectively (247, 248). Since GNAS1 variants are considered to be weak oncogenes, the risk for malignant transformation is slightly higher than for the general population (239). In addition, women with MAS have an increased risk for breast cancer attributed to earlier estrogen exposure (249).

The diagnosis of MAS is usually based on the characteristic clinical features. Due to GNAS1 variant mosaicism, only 20-30% of peripheral blood lymphocytes are positive for the variant using traditional PCR-based testing. However, variant detection is greater than 80% in the affected tissues (250). Newer circulating cell free DNA testing offers a potential methodology to assess for MAS variants (251) . Importantly, negative testing, especially of peripheral blood lymphocytes, does not exclude the diagnosis of MAS. 

Therapeutic goals focus on treating specific clinical manifestations. For manifestations related to puberty, current medications either inhibit sex steroid biosynthesis or block their actions at the level of end organs. Minimal evidence-based data are available because of the low prevalence of MAS.  Ketoconazole, an anti-fungal medication, has been used because it inhibits the steroidogenic cytochrome P450 enzymes decreasing adrenal and gonadal steroidogenesis (252). However, ketoconazole may interfere with cortisol synthesis; patients need to be monitored for possible adrenal insufficiency and may benefit from use of stress dose hydrocortisone treatment. Rarely hepatic toxicity can occur.  

Aromatase inhibitors prevent conversion of androgens to estrogens. Initial reports for testolactone, fadrozole, and anastrozole were disheartening because no enduring beneficial effects on skeletal growth and bone maturation were observed. Letrozole has been used and showed sustained beneficial effects on skeletal maturation and predicted final height in one small series (253).

Selective estrogen receptor modulators such as tamoxifen and fulvestrant have been used. Tamoxifen has both agonist and antagonist activity at the estrogen receptor. Despite reports regarding the efficacy of tamoxifen to reduce vaginal bleeding accompanied by positive effects on bone, this medication has been reported to increase risk of endometrial disease in adult women (254). In view of potential risks for endometrial cancer, tamoxifen should be used with great caution in women with MAS (255). 

Fulvestrant is a pure estrogen receptor blocker administered by intramuscular injections at monthly intervals. In one small series, vaginal bleeding was reduced with complete cessation of vaginal bleeding in only 8/25 girls. The rate of skeletal maturation decreased without any significant change in linear growth velocity or predicted adult height. Fulvestrant was reported to be well tolerated; additional studies are needed to supplement these initial findings (256). 

In the past, surgery cystectomy or oophorectomy had been performed in girls with MAS (257). Since cyst recurrence is common, cystectomy should be avoided if possible. Women with MAS have the potential for fertility and spontaneous pregnancy; hence, oophorectomy should be avoided (258). 

For boys with MAS associated precocious puberty, therapeutic interventions include androgen receptor blockers, aromatase inhibitors, and ketoconazole to interfere with testosterone synthesis (258). Combination therapy with bicalutamide and anastrozole was successfully utilized in one boy with PPP due to MAS (259). Bicalutamide is a potent nonsteroidal antiandrogen that binds to and inhibits the androgen receptor and increases the receptor’s degradation. Surgical intervention should only be considered for rapidly enlarging palpable testicular masses due to the risk of malignancy (245). 

PREMATURE MENARCHE AND OVARIAN CYSTS  

Functioning ovarian follicular cysts can secrete estradiol resulting in isolated premature vaginal bleeding or peripheral precocious puberty (260, 261). Additional signs of puberty may be absent in girls with isolated premature menarche. Although some girls may present with slight breast development followed by vaginal bleeding. The bleeding typically lasts only a few days and is usually attributed to spontaneous resolution/regression of an estrogen-secreting ovarian cyst. By the time a pelvic ultrasound can be obtained, the cyst has resolved, and the ultrasound shows no abnormalities. Isolated premature menarche may be limited to a single episode or may be recurrent. In most instances, linear growth velocity, onset of cyclic menstrual cycles, and final adult height are unaltered. 

Differential diagnosis includes sexual abuse, vaginal foreign body, vaginal infections, MAS, or primary hypothyroidism (262). Due to the intermittent nature of these cysts, conservative medical management is usually appropriate (263). Large cysts may predispose to ovarian torsion (264, 265, 266, 267). Patients with ovarian torsion usually present with short duration of pain and systemic symptoms such as vomiting. Given the low frequency of malignancy in such an ovarian, detorsion with or without cystectomy is generally preferred (268). Gonadectomy should be avoided to preserve fertility. Rarely, rhabdomyosarcoma or sclerosing stromal tumors can present with vaginal bleeding. 

OVARIAN TUMORS  

Estrogen-secreting ovarian tumors are a rare cause of peripheral precocious puberty. Specific types of tumors include granulosa cell, gonadal stromal cell, ovarian sex cord stromal, and theca cell tumors. 

Juvenile granulosa cell tumors (JGCT) are the most common ovarian tumors. Typically, these tumors present with rapidly progressive isosexual precocity (269). Most JGCT are large enough to be palpated during an examination and are typically limited to the ovary at the time of diagnosis. Circulating estradiol concentrations may be extremely elevated with suppressed gonadotropin concentrations. Circulating tumor markers including α-fetoprotein (AFP), lactate dehydrogenase (LDH), β-human chorionic gonadotropin (β-hCG), cancer antigen 125 (CA-125), and inhibin B can be identified. Genetic somatic variants have been identified in juvenile granulosa cell tumors. Over 60% of JGCT carry in frame duplications in the AKT1 gene; this gene codes for a kinase involved in ovarian mitogenic signaling (270). Other identified variants include KMT2C-truncating and the ribonuclease III domain of DICER1 variants.  In contrast to adult granulosa cell tumors of the ovary, variants in the FOXL2 gene are generally not found in JGCT. Ollier and Maffucci syndromes, rare disorders associated with benign cartilaginous enchondroma, have been associated with JGCT (271). Surgical excision with peritoneal cytology for staging is the primary treatment. 

Rarely, other tumors including gonadoblastoma, lipid tumors, cystadenomas, and ovarian carcinomas can secrete sex steroids. Finding elevated serum inhibin and AMH concentrations suggest that the tumor cells are derived from granulosa or Sertoli cells. 

Sex cord tumors with annular tubules can occur in patients with Peutz-Jeghers Syndrome. Peutz-Jeghers Syndrome is an autosomal dominant disorder associated with mucocutaneous pigmentation, gastrointestinal polyposis, and genetic variants in the STK11 gene located at chromosome 19p13.3. (272) The gonadal tumors can be multi-focal, bilateral, and can differentiate into granulosa cell or large cell calcifying Sertoli cell tumors with the potential to secrete estrogen. Thus, girls may present with precocious puberty whereas boys may present with gynecomastia. 

Sertoli-Leydig cell tumors are rare ovarian tumors often associated with somatic or germline DICER1 variants (273). Most are unilateral, but bilateral tumors have been described.  These tumors contain testicular structures, Sertoli and Leydig cells, and can rarely secrete androgens. Hence, girls can virilize with pubic hair development (274, 275). Girls known to carry germline DICER1 variants should undergo regular pelvic ultrasounds to screen for ovarian tumors (276). 

LEYDIG CELL TUMORS  

Leydig cell tumors are a subtype of testicular stromal tumors that arise from testosterone producing Leydig cells. In prepubertal boys, presenting features include penile enlargement, acne, development of pubic and axillary hair, and accelerated linear growth velocity. Examination of the testes typically show asymmetric testicular volume due to a unilateral testicular tumor. Leydig cell tumors are usually benign. Bloodwork shows elevated circulating testosterone concentrations and suppressed gonadotropin concentrations. Ultrasound is useful to assess testicular volume and morphology. 

Treatment involves surgical removal of the tumor. When possible, testis-sparing enucleation is preferred to radical orchiectomy to preserve testicular function and fertility. The surgical approach is dictated by the intraoperative assessment of tumor size, location, and the amount of remaining normal testicular parenchyma (277, 278).

HUMAN CHORIONIC GONADOTROPIN SECRETING GERM CELL TUMORS  

During early gestation, primordial germ cells migrate from the hindgut to the gonads. In some instances, the germ cells can migrate to locations outside of the gonad, fail to undergo apoptosis, proliferate in these atypical locations, and ultimately become hCG-secreting germ cell tumors (279). Common locations for germ cell tumors include the CNS, lung, or liver (280). Boys and men with Klinefelter syndrome are at higher risk to develop extra-gonadal GCTs particularly in the mediastinum (281). In addition, hepatoblastoma secreting hCG and α-fetoprotein can also present with precocious puberty (282). Due to the similarity between hCG and LH which have identical α-subunits and related β-subunits, tumor-derived hCG stimulates testicular LH receptors resulting in testosterone secretion. In the prepubertal boy, the aberrant hormone exposure can result in precocious puberty (27, 28). Testicular volume may not increase since seminiferous tubule growth does not occur in the absence of FSH stimulation. Bloodwork shows elevated hCG and testosterone concentrations with suppressed/variable LH and FSH concentrations. 

Prepubertal girls generally do not develop isosexual precocious puberty with hCG-secreting germ cell tumors because in the absence of FSH, the granulosa cells do not express aromatase and are unable to synthesize estradiol.

GERM CELL TUMORS 

Chromosomal aneuploidy or genetic variants can interfere with gonadal development resulting in dysgenetic gonads. In this situation, the appropriate microenvironment for normal germ cell maturation is absent, thereby disrupting the normal maturational progression for germ cells. This situation may result in the development of gonadal germ cell tumors. Precursor lesions of germ cell tumors include germ cell neoplasia in situ (GCNIS, formerly termed carcinoma in situ – CIS) and gonadoblastoma (283). Subsequently, dysgerminoma, seminoma, or non-seminoma may develop. Usually, such germ cell tumors do not secrete significant amounts of sex steroids. 

FAMILIAL MALE LIMITED PRECOCIOUS PUBERTY (FMPP)

Familial male-limited precocious puberty (also known as testotoxicosis) is due to an autosomal dominant activating germline variant in the LH/choriogonadotropin receptor (LHCGR) gene located at chromosome 2p21. The LH/CG receptor is a G-protein coupled receptor (284). The variant is associated with autonomous ligand-independent receptor signaling leading to Leydig cell hyperplasia and premature testosterone secretion in prepubertal boys. Pathogenic missense variants associated with FMPP tend to congregate in an apparent hot spot located in the 6th transmembrane segment and in the 3rd intracellular loop (285). 

Affected males typically present between two to six years of age with penile enlargement, linear growth acceleration, advanced skeletal maturation, acne, and pubarche. The testes are usually symmetrically enlarged due to the Leydig cell hyperplasia, but the size is disproportionately smaller compared to the testosterone levels (286, 287). A large portion of the testicular volume is formed by Sertoli cells which are not stimulated in this condition (286, 287). Circulating testosterone concentrations are elevated with suppressed gonadotropin concentrations. Although adult height is generally compromised, fertility has been reported (288). Longitudinal follow-up with testicular self-examination and scrotal ultrasound is recommended because malignant testicular germ cell tumors have been described in a few individuals (289).

Therapeutic goals include decreasing autonomous testicular testosterone secretion and slowing epiphyseal maturation. To date, several medications including ketoconazole, spironolactone, bicalutamide, and aromatase inhibitors have been used with varying efficacy (286). To date, the most effective therapy is combination treatment with an anti-androgen and an aromatase inhibitor (290, 291). If secondary GnRH-dependent precocious puberty develops, GnRH agonist therapy can be added to the therapeutic regimen. Abiraterone, a selective CYP17A1 inhibitor, was utilized in a young boy with bilateral Leydig cell tumors and resistance to the usual combination regimen of an anti-androgen and aromatase inhibitor. He required glucocorticoid replacement therapy and monitoring for possible excessive mineralocorticoid action because of abiraterone treatment-associated iatrogenic 17-hydroxylase/17,20-lyase deficiency (292).

Although inherited as an autosomal dominant disorder, girls do not develop precocious puberty (293). Since only the LHCGR gene is affected, the presumably minimally increased theca cell androgens cannot be aromatized to estradiol in the absence of FSH stimulation. Importantly, asymptomatic women can transmit the affected allele to their sons.   

PRIMARY HYPOTHYROIDISM 

Children with profound chronic primary hypothyroidism may present with precocious puberty. Van Wyk and Grumbach described this association in 1960 (294). Clinical features in girls include early breast development, vaginal bleeding, and galactorrhea. Boys present with testicular enlargement. Pubic and axillary hair are absent. Typical features associated with hypothyroidism such as short stature, impaired linear growth, puffy face, dry skin, constipation, and delayed skeletal maturation (despite pubertal changes) are usually evident. Pituitary imaging shows an enlarged pituitary gland. Abdominal ultrasound may show ovarian enlargement with or without ovarian cysts. Labs show mild elevation in FSH levels but LH levels usually remain prepubertal. 

Levothyroxine therapy induces regression of pubertal symptoms, stops vaginal bleeding, and decreases pituitary volume. However, final height may often be compromised due to accelerated skeletal maturation upon initiation of thyroxine treatment. One potential mechanism for the precocious puberty is cross-reactivity of TSH at the ovarian FSH receptor. TSH and FSH share a common α-subunit with hormone specificity due to the differing β-subunits (295). This mechanism was tested using recombinant human TSH in an in vitro bioassay which, at high concentrations, was able to stimulate human FSH receptors (296, 297, 298, 299).

VIRILIIZING CONGENITAL ADRENAL HYPERPLASIAS

The virilizing congenital adrenal hyperplasias (CAHs) are autosomal recessive disorders associated with impaired adrenal steroidogenesis due to genetic variants in steroidogenic enzyme genes. The most common is 21-hydroxylase deficiency due to variants in the 21-hydroxylase gene (CYP21A2) located at chromosome 6p21.33. Clinically, congenital adrenal hyperplasias reflect a phenotypic spectrum ranging from presentation in neonatal period with classic salt-losing CAH to presentation during infancy/todder age with classic simple virilizing CAH to later presentations with non-classic CAH. Milder or non-classic forms have been described for 11-β-hydroxylase deficiency and 3β-hydroxysteroid dehydrogenase deficiency (300).

Children with non-classic CAH typically present with premature pubarche characterized by pubic/axillary hair development, acne, accelerated linear growth velocity, and advanced skeletal maturation. Girls may have clitoromegaly whereas boys may have phallic enlargement with prepubertal testicular volume. Adult women with non-classic CAH usually present with irregular menses, hirsutism, and infertility.

The diagnostic test for 21-hydroxylase deficiency is an elevated 17-hydroxyprogesterone (17-OHP) concentration. Early morning basal 17-OHP values have been suggested as an effective screening test with reports of 100% sensitivity and 99% specificity with a threshold value of 200 ng/dl (6 nmol/L) to diagnose NCAH in children who present with premature pubarche (301). If the diagnosis is highly suspected despite relatively normal 17-OHP concentrations, an ACTH stimulation test may be indicated to exclude the diagnosis of 21-hydroxylase deficiency. For an ACTH stimulation test, following collection of a basal blood sample, 0.25 mg synthetic ACTH (Cortrosyn) is administered by intravenous or intramuscular routes; a second blood sample is collected at 30 and/or 60 minutes. Physician preference governs the timing of the ACTH-stimulated 17-OHP concentration. In the future, 21-deoxycortisol and 11-oxyandrogens may be increasingly utilized in the diagnosis and management of 21-hydroxylase deficiency (302, 303). The reader is referred to more extensive discussion of the virilizing CAH (304, 305). 

ADRENOCORTICAL TUMORS 

Androgen-secreting adrenocortical tumors are extremely rare causes of PPP accounting for less than 1% of all childhood malignancies. Most tumors occur in children younger than 4 years of age with a second smaller peak in adolescents. Pediatric adrenocortical tumors are categorized as adenomas or carcinomas based on histological features. However, histopathologic differentiation may be challenging, and biologic behavior of the tumor may help with this categorization (306). 

Pediatric adrenocortical carcinoma is more common in girls than boys and has a bimodal pattern with peaks under age 5 and over 10 years of age (307). Adrenocortical tumors are associated with several genetic syndromes such as Li-Fraumeni syndrome and Beckwith-Wiedemann syndrome (BWS). Li-Fraumeni Syndrome is an autosomal dominant familial cancer syndrome associated with germline p53 gene variants. The p53 gene (or TP53 gene) is a tumor suppressor gene located at chromosome 17p13.1, and codes for the protein p53. Malignancies associated with Li-Fraumeni syndrome include adrenocortical carcinomas, breast cancer, brain tumors, and sarcoma. The incidence of adrenocortical tumors is 10-15 times higher in southern Brazil; this has been attributed to the higher prevalence of the R337H variant of the TP53 gene (308).

Beckwith-Wiedemann syndrome is characterized by macroglossia, macrosomia, organomegaly, neonatal hypoglycemia due to hyperinsulinism, and abdominal wall defects. This disorder is associated with uniparental disomy in the 11p15 chromosomal region leading to IGF2 growth factor overexpression. Although only 1% of children with Beckwith-Wiedemann Syndrome will develop adrenocortical carcinomas, these adrenal tumors account for approximately 20% of the neoplasms in children with this disorder (309). Other disorders associated with adrenal tumors include Multiple Endocrine Neoplasia Syndrome Type 1 (MEN1) and Carney complex (310). 

The next section reviews variants of puberty associated with early pubertal changes and are important differentials to consider in the evaluation of CPP.
.
PREMATURE THELARCHE 

[bookmark: _Hlk163494613]Premature thelarche is the premature development of glandular breast development. The breast development may be unilateral or bilateral. Typically, premature thelarche develops in otherwise healthy girls between 12-24 months of age and is self-limited. No other pubertal changes are evident; linear growth velocity is normal and pubic/axillary hair are absent. On physical examination, the areolae and vaginal mucosa are prepubertal. The diagnosis can usually be made on a clinical basis without bloodwork or bone age X-rays (311). Pelvic ultrasound showed increased prevalence of ovarian microcysts in girls with premature thelarche compared to age-matched controls; no correlation between ovarian cysts, gonadotropin concentrations, and estradiol concentrations has been found (312). Longitudinal follow-up is appropriate to confirm the diagnosis and assess for the unlikely possibility of progression to CPP.

PREMATURE ADRENARCHE

Pubarche refers to the appearance of pubic/axillary hair, increased apocrine odor, and acne due to the onset of adrenarche. Adrenarche refers to the pubertal maturation of the adrenal zona reticularis. Adrenarche which normally occurs in children between 6-8 years of age and is characterized by increased secretion of the adrenal androgen precursors DHEA, DHEAS, and androstenedione. 

Premature adrenarche is characterized by premature pubarche, which is defined as the development of pubic or axillary hair before 8 years in girls or 9 years in boys. There is no breast development in females and no testicular enlargement in males. Bone age is usually not advanced. Premature adrenarche is a diagnosis of exclusion. Thus, exclusion of other disorders such as CAH, androgen-secreting tumors, exogenous androgen exposures, and other rare genetic disorders such as apparent cortisone reductase and PAPS synthase 2 (PAPSS2) deficiencies is essential (313). 

Children with premature adrenarche and early androgen excess may be at a higher risk to develop the metabolic syndrome. Waist circumference (WC), waist/hip ratio, and total and truncal fat mass increase are detected in premature adrenarche. Increases in systolic and diastolic blood pressure (BP), total cholesterol (TC), very low-density lipoprotein (VLDL), TC/high density lipoprotein (HDL), low density lipoprotein (LDL)/HDL ratio, and atherogenic index (AI) have been reported. Increased insulin concentrations starting from prepubertal ages may occur suggesting that premature adrenarche may be one of the first symptom of insulin resistance (IR) in childhood (314, 315). T2DM may occur in a subset of these cases. Ovarian hyperandrogenism, hirsutism, ovulatory dysfunction, and polycystic ovaries may be more frequent in girls with premature adrenarche during post pubertal ages than normal population. Although, early retrospective data in a homogenous population suggests an association between premature adrenarche and adolescent hyperandrogenism (316), more recent longitudinal data suggests that premature adrenarche was not associated with adolescent ovarian dysfunction and was only associated with lower SHBG concentrations (317). 

EXPOSURE TO EXOGENOUS SEX STERIODS  

Feminization, including gynecomastia in males, has been attributed to excess estrogen exposure from creams, ointments, and sprays. Other possible sources of estrogen exposure include contamination of food with hormones, phytoestrogens (e.g., in soy), and over-the-counter remedies such as lavender oil and tea tree oil (318, 319, 320, 321). Similarly, virilization of young children has been described following inadvertent exposure to androgen-containing creams/gels (322).

Endocrine-Disrupting Chemicals 

Various endocrine-disrupting chemicals (EDCs) are found in the environment  (323, 324, 325, 326).  Most EDCs have chemical structures similar to those of endogenous sex steroids. These chemicals can disrupt steroid hormone receptor binding and hormone metabolism altering hormone concentrations or changing hormone synthesis/degradation (327). EDCs can act beyond steroid hormone receptors by affecting transcriptional modulators and direct effects on genes. Some EDCs have mixed activities, and most EDCs include several different chemicals. The patient’s age and duration of exposure modulate the consequences of EDC exposure. In addition, EDCs can be classified as persistent (long-lasting) or non-persistent (short half-lives). Environmental EDC exposures can be transgenerational such that future generations could be affected (328). Mechanisms for EDC exposures include ingestion, topical use, inhalation, and transfer across the placenta (329). 

The consequences of mixed “cocktail” EDC exposures on pubertal development are indeterminate. A systematic review with a stringent meta-analysis found no consistent association between xenobiotic EDCs and pubertal timing apart from an insinuation that, in girls, postnatal exposure to phthalates could be associated with earlier thelarche and later pubarche, consistent with their anti-androgenic properties. Methodological heterogeneity, limited number of studies, and variability in statistical analyses constrained the conclusions of this systematic review. Hence, future longitudinal epidemiologic studies to clarify the specific EDCs, age at exposure, and duration of exposure will be valuable (327, 330). 


DELAYED PUBERTY

Gonadarche associated with the reactivation of the GnRH pulse generator, is signified by breast development in girls and testicular enlargement in boys. Delayed puberty is defined as absence or delayed onset of gonadarche at a chronologic age >2 standard deviations later than the population mean. In girls, delayed puberty is defined as absence of breast development by age 13 years or lack of menarche by age 15 years (331) or 3 years from onset of thelarche (332). In boys, delayed puberty is defined as the lack of testicular enlargement to a volume >= 4 ml by age 14 years (333). Delayed puberty is more common in boys than in girls. 

Four main categories of delayed puberty have been described (See Table 4). 
· transient hypogonadotropic hypogonadism associated with delayed maturation of the HPG axis also known as constitutional delay of growth and puberty (CDGP)
· hypergonadotropic hypogonadism characterized by primary gonadal dysfunction with consequent elevated LH and FSH concentrations.
· hypogonadotropic hypogonadism with low LH and FSH concentrations due to congenital (CHH) or acquired causes
· functional hypogonadotropic hypogonadism (FHH), as seen in chronic health disorders such as cystic fibrosis, renal failure, inflammatory bowel disease, restrictive eating disorders etc. 

	Table 4. Etiologies of Delayed Puberty (458)

	Condition
	Etiology

	Constitutional Delay of Growth and Puberty
	Genetic basis has infrequently been described in HS6ST1, FTO, IGSF10, EAP1 genes

	Hypergonadotropic Hypogonadism
	Congenital:
-Klinefelter’s syndrome
-Turner syndrome
-Gonadal dysgenesis 
-Anorchia
-Primary ovarian insufficiency
-Testicular regression syndrome
-Genetic causes: FMR1, STAG3, NR0B1, NR5A1, FOXL2, WT1 and others
-Galactosemia

	
	Acquired:
-Infectious (mumps)
-Autoimmune (polyglandular syndromes)
-Surgery (torsion, trauma)
-Chemotherapy (alkylating agents)
-Radiation
-Gonadal tumor

	Hypogonadotropic Hypogonadism 
	Congenital: 
-Isolated HH: Over 50 genes have been identified; notable are ANOS1, FGFR1, FGF8, PROK2, CHD7, KISS1, KISS1R, GNRH, GNRHR and others
-Prader Willi
-CHARGE syndrome
-Noonan
-Bardet-Biedl
- Panhypopituitarism associated with genetic variants in PROP1, HESX1, LHX, LHB, FSHB and others.

	
	Acquired:
-Central nervous system tumors (e.g., craniopharyngiomas, germinomas), cysts, 
-Cranial surgeries, 
-Cranial radiation therapy greater than 
 30 Gy 
-Other inflammatory, autoimmune (hypophysitis), and infiltrative (Langerhans cell histiocytosis) diseases of the pituitary gland

	Functional Hypogonadotropic Hypogonadism
	-intense physical stress (competitive gymnastics, ballerina syndrome)
-emotional stress (elevated glucocorticoids)
-caloric deficit (anorexia nervosa)
-chronic systemic illness (celiac, inflammatory bowel disease, CF, renal disease)
-endocrinopathies (hypothyroidism, excess glucocorticoids, hyperprolactinemia)
-medication adverse effects
-pituitary iron deposits in chronic transfusion dependent children



Transient Hypogonadotropic Hypogonadism Associated with Delayed Maturation of the HPG Axis/ Constitutional Delay of Growth and Puberty (CDGP)

Transient hypogonadotropic hypogonadism also known as constitutional delay in growth and puberty (CDGP) is the most common etiology of delayed puberty occurring in 70% of boys and 32% of girls with delayed puberty (334). In both sexes, CDGP is self-limited and is considered to represent a variant of normal pubertal timing. CDGP has a strong genetic component, with a positive family history of delayed puberty reported in 50% to 75% of cases (335). 

Distinguishing between CDGP and congenital hypogonadotropic hypogonadism (CHH) may be challenging because these conditions share clinical features, hormone levels, and radiological findings. Inhibin B and LH levels tend to be lower in boys with CDGP, but the overlap in values precludes the use of these hormones to distinguish between CDGP and CHH. 

For boys, 3-4 months of steroid priming with testosterone followed by 3-4 months of observation is commonly used to discriminate CHH from CDGP (336). It has been suggested that this sex steroid exposure stimulates resumption of the HPG axis activity leading to secondary sex characteristics typical of male puberty (337). Individuals who show no pubertal progression during the observation period should be evaluated for CHH or another disorder affecting the HPG axis. Estradiol priming has been used similarly in girls to distinguish CHH from CDGP (338). Due to the differences in the long-term outcomes, accurate diagnosis is essential, with CDGP being largely a diagnosis of exclusion (339). 

CDGP occurs more commonly in family members of individuals with CHH compared to the general population (340). Individuals with CDGP appear to have higher prevalence of pathogenic variants compared to unaffected family members or controls (341). Some genetic variants have been detected in both individuals with CDGP and CHH; these genes include HS6ST1, PROKR2, TAC3, TAC3R, and IL17RD (342). Genetic variants associated primarily with CDGP include IGFS10, EAP1, and FTO (338). 

Hypergonadotropic Hypogonadism

Pubertal delay associated with hypergonadotropic hypogonadism is usually associated with disorders affecting gonadal function, specifically gonadal steroidogenesis. With the onset of gonadarche and increased GnRH and gonadotropin secretion, inadequate gonadal steroid secretion and lack of negative feedback leads to increasing gonadotropin secretion. These conditions may be present at birth or acquired.

TURNER SYNDROME  

Turner Syndrome refers to deletions or structural rearrangements of the X chromosome. The 
reported incidence is around 1 in 2500 liveborn female births (343). The initial in utero process of ovarian differentiation proceeds normally with migration of the primordial germ cells into the developing ovary during the fourth week of gestation. By 18 weeks of gestation, premature degeneration of ovarian follicles has begun. The ovarian follicles are typically replaced by connective tissue resulting in the characteristic streak gonad. This accelerated follicular atresia usually leads to premature ovarian insufficiency. Girls with Turner syndrome have gonadal dysgenesis or “streak gonads” in 85% of cases at birth. However, because adrenal androgen secretion is not impaired, the onset of pubarche usually occurs at a normal time. Typical clinical features of girls with Turner syndrome include short stature, short/webbed neck, shield shaped chest with the appearance of widely spaced nipples, cubitus valgus, and Madelung deformity of the forearm and wrist, shortened fourth metacarpals/metatarsals, horseshoe kidneys, coarctation of the aorta, increased risk for autoimmune conditions, and aberrant development of the lymphatic system. Many girls with Turner syndrome may remain undiagnosed until later in childhood or adolescence when they present with short stature and/or delayed puberty. With increased utilization of noninvasive prenatal screening (NIPS), many girls with Turner Syndrome are detected prenatally. The reader is referred to other publications for more extensive discussion regarding the features and approach to multidisciplinary health care management (344, 345, 346). 

KLINEFELTER SYNDROME 

Klinefelter Syndrome is a chromosomal aneuploidy characterized by 47, XXY karyotype and premature testicular insufficiency. Increased NIPS utilization has led to detection of many boys in utero and is estimated to occur in 1 in 667 males based on prenatal cytogenetic analysis (347). However, many men remain underdiagnosed, with less than 10% of patients being diagnosed prior to puberty. Men with Klinefelter syndrome typically present with tall stature, incomplete puberty, or gynecomastia. Generally, the onset of puberty is not delayed. Klinefelter syndrome is associated with small firm testes, Sertoli cell dysgenesis, impaired spermatogenesis, and variable degrees of testosterone deficiency (348). Learning disabilities, language and visuospatial processing defects, and neuropsychiatric conditions such as attention-deficit/hyperactivity disorder and depression are common (349). If a tumor is found in the anterior mediastinum, a karyotype should be performed to evaluate for Klinefelter syndrome because of its association with mediastinal germinoma (350). Despite normal BMI, the body fat percentage, and the ratio between android fat percentage and gynoid fat percentage are significantly higher than normal. They may also have an impaired bone metabolism starting during childhood and adolescence. Systematic studies are needed to evaluate whether testosterone replacement therapy during puberty will improve these parameters (351). The reader is referred to other publications for more extensive discussion regarding the features and approach to multidisciplinary health care management (352, 353, 354, 355, 356).

DIFFERENCES OF SEX DEVELOPMENT  

Differences of sex development (DSDs) are a group of conditions where external genital development is atypical. These disorders are associated with chromosomal anomalies, genetic variants, and environmental influences (357). Gonadal function is impaired in some types of DSDs resulting in primary gonadal failure and hypergonadotropic hypogonadism. Detailed review of DSDs is beyond the scope of this chapter. The interested reader is referred to other Endotext chapters for more extensive review of DSDs. 

GENETIC CAUSES OF PREMATURE OVARIAN INSUFFICIENCY (POI)

POI can present with primary or secondary amenorrhea.  Fragile X-associated premature ovarian insufficiency is among a family of disorders caused by the expansion of a CGG trinucleotide repeat sequence located in the 5′ untranslated region (UTR) of the fragile X messenger ribonucleoprotein 1 (FMR1) gene on the X chromosome. One etiology is premutation of the FMR1 gene associated with 55-200 CGG repeats without abnormal methylation of the neighboring CpG island and promoter, responsible for both fragile X associated premature ovarian insufficiency in females and fragile X associated tremor ataxia syndrome in males and females where patients may present with mild to moderate intellectual disability, intentional tremor and cerebellar ataxia, peripheral neuropathy, Parkinsonism, and urinary and bowel incontinence.

The X chromosome carries many genes that govern follicular maturation and overall ovarian function, and numerical and structural changes in this chromosome, as in Turner syndrome or triple X syndrome, are associated with POI.

Multiple genes are involved in ovarian differentiation, oocyte development, and, ultimately, folliculogenesis and variants in these genes may be associated with premature ovarian insufficiency (358, 359). The clinical phenotype ranges from delayed puberty to secondary amenorrhea (360).  

GALACTOSEMIA 

Galactosemia is a rare cause of delayed puberty. Classic galactosemia is a rare inborn error of galactose metabolism due to a defect in the gene encoding the galactose-1-phospate uridyltransferase enzyme (GALT). The prevalence is approximately 1/30,000–60,000 (361). Early manifestations include lactose intolerance, jaundice, failure to thrive, lethargy, hepatocellular damage, renal tubular disease, and cataracts. A galactose-free diet can reverse the neonatal symptoms. However, some long-term complications such as developmental delay, intellectual disability, epilepsy, osteoporosis, and premature ovarian insufficiency may still develop. In females, hypergonadotropic hypogonadism resulting in delayed puberty, primary or secondary amenorrhea, and infertility may occur (362, 363). Available data from patients with classic galactosemia suggest that the primary ovarian insufficiency is due to dysregulation of pathways essential for folliculogenesis culminating in premature ovarian insufficiency (364). Several previous cohort studies in males showed delayed puberty and below-target final height (365, 366, 367), however a recent study with 47 males showed that puberty and fertility were normal and in contrast to earlier reports, AMH, testosterone and Inhibin B levels were normal (361).

Hypogonadotropic Hypogonadism

Pubertal delay associated with hypogonadotropic hypogonadism is usually associated with disorders affecting the neurons that secrete GnRH or the pituitary gonadotrophs that secrete the FSH and LH. These conditions may be present at birth or acquired as described below.

CONGENITAL HYPOGONADOTROPIC HYPOGONADISM 

The initiation and maintenance of reproductive capacity in humans depends on pulsatile GnRH secretion. Congenital hypogonadotropic hypogonadism (CHH) results from the absence of the normal pulsatile GnRH secretion or deficient pituitary gonadotropin secretion leading to delayed puberty and infertility. The number of genetic loci associated with CHH continues to expand (Table 4). CHH may be associated with variants in genes involved in the development or migration of GnRH neurons as well as genes involved in the secretion or action of GnRH (368). Autosomal recessive, autosomal dominant, X-linked, and oligogenic inheritance have been described (369, 370). Additional genetic influences include epigenetic factors (371). Clinical heterogeneity has been described between and within families (372). 

Given the developmental origins of GnRH neurons in the olfactory placode, CHH can be associated with anosmia or hyposmia. The association of CHH and anosmia is known as Kallmann syndrome. Classic Kallmann syndrome is associated with variants in the ANOS1 gene which is mapped to the X chromosome. Other features of Kallmann syndrome due to ANOS1 variants include unilateral renal agenesis, sensorineural hearing loss, dental agenesis, synkinesia (alternating mirror movements), and cleft lip/palate (373). 

In syndromic CHH, associated clinical features may help identify the possible gene(s). For example, clinical features associated with FGFR1 variants include anosmia/hyposmia, cleft lip/cleft palate, dental agenesis, and skeletal anomalies. CHH can also occur in the CHARGE syndrome, which is characterized by coloboma, congenital heart disease, choanal atresia, genital anomalies, ear anomalies, and development delay. CHH can occur with impaired pituitary development associated with PROP1, HESX1, or LHX variants. CHH is also associated with variants in the GnRH, GnRHR, LHB, and FSHB genes (See Table 5). Although some genetic loci are common to both CDGP and CHH, the genetic architectures of these two conditions are largely distinct (374). 

	Table 5. Genes Associated with Delayed Puberty (338, 482, 483)

	Gene
(Reference/s)
	Protein encoded
	Genetic locus
	Associated features/syndromes

	                                         SYNDROMIC CAUSES

	FGFR1/FGF8

(484, 485)
	Fibroblast Growth Factor Receptor 1/fibroblast growth factor 8
	8p11.23
	Hartsfield syndrome

	LEPR/LEP
(486, 487, 488)
	Leptin receptor and Leptin
	1p31.3
	Severe obesity syndromes

	PCSK1
(489)
	Prohormone convertase 1 gene
	5q15
	Obesity, ACTH deficiency, diabetes

	DMXL2
(490)
	DmX-like protein 2
	15q21
	Polyendocrinopathy, Polyneuropathy syndrome

	RNF216/
OTUD4
(491)
	Ring finger protein 216/ OTU domain-containing protein 4
	4q31.21
	Gordon Holmes

	PNPLA6
(492, 493)
	Patatin-like phospholipase domain-containing protein 6
	19p13.2
	Gordon Holmes, Oliver McFarlane,
Lawrence Moon, Boucher-Neuhauser syndrome

	SOX10
(494)
	Sex determining region Y-Box transcription factor 10
	22q13.1   
	Wardenburg syndrome

	SOX2
(495)
	Sex determining region Y-Box transcription factor 2
	3q26.33
	Optic nerve hypoplasia, CNS abnormalities

	SOX3
(496)
	Sex determining region Y-Box transcription factor 3
	Xq27.1
	Intellectual disability, craniofacial abnormalities, multiple pituitary hormone deficiencies

	IGSF1
(497, 498)
	Immunoglobulin superfamily member 1
	Xq26
	Associated with X-linked central hypothyroidism, macro-orchidism

	HESX1
(499)
	HESX homeobox 1
	3p14.3
	Hypopituitarism, septo-optic dysplasia

	CHD7
(500, 501, 502)
	Chromodomain helicase DNA binding protein 7
	8q12.2
	CHARGE syndrome

	POLR3A/
POLR3B
(503, 504, 505)

	RNA polymerase III
	12q23.3
	Hypomyelination, hypodontia

	NROB1
(DAX-1)

(506, 507)
	Nuclear Receptor Subfamily 0 Group B Member 1/ dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1
	Xp21
	Adrenal hypoplasia

	REV3L/
PLXND1
(508)

	Catalytic subunit of DNA polymerase zeta
	6q21
	Möbius syndrome

	PWS
(509, 510)
	
	15q11.2
	Prader-Willi syndrome

	BBS1, BBS2, ARL6, BBS4, BBS5, MKKS, BBS7, TTC8, BBS9, BBS10,
TRIM32, BBS12
(511, 512)
	Encoded protein may play a role in eye, limb, cardiac and reproductive system development
	11q13.2, 20p12, 16q21, 15q22.3‐23, 14q32.1
(multiple loci)
	Bardet-Biedl syndrome

	PHF6
(513)
	Plant homeodomain (PHD)-like finger protein 6 
	Xp26.2
	Borjeson‐Forssman‐Lehmann syndrome

	SMCHD1

(514)
	Structural maintenance of chromosomes flexible hinge domain containing 1
	18p11.32
	Bosma arhinia microphthalmia syndrome

	TBC1D20/
RAB18
(459, 515)
	TBC1 Domain Family Member 20, GTPase activator proteins of Rab-like small GTPases

	20p13
	Warburg micro syndrome

	HDAC8 
(516)

	Histone deacetylase 8
	Xq13.1
	Cornelia de Lange syndrome

	                                          NON-SYNDROMIC CAUSES

	FGF17
(517)
	Fibroblast Growth Factor 17
	8p21.3
	

	ANOS1 (KAL1)
(518, 519)
	Kallmann syndrome protein, which is now known as Anosmin 1
	Xp22.31  
	involved in fibroblast growth factor (FGF) signaling

	GNRHR/
GNRH1
(520, 521, 522)

	Gonadotropin-releasing hormone receptor/ gonadotropin-releasing hormone 1
	4q13.2
	

	KISS1R/
KISS1
(54, 523)
	Kisspeptin-1 receptor/ kisspeptin-1
	19p13.3
	

	 KLB
(524)
	Klotho Beta
	4p14
	Metabolic defects

	TAC3/TACR3
(342, 525)
	Tachykinin 3, Tachykinin 3 receptor
Encodes neurokinin b
	4q24
	

	IL17RD
(517)

	Interleukin 17 Receptor D
	3p14.3
	

	DUSP6
(517)

	Dual specificity phosphatase 6
	12q22–q23
	

	SEMA3A/
SEMA3E/
SEMA7A
(526)
	Semaphorin 3A
	7q21.11
	

	SPRY4
(517)
	Sprouty homolog 2
	5q31.3
	

	FLRT3
(517)
	Fibronectin leucine rich transmembrane protein 3
	20p11
	

	PROKR2/
PROK2
(527, 528)
	Prokineticin-2 and Prokineticin receptor 2
	3p13
	

	WDR11
(529)

	WD repeat domain 11
	10p26.12

	

	CCDC141
(530)
	Coiled-Coil Domain Containing 141
	2q31.2
	

	FEZF1
(531)
	FEZ family zinc finger 1
	7q31.32
	

	LHB
(532)
	Luteinizing hormone 
	19q13.33
	

	FSHB
(533, 534)
	Follicle-stimulating hormone
	11p14.1
	

	AXL
(458)

	AXL receptor tyrosine kinase
	19q13.2
	

	EAP1
(535)
	Enhanced at puberty 1
	14q24
	Trans-activates the GnRH promoter

	LGR4
(536)
	Receptor for R-spondins which, once activated, potentiates the canonical Wnt signaling pathway
	11p14.1
	

	TUBB3 
(483)
	Microtubule protein β-III-tubulin
	16q24.3
	Congenital fibrosis of the extraocular muscles

	WDR11, PROP1, PROK2, PROKR2
(529)
	Bromodomain and WD repeat-containing protein 2, Homeobox protein 
prophet of PIT-1, prokinectin 2
	10q26.12, 
5q35.3,
3p13
	Combined pituitary hormone deficiency

	FTO
(482, 537)
	Fat mass and obesity-associated protein
	16q12.2
	Mice lacking FTO had significantly delay in pubertal onset



ACQUIRED HYPOGONADOTROPIC HYPOGONADISM 

Several conditions are associated with primary gonadal insufficiency. These conditions include auto-immune disorders, trauma, neoplasia, vascular events, and infection. Autoimmune disorders can be associated with premature ovarian and testicular insufficiency. Biallelic mutations in the autoimmune regulator (AIRE) gene are associated with autoimmune polyendocrine syndrome type 1 which is also known as autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy. Associated features include mucocutaneous candidiasis, hypoparathyroidism, and adrenal insufficiency (375). The detection of autoantibodies directed against tissue-specific antigens suggests an autoimmune diagnosis.    

Antineoplastic chemotherapy with alkylating agents, as well as localized ionizing radiation, may permanently damage germ cells leading to infertility. In males, Sertoli cells are more susceptible to such toxicity than Leydig cells such that testosterone production may remain intact despite Sertoli and germ cell injury. Mumps orchitis should be considered, especially in unvaccinated males. Decreased blood flow to the gonads from surgical injury (e.g., orchiopexy in boys), torsion, or trauma can lead to ischemia and atrophy, with resultant primary testicular insufficiency.

The presence of otherwise normal male external genitalia associated with nonpalpable gonads indicates that the testes were present and functioning at least early in gestation. The “vanishing testes syndrome” also known as testicular regression is associated with atrophy or regression of testicular tissue initially formed during early embryonic development. Potential etiologies of the testicular regression include in utero vascular disruption or testicular torsion. Pathogenic variants of the DEAH-box RNA helicase DHX37 (DHX37) gene have been identified in boys with testicular regression and in association with gonadal dysgenesis (376).

In addition to autoimmune etiologies, premature ovarian insufficiency can be associated with ovarian/pelvic tumors, chemotherapy, especially alkylating agents, and radiation therapy. The location of the pelvic tumor and treatments influence the ovarian reserve and risk for premature ovarian insufficiency. Low or declining serum AMH levels provide an indirect measure of ovarian reserve. However, due to much variability and lack of diagnostic thresholds, measuring AMH values does not accurately predict ovarian insufficiency in cancer survivors (377). 

Acquired hypogonadotropic hypogonadism (HH) can be due to central nervous system tumors such as craniopharyngiomas and germ cell tumors. Such tumors can disrupt the hypothalamic-pituitary stalk or can impact pituitary function producing decreased gonadotropin production. Hyperprolactinemia due to prolactin-secreting adenomas can cause acquired HH (378). Other central nervous system disorders associated with acquired HH include hypophysitis, histiocytosis, and hemochromatosis. Intracranial surgeries and/or cranial radiation therapy greater than 30 Gy are known risk factors for HH. Moderate to severe trauma to the brain is associated with injuries to the hypothalamus, stalk (infundibulum), or pituitary gland itself; the consequences of traumatic brain injury may not manifest for many years. Chronic steroid treatment can be associated with acquired HH in boys with Duchenne muscular dystrophy (379, 380). Inflammatory and infiltrative diseases of the pituitary gland are other rare causes of acquired HH.

FUNCTIONAL HYPOGONADOTROPIC HYPOGONADISM 

Functional HH is the hypothalamic response to intense physical or emotional stress, caloric deficit, or chronic systemic illness (381). In this situation, the otherwise normal HPG axis fails to function due to the concomitant stress. Puberty can be delayed or stalled until the underlying condition has been adequately addressed. The finding of hypercortisolemia in women with functional HH associated with restrictive eating disorders highlights the relevance of HPA axis function in FHH (382). Importantly, functional HH can have long lasting adverse consequences on bone health (383). 

The hypothalamus receives numerous inputs regarding body energy status and subsequently modulates reproductive status based on this information. Hence, nutritional status and energy output influence HPG axis activity in part via leptin signaling which regulates the sensitivity of the pituitary to GnRH (384). Energy deficits may occur due to weight loss, excessive energy expenditure (rigorous physical activity, renal disease, cystic fibrosis, congenital heart disease), decreased caloric intake or malabsorption (disordered eating behaviors, bowel disorders such as celiac, Crohn’s, and ulcerative colitis) are associated with delayed or stalled puberty and  functional hypothalamic amenorrhea (385, 386, 387). Elevated circulating levels of cytokines (as seen in some acute or inflammatory conditions) may also inhibit the HPG axis. Elevated prolactin levels, due to prolactinoma or severe primary hypothyroidism may inhibit gonadotropin release. 

Some boys with obesity have low gonadotropin and testosterone levels and manifest delayed puberty (388). It is important to recognize that certain medications such as antipsychotics (typical and atypical), certain antidepressants, and opioids can alter menses (364). 

Treatment of Delayed Puberty

A variety of therapeutic regimens for pubertal induction have been described for both boys and girls. However, large, randomized trials providing evidence-based data regarding the optimum regimen are lacking (389). Sex steroid replacement therapy remains a mainstay of treatment. The type and route of administration of the sex steroids is dependent on patient preference, insurance coverage, and health care provider practices. Importantly, the specific treatment regimen depends on the underlying etiology of the pubertal delay. Future novel therapies could include kisspeptin and neurokinin B analogs (390). 

BOYS

Pulsatile GnRH therapy is the most physiological method and can induce adult secondary sex characteristics, achieving normal adult testosterone concentrations, and spermatogenesis (370) in boys with HH. However, the inconvenience of wearing a mini-pump and conflicting outcome data limits its usefulness. Other approaches include hCG, FSH, hMG, and/or GnRH treatments. Despite much heterogeneity, a systematic study reported that treatment with hCG and FSH induced greater increase in testicular volume and rate of spermatogenesis compared to hCG alone (391)370). Importantly, available limited data suggest that testosterone administration prior to gonadotropin treatments does not interfere with the beneficial effects on testicular growth and spermatogenesis. Based on the physiologic roles of LH and FSH, pubertal induction should begin with FSH to promote testicular maturation followed by combined FSH and hCG treatment. The subsequent hCG treatment will promote testicular testosterone secretion leading to virilization, growth spurt, and psychosocial development. 

Still, at the present time, testosterone is the most established treatment for pubertal induction in boys with delayed puberty. Traditionally, IM testosterone esters, primarily testosterone enanthate or testosterone cypionate, have been used. A subcutaneous testosterone enanthate auto-injector has recently been approved, but this approach requires more weekly injections and is more expensive. However, no evidence-based guidelines exist for testosterone-induced pubertal initiation. Potential adverse consequences of testosterone therapy include erythrocytosis, premature epiphyseal closure especially with excessive doses which may result in aggressive behavior, mood swings, and priapism. 

Other testosterone formulations include testosterone gels, pills, and pellets. Limitations of testosterone gels include difficulties in accurately titrating low doses, potential testosterone exposure to household members, and the cost. Oral methyltestosterone and its 17α-derivatives have been associated with hepatic dysfunction and should be avoided. Oral testosterone undecanoate was approved by the FDA in 2019 to treat hypogonadal adult men. However, due to its short half-life, multiple daily doses are necessary, and no data are available regarding use for puberty induction. Testosterone pellets require surgical placement every 3-4 months, are expensive, and often spontaneously extrude (392). 

For the younger adolescent boy with a strong family history of CDGP, reassurance and continued clinical monitoring may be adequate. However, discerning CDGP from CHH is essential because the treatment, genetics, and psychosocial implications differ. Hence, low dose testosterone for 3-4 months followed by a similar period of observation may be helpful to distinguish CDGP from CHH. Individuals with CHH will show persistently low gonadotropin and sex steroid hormone levels after the 3–4-month period of observation whereas individuals with CDGP will usually show spontaneous pubertal progression. Curiously, testosterone exposure apparently activates GnRH production and secretion leading to “reversal” with onset of HPG axis activity in some boys with CHH. This reversal is associated with specific genetic variants and may be transient (393, 394). 

GIRLS

Timely induction of pubertal development is fundamental. Two major goals of estrogen therapy are mimicking typical pubertal progression with breast development and promoting adequate uterine growth (395). Although pulsatile GnRH treatment can be used, this approach has no advantage over estrogen for pubertal induction in girls. Though all therapeutic approaches utilize estrogens, details regarding specific formulations and methods of administration vary. Transdermal estradiol is preferred for replacement therapy because this approach avoids the first pass through the liver and the potential for adverse effects on clotting factors. 

Typically, low transdermal estradiol doses are used for the initial phase of pubertal induction. Transdermal estradiol doses of 3-7 mcg/day can be achieved by cutting matrix patches (0.014-0.025 mg/24 h) into quarters or eighths. Subsequently, the dose can be increased approximately every six months until adult replacement dosage is achieved taking about 24-36 months to do so. High initial estrogen doses should be avoided due to increased likelihood for atypical breast development characterized by prominent nipples with little supporting breast tissue. High estrogen doses should also be avoided as premature epiphyseal fusion could impair additional linear growth.

Oral micronized 17β-estradiol can be used for those with severe skin irritation or aversion to the use of a patch. Oral preparations containing conjugated equine estrogens or ethinyl estradiol should be avoided for both pubertal induction and maintenance therapy. Most combined oral contraceptives contain ethinyl estradiol at doses higher than appropriate for induction of puberty. Approximately 18-24 months after initiation of unopposed estrogen therapy, progestogens can be added to induce withdrawal bleeding and to reduce the risk for endometrial hyperplasia. Progestogens can be introduced earlier if breakthrough vaginal bleeding occurs. Pelvic ultrasounds before and during pubertal induction can be planned to assess uterine size and shape as well as to evaluate endometrial thickness to ascertain optimal timing to introduce progestins. Progestins vary in potency and can be administered by transdermal, oral, or uterine routes. Although increased potency may have beneficial effects on withdrawal bleeding, greater progestogenic side effects may develop. 

No evidence-based data exist, and no single regimen has been demonstrated to be superior. Pubertal induction therapy should be individualized based on clinical response and other auxologic parameters.

Oral contraceptive pills may be used for convenience but should be limited to after completion of pubertal development. Since some girls may experience sporadic ovulation, contraception should be utilized by those at risk of undesired pregnancies.

EVALUATION OF A CHILD WITH A VARIATION IN PUBERTAL DEVELOPMENT 

[bookmark: _Hlk163494677]The diagnostic tools are comparable for the evaluation of either precocious or delayed puberty. Detailed medical history and physical examination provide the preliminary information to guide the differential diagnosis for a child with a variation in pubertal development (165, 396) (see Figures 5-8). Laboratory, imaging, and genetic studies are subsequently utilized to ascertain the specific diagnosis. The tools for evaluation of a child with a variation in pubertal development are described below. The tools are comparable, but the interpretation of test results differs for precocious and delayed puberty. 
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Figure 5. Algorithm to evaluate a girl presenting with precocious puberty. *follow clinical progression every 3-6 months. FSH: Follicle Stimulating Hormone; LH: Luteinizing Hormone; CAH: Congenital Adrenal Hyperplasia; ACTH: Adrenocorticotrophic Hormone; GnRH: Gonadotropin Releasing Hormone; DHEAS: Dehydroepiandrosterone Sulfate; 17OHP: 17-hydroxy progesterone; NF-1: Neurofibromatosis-1.
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Figure 6. Algorithm to evaluate a boy presenting with precocious puberty. FSH: Follicle Stimulating Hormone; LH: Luteinizing Hormone; MRI: Magnetic Resonance Imaging.
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Figure 7. Algorithm to evaluate a girl presenting with delayed puberty. FSH: Follicle Stimulating Hormone; LH: Luteinizing Hormone; CDGP: Constitutional Delay in Growth and Puberty; CHH: Congenital Hypogonadotropic Hypogonadism; MRI: Magnetic Resonance Imaging.
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Figure 8. Algorithm to evaluate a boy presenting with delayed puberty. FSH: Follicle Stimulating Hormone; LH: Luteinizing Hormone; CDGP: Constitutional Delay in Growth and Puberty; CHH: Congenital Hypogonadotropic Hypogonadism; MRI: Magnetic Resonance Imaging.

History and Physical Examination

The medical history focuses on the timing and sequence of the pubertal changes in the patient as well as parents, grandparents, and siblings. Review of past medical history and medications (including chemotherapy and nutritional supplements) is essential. Inquiry regarding exposures (tea tree/lavender oils, sex steroids, radiation) may help to identify potential environmental factors (162). Obtaining birth history, length and weight, history of SGA (397), prematurity, or CNS insult at birth or later provide relevant information (162).

A history of gelastic seizures may point to a hypothalamic hamartoma. Inquiry regarding use of transdermal testosterone by a family member may identify the cause of premature virilization. Pubertal delay associated with micropenis, anosmia, cryptorchidism, deafness, choanal atresia, hearing loss, and/or digital abnormalities suggests congenital hypogonadotropic hypogonadism (CHH). A family history of anosmia, subfertility, and deafness should be sought for those with pubertal delay. Multiple syndromes are associated with CHH (see Table 3); suggestive features include absent/reduced sense of smell, choanal atresia, hearing loss, morbid obesity, visual impairment. Family history of precocious or delayed puberty in close relatives may be discovered (398). Behavioral difficulties or learning disabilities may be associated with specific syndromes such as Turner or Klinefelter syndromes. 

A complete physical examination including height, weight, arm span, and sitting height is essential. Review of the child’s growth curves provides valuable information regarding changes in linear growth and weight gain. Acceleration in linear growth and upward crossing of centiles may be seen in precocious puberty. A gradual downward crossing of centiles may be noted in constitutional delay in growth and puberty (CDGP) as linear growth slows compared to peers who are entering puberty (399). Pubic hair development (pubarche) may also be delayed in CDGP as opposed to CHH where adrenarche occurs at the normal age for population (372).

Physical exam includes ascertainment of the sexual maturity rating for breast, pubic hair, and testicular volume based on the scoring system derived by Tanner and colleagues (Figure 1). Due to challenges in discriminating lipomastia from true glandular breast development, palpation of the breasts is important. Firm glandular tissue under the areolae is indicative of thelarche. Accurate measurement of testicular volume using an orchidometer is essential (see Figure 2). A testicular volume of ≤ 1.1 mL has a reported sensitivity and specificity of 100% and 91%, respectively, for CHH (400). 

The physical examination should assess for midline defects, dysmorphic features, visual field abnormalities, and features characteristic for specific syndrome. For example, short stature, cubitus valgus, low hair line, widely spaced nipples, and delayed puberty suggest Turner Syndrome. The physical examination needs to include palpation of the thyroid gland, skin examination for acne or café-au-lait macules (which would suggest neurofibromatosis or McCune-Albright syndrome) and a visual field exam. Melanocytic macules typical of Peutz-Jeghers syndrome could point to the presence of a sex cord tumor causing gonadotropin independent (peripheral) sexual precocity.

Laboratory Evaluation

Laboratory evaluation assists the diagnostic process to identify the etiology of “off-time puberty.” Circulating gonadotropin and sex steroid concentrations reflect HPG axis status (187, 236). Most current gonadotropin assays are sandwich assays specific to the β-subunit. Ultrasensitive FSH and LH assays should be used when available. For LH, samples should preferably be obtained in the morning. The lower limit of detection for most ultrasensitive immunochemiluminescent assays (ICMA) is ≤0.1 mIU/mL (230, 401, 402). 

When the clinical concern is precocious puberty, LH concentrations greater than 0.3-0.5 mIU/mL suggest central precocious puberty (CPP) with higher cut-points increasing the sensitivity and specificity of the LH determination (403). Elevated basal LH levels show high sensitivity and specificity for boys when high quality immunochemiluminometric assays (ICMA) is used (404). Different cut-points need to be used to interpret LH concentrations in girls under two years of age because LH concentrations may be elevated at this age leading to misdiagnosis of CPP followed by inappropriate treatment during this phase of development (405). For the child with physical signs of premature puberty, LH concentrations in the prepubertal range are consistent with either peripheral precocity or a benign pubertal variant such as premature thelarche. Typically, LH and FSH concentrations are suppressed in children with peripheral precocious puberty (406). 

In the evaluation for delayed puberty, low gonadotropin concentrations suggest a central etiology such as CDGP or hypogonadotropic hypogonadism while elevated gonadotropin concentrations suggest primary gonadal insufficiency. Random gonadotropin concentrations may provide only limited information because gonadotropin secretion is pulsatile. Distinguishing hypogonadotropic hypogonadism from CDGP is often challenging because LH, FSH and sex hormone reference intervals vary widely even in healthy adolescents (407). Similarly, due to significant overlap in hormone reference intervals, GnRH agonist and human chorionic gonadotropin (hCG) stimulated gonadotropin (408) and sex steroid concentrations fail to distinguish youth with CHH from those with CDGP (407, 409). 

Due to the small structural differences between steroid molecules, immunoassays are confounded by cross-reactivity issues. Assay issues are amplified in children because commercial immunoassays for estradiol and testosterone are usually designed to measure hormone concentrations within the normal adult reference interval. Hence, most estradiol immunoassays have low sensitivity and specificity to quantify the low concentrations (< 30 pg/ml) typically found in prepubertal children and individuals with hypogonadism. Similar issues occur with testosterone immunoassays. Hence, steroid hormone concentrations should be measured by liquid chromatographic separation followed by mass spectrometry (LC-MS/MS). Serum testosterone is best measured using LC-MS/MS technology to limit cross-reactivity and increase sensitivity and specificity especially when low hormone concentrations might be anticipated. LC-MS/MS is also the optimal technique to measure circulating concentrations of other steroids including 17-hydroxyprogesterone, DHEA, androstenedione, and the 11-oxy androgens. It offers greater sensitivity and specificity and allows simultaneous measurement of multiple hormone concentrations (410).

Sex steroids such as estradiol and testosterone circulate bound to sex hormone binding globulin (SHBG). Tissue availability of the free hormone, presumed to be the active moiety, is regulated by SHBG. Direct free testosterone concentrations should be avoided because direct immunoassays have poor reproducibility and reliability. When free testosterone concentrations need to be determined, equilibrium dialysis should be performed despite known potential limitations including increased expense, reliance on total testosterone accuracy, temperature control, and sample dilution (411). 

Another confounding factor is biotin (vitamin B7) which is an over-the counter supplement by itself or as an addition to many preparations used to strengthen nails and hair. Biotin interferes with the technical aspects of immunoassays and can lead to either falsely elevated or falsely low result when streptavidin binding is utilized in the assay detection system. When immunoassay results seem incongruous, use of biotin-containing products should be queried. Biotin does not interfere with LC-MS/MS assays (412). 

GnRH or GnRH AGONIST STIMULATION TEST 

Historically, the established gold standard to diagnosis CPP was the LH and FSH response to a standard bolus of native GnRH. With decreased availability of native GnRH, most stimulation tests are now performed with the GnRH agonist (GnRHa) leuprolide acetate, a synthetic nonapeptide with much greater potency. The timing and peak values of FSH and LH levels differ between GnRH and leuprolide acetate. Following native GnRH administration, LH levels peak after 20–40 minutes, followed by a decline. With leuprolide acetate, peak LH occurs between 0.5 - 4 hours followed by sustained LH elevation. 

The optimal cutoff value of peak stimulated LH for identifying children with CPP is unclear due to assay variability. For most LH assays, a value of 3.3 to 5 mIU/mL defines the upper limit of normal for stimulated LH values in prepubertal children. Stimulated LH concentrations above this range suggest CPP (232). Children with progressive CPP tend to have a high stimulated LH:FSH ratios compared with those with non- or intermittently progressive precocious puberty. Measuring the appropriate sex steroid 24 hours following GnRHa administration can help confirm a CPP diagnosis (413). However, obtaining this second sample may burden the family because of the need for a second venipuncture, expense of another hormone determination, and missed school and work.

As noted above regarding basal LH levels, care must be taken in interpreting the results of GnRH stimulation test in females under the age of two years, as both basal and stimulated LH levels can be elevated as part of the normal hormonal changes associated with mini-puberty (405). 

To assess GnRH production by the hypothalamus, kisspeptin-stimulated LH response has been proposed to identify individuals with GnRH deficiency and thus CHH. Kisspeptin stimulates GnRH secretion, thus promoting LH, and to a lesser extent FSH, secretion. 

One study found that maximal LH rise after kisspeptin administration was more accurate for diagnosis of men with GnRH deficiency than GnRH stimulation testing (414). A similar study in adolescents with pubertal delay (3 females and 13 males), peak LH post kisspeptin stimulation was demonstrated to be superior to GnRH stimulation testing for predicting capacity to progress through puberty (noting that the LH cut off values were different and an ideal cutoff value still needs to be determined) (346). Further research is required to better define the parameters of using kisspeptin stimulation in clinical practice (404). 

In children with precocious pubarche, measurement of adrenal steroids may be necessary to help distinguish between peripheral precocity and benign premature adrenarche. Children with premature adrenarche can have mild elevation in adrenal hormones (415). Since premature adrenarche is a diagnosis of exclusion, further investigation for congenital adrenal hyperplasia and virilizing adrenal tumors may be indicated. In children, an early-morning 17-hydroxyprogesterone (17-OHP) value >200 ng/dL (6 nmol/L) has a high sensitivity and specificity for non-classic congenital adrenal hyperplasia secondary to 21-hydroxylase deficiency. An adrenocorticotropic hormone (ACTH) stimulation test is needed to confirm the diagnosis (313, 416). An ACTH stimulation test involves administration of 0.25 mg synthetic ACTH (1-24) or 15 mcg/kg for children up to 2 years of age with blood samples obtained at baseline and either 30 or 60 minutes after synthetic ACTH administration. Although 21-hydroxylase deficiency is the most common virilizing form of CAH, 17-hydroxypregnenolone, DHEA, and 11-deoxycortisol determinations may be necessary to assess for 3β-hydroxysteroid dehydrogenase or 11β-hydroxylase deficiencies. 

Boys with hypogonadotropic hypogonadism tend to have lower inhibin B values compared to boys with CDGP. However, a validated cut-point for inhibin B concentrations remains to be established (417, 418, 419). FSH stimulated inhibin B concentrations < 116 pmol/L have been demonstrated in a study of adolescents with delayed puberty to have more accurate diagnostic discrimination and a promising test for prediction of onset of puberty (414). 

Human chorionic gonadotropin concentrations can be measured in males to evaluate for the possibility of an hCG-secreting tumor leading to peripheral precocity (280). A thyroid-stimulating hormone (TSH) concentration should be measured if chronic primary hypothyroidism is suspected as the underlying cause for the sexual precocity, known as the Van-Wyk-Grumbach syndrome (296, 298) .

Targeted diagnostic tests are warranted in some cases to investigate for specific causes of apparent functional hypogonadotropic hypogonadism, such as anti-transglutaminase IgA for celiac disease. Despite promising data, measurement of AMH and INSL3 in addition to testosterone, as endocrine markers to guide the differential diagnosis (418, 420), need additional studies  

The testosterone response to long-term hCG stimulation and peak serum FSH response to GnRH were found to be significantly different in CHH patients (421). However, there are potential long-term drawbacks to prolonged hCG therapy in males who are FSH-naïve regarding premature stimulation of Sertoli and germ cell differentiation prior to FSH exposure (338). 

Imaging Studies  

BONE AGE

Assessing the skeletal maturation based on a radiograph of the left hand and wrist is an important diagnostic tool in pubertal evaluation. For the commonly utilized Greulich and Pyle method, the patient’s bone age radiograph is compared with an atlas of radiographs from children of known ages (422). For the Tanner-Whitehouse 2 method, 20 different hand and wrist bones are scored. Bone age standards are largely based on hand and wrist radiographs obtained from children of European ancestry between the 1930s to the 60s (423). Despite this limitation, the bone age radiograph is a valuable indicator regarding sex steroid exposure and epiphysial (growth plate) maturation. Additional factors such as other hormones, obesity, genetics, nutritional status, various disease states, and certain medications can influence the rate of epiphyseal maturation (424) (425).

Bone age has been used to predict adult height using the tables of Bayley and Pinneau (426), but reliability is low with a tendency toward overestimation (427). The use of automated measurement systems with artificial intelligence has increased, mitigating previous limitations due to intra- and inter-observer variability (428, 429). Bone age readings within two standard deviations of the chronologic age are considered to be within normal limits. A delayed bone age is usually observed in patients with delayed puberty and an advanced bone age is observed with precocious puberty. One exception is patients with precocious puberty associated with hypothyroidism (Van Wyk Grumbach syndrome) where the bone age is delayed despite pubertal changes. In some instances, monitoring the predicted adult height (PAH) during the course of treatment of pubertal disorders helps to assess treatment efficacy. 

ULTRASOUND IMAGING 

In females, pelvic ultrasound is a rapid, non-invasive, and relatively low-cost method to ascertain the anatomy of the ovaries and uterus, ovarian volume, and uterine development. This imaging is generally readily accessible and does not require sedation, radiation, or use of contrast material. However, the quality of the device and operator experience influence the analysis.

During puberty, increased gonadotropin secretion promotes ovarian growth, increased estradiol secretion, and increased uterine volume (430). Girls with CPP have increased uterine size and ovarian volumes compared to prepubertal girls or those with premature thelarche. However, the overlap between prepubertal and early pubertal girls for ovarian volume and uterine size confounds interpretation of the ultrasound findings (431) (432). In a prepubertal patient with isolated vaginal bleeding, a normal pelvic ultrasound does not exclude the diagnosis of a functional ovarian cyst because the cyst may have regressed prior to imaging. Pelvic ultrasounds should be obtained in girls with primary amenorrhea who fail progesterone withdrawal to assess for Mullerian duct and renal anomalies. For patients with rapid development of secondary sex characteristics, pelvic ultrasound studies may be needed to assess for gonadal tumors.

The use of Doppler ultrasound to assess utero-ovarian blood flow may also provide helpful information. With increased estradiol secretion and stimulation of the estrogen receptors, vascular resistance of the uterine arteries is reduced. The pulsatility index (PI) is defined as the difference between peak systolic flow and end-diastolic flow divided by the mean flow velocity; the PI reflects impedance to blood flow distal to the sampling point. A review showed that PI is lower among pubertal girls. However, definitive cut-points for PI values have not been established. In addition, testing is operator dependent (433, 434, 435, 436).

Ultrasound examination of the testes, especially if asymmetric in size, should be performed in males with peripheral precocity to evaluate for the possibility of a Leydig cell tumor (437, 438). Testicular ultrasound imaging should be performed regularly to assess for testicular rest tissue in boys with congenital adrenal hyperplasia (439). 

MR AND CT IMAGING 

Brain MR or CT imaging is performed to define brain and pituitary anatomy. Brain and pituitary MR is helpful to assess for intracranial pathology among those with CNS symptoms. Most studies recommend a contrast-enhanced brain MRI for girls with onset of secondary sexual characteristics before six years of age because of higher rates of CNS abnormalities in these patients (137). In a 2018 meta-analysis (440), the prevalence of intracranial lesions was 3 percent among girls presenting with CPP after six years of age, compared with 25 percent among those presenting before six years. Thus, girls with pubertal onset between six and eight years of age may not need the MRI in the absence of clinical evidence of CNS pathology (441, 442, 443). MRI should be limited to high-risk individuals (younger age, neurologic symptoms) (444). Current guidelines recommend that in otherwise asymptomatic girls with CPP, a discussion occur with the parents regarding the pros and cons of brain imaging and assist in informed decision making (137, 445, 446). While contrast-enhanced brain MRIs are recommended for all boys presenting with CPP (412), one study found that these rates may be overestimated. The prevalence of intracranial lesions among boys who were healthy, did not have neurological symptoms, and were diagnosed with CPP was lower than that previously reported and none of the identified lesions necessitated treatment, suggesting the need to globally reevaluate the prevalence of pathological brain lesions among boys with CPP (447).

For children with delayed puberty, MR imaging of the pituitary gland and olfactory structures can assess for features of CHH such as absence of the olfactory bulbs (448, 449, 450). 

Pelvic MRI is helpful to characterize and stage pediatric ovarian masses due to excellent soft tissue contrast. In addition, MR imaging does not involve the use of ionizing radiation and allows better assessment of the abdomen and kidneys. Disadvantages of MRI include that it is time-consuming, expensive, and may require sedation. 

In both girls and boys, adrenal tumors can cause peripheral precocious puberty, progressive virilization, and/or markedly elevated serum adrenal androgens (e.g., DHEAS). If diagnoses such as congenital adrenal hyperplasia and exogenous androgen or testosterone exposure have been excluded, such patients should have an imaging study of the adrenal glands (451, 452, 453). CT may be preferable for evaluation, staging, surgical planning for adrenal tumors (454). Despite radiation exposure, CT can be readily performed in emergent situations.

Genetic Testing  

A karyotype can help with a diagnosis of Turner or Klinefelter syndrome (455).Newer sequencing technologies along with increased knowledge regarding genes involved in puberty has advanced the usefulness of genetic testing (456). The known genetic causes of CPP and HH have increased exponentially over the past five years. Genetic testing could therefore precede brain MRI, at least in familial CPP cases (167, 457). 

Patients with delayed puberty associated with phenotypic features such as anosmia/hyposmia, synkinesia, or hearing loss, the probability of detecting a pathogenic variant on genetic testing for HH is increased (458) (459, 460). Consideration should be given to using genetic testing early in the diagnostic process while recognizing the limitations of genetic testing. Challenges in using genetic testing as a discriminatory test between CHH and CDGP remain, and more research is needed in this area.

SUMMARY

Pubertal development and maturation of the neuroendocrine system involve the ontogeny, activity, and interactions of the GnRH neurons. Pubertal onset is accompanied by an increase in kisspeptin and neurokinin B secretion regulating the pulsatile GnRH secretion that stimulates pulsatile pituitary LH and FSH secretion. LH and FSH stimulate gonadal sex steroid secretion promoting development of secondary sex characteristics and influencing hypothalamic-pituitary function via negative feedback inhibition. 

Alterations of gut microbiome at different pubertal stages may present an area for future development in the prediction and prevention of precocious puberty. Use of genetic testing including targeted next generation sequencing and whole exome sequencing may have increasing utility as diagnostic tools early on in the evaluation of pubertal disorders. 

Discovery regarding the details of normal reproductive physiology followed by identification of the genetic basis for disorders of pubertal timing established our current knowledge base for the evaluation and management of children with disorders affecting the timing of puberty. Despite the vast expansion of our knowledge, much remains to be learned about the physiology and regulation of the HPG axis from the fetus to the young adult.
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Mature adult stage, nipple
‘secondary mound
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‘Adult type and quantity,
sometimes extending to the
medial thighs.

Rating __ Breast development pubic hair Pubertal event

1 Prepubertal None. None.

2 Subareolar breast buds Sparse, long, sightly pigmented, Peak height

w straight or sightly curled, M velodity
along the medial labia

3 Breasts and areolae are Darker, coarser, more curled, Peak height
further enlarged with y spread sparsely over the mons velocity
 continuous rounded pubis
contour

4 Areola and nipple form a ‘Adult type, but the area covered Menarche
secondary mound above is smaler and there is no
the contour of the breast a extension to the medial thighs

5} Menarche
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spread to the medial thighs

Genital development Pubic hair Pubertal event
Prepubertal None None
Enlargement of the testes (more Sparse, long, slightly pigmented, None
than 4 mL in volume and more straight or slightly curled, at the
than 2.5 cm in length) and base of the penis.
scrotum, but not the penis
Continued testicular and scrotal Darker, coarser, more curled, Peak height velocity,
enlargement with penile growth . spread sparsely over the pubis spermarche
Continued testicular, scrotal, and Adult type but the area covered is  Peak height velocity,
penile growth with enlargement smaller and there is no extension spermarche, facial hair,
of the glans to the medial thighs or linea alba wvoice change
Mature male genitalia Adult quality and distribution with  None




