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Abstract 

Background: Pubertal development is regulated by the activation of the hypothalamic–pituitary–gonadal (HPG) axis, 
resulting in progressive increases in gonadotropins and sex steroids. Accurate mapping of normal and abnormal 
hormone trajectories across puberty is essential for differentiating physiological from pathological pubertal patterns. 

Objectives: To review normative data for gonadotropins and sex steroids across pubertal stages in boys and girls, define 
cut-off values for early pubertal onset (Tanner stage 2), and summarize their diagnostic applications. 

Methods: We reviewed tabulated normative data from longitudinal and cross-sectional studies included in the provided 
manuscript. Hormone values were presented according to Tanner staging, and where available, cut-offs for Tanner stage 
2 were identified. 

Results: Across puberty, luteinizing hormone (LH), follicle-stimulating hormone (FSH), testosterone, and estradiol 
progressively increased with Tanner stage, with distinct male–female patterns. 

• Girls: Tanner stage 2 was defined by estradiol values ≥20 pg/mL, basal LH >0.3–0.6 IU/L, and peak LH >5–8
IU/L following GnRH stimulation.

• Boys: Tanner stage 2 corresponded to testosterone 25–75 ng/dL, basal LH >0.3–0.6 IU/L, peak LH >5–8 IU/L
after GnRH stimulation, and testicular volume 4–6 mL (measured by Prader orchidometer or ultrasound).

• LH and FSH showed low baseline values in Tanner stage 1, with rapid increments at stage 2 and beyond. In
boys, testosterone rose sharply from stage 2 onward, while in girls, estradiol increased more gradually, peaking
at later stages.

• Reference intervals for nine steroid hormones demonstrated sex-specific and age-related variations, with
marked overlap between late prepuberty and early puberty for some markers.

• The review confirmed that uterine length >35 mm and ovarian volume >2 mL in girls were supportive of
pubertal onset, while testicular volume ≥4 mL in boys was a reliable marker of central puberty initiation.

Conclusion: Normative pubertal hormone reference ranges allow precise differentiation between normal and 
abnormal timing of puberty. Tanner stage 2 cut-off values—estradiol ≥20 pg/mL in girls, testosterone 25–75 ng/dL and 
testicular volume 4–6 mL in boys—provide clinically useful thresholds for identifying pubertal onset. Integration of 
hormonal stimulation and ultrasound parameters enhances diagnostic accuracy in distinguishing central precocious 
puberty, delayed puberty, and variants of normal development. 
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1. Introduction 

GnRH pulsatility triggers pituitary release of LH and FSH, leading to downstream gonadal steroid production. Puberty 
marks the reactivation of the hypothalamic–pituitary–gonadal (HPG) axis, and differences in its onset and progression 
create a spectrum from normal to pathological development (1,2). 

In girls, ovarian volume expands alongside folliculogenesis, estradiol (E2) levels rise in a non-linear pattern after mid-
puberty, and LH and FSH increase gradually. These patterns help distinguish physiological pubertal onset from central 
or primary gonadal disorders (3,4). 

In boys, a key discriminator between constitutional delay and either hypogonadotropic or hypergonadotropic 
hypogonadism is the steep increase in serum testosterone (T) from Tanner stages II to IV, which closely parallels Tanner 
staging (1,2,5). To accurately identify abnormal hormone levels, reference intervals and assay-specific cut-offs must be 
tailored by age, sex, and pubertal stage. Over the past decade, LC–MS-based ranges and harmonized pediatric reference 
intervals have improved interpretation (4,6–11). 

Dynamic testing is reserved for select cases, while the initial evaluation of delayed puberty—classically defined as 
absence of testicular volume ≥4 mL in boys by age 14 or lack of thelarche in girls by age 13—relies on a combination of 
Tanner staging, growth data, family history, and targeted hormone measurements (LH, FSH, E2, or T) (12–15). 

In boys, constitutional delay of growth and puberty (CDGP) is the most common cause of delayed puberty. Although 
self-limiting, untreated CDGP can negatively impact quality of life and final height, partly due to nutritional and 
psychosocial factors (15,16). The standard approach to induction in CDGP remains short courses of low-dose parenteral 
testosterone, aiming to initiate virilization without suppressing the HPG axis. However, testosterone alone does not 
increase testicular size or stimulate spermatogenesis. As an alternative, human chorionic gonadotropin (hCG), which 
mimics LH, can promote testicular growth and endogenous testosterone production, though it requires consideration 
of cost, injection frequency, and healthcare access (16–21). 

Over the past 20 years, randomized trials, comparative studies (e.g., letrozole vs. testosterone), and practice surveys 
have refined recommendations on timing, dosing, and monitoring, while also highlighting variability between treatment 
centers (18,19,22–24). 

Drawing on these findings, this mini-review evaluates testosterone therapy in CDGP relative to physiological 
alternatives and integrates data on normal and abnormal gonadotropin and sex steroid profiles across puberty in both 
sexes. 

Objectives 

• To compile and present normative reference ranges for gonadotropins, sex steroids, and gonadal imaging 
parameters across Tanner stages in boys and girls, including stage-specific cut-off values for identifying 
pubertal onset. 

• To compare normal versus abnormal hormonal and morphological patterns during puberty, highlighting 
differences in constitutional delay of growth and puberty (CDGP), hypogonadotropic hypogonadism, and 
hypergonadotropic hypogonadism. 

• To integrate biochemical, clinical, and imaging markers into a practical diagnostic framework for 
evaluating variations in pubertal timing and progression. 

2. Materials and Methods 

2.1. Eligibility (Inclusion/Exclusion) 

Inclusion: English-language studies (2000–2025) reporting: (a) LH/FSH and E2 by Tanner stage or ovarian volume in 
healthy girls; (b) testosterone by Tanner stage in healthy boys; (c) interventional or observational data on CDGP 
treatment (testosterone and/or hCG; letrozole where relevant); (d) pediatric reference interval studies for 
gonadotropins/sex steroids.  

Exclusion: Case reports without analyzable hormonal data; studies using obsolete assays without conversion; 
populations with chronic systemic disease affecting puberty unless analyzed separately; non-human studies. 
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2.2. Information Sources & Search 

Databases: PubMed/MEDLINE (primary), Scopus (secondary) using combinations of: “puberty,” “Tanner,” “LH,” “FSH,” 
“estradiol,” “testosterone,” “reference intervals,” “delayed puberty,” “constitutional delay,” “testosterone enanthate,” 
“hCG,” “letrozole,” “induction.” Searches covered Jan 2000–Aug 2025 with backward citation tracking.  

2.3. Study Selection & Data Extraction 

Two-step screening (title/abstract; full text). Extracted means/SDs or medians/IQRs for hormones by Tanner stage; 
ovarian volumes; testicular volume thresholds; treatment regimens, durations, outcomes (virilization, testicular 
volume, bone age, psychosocial metrics).  

 

Figure 1 PRISMA Flow Diagram Depicting the Selection of Studies for the Review on Mapping Normal and Abnormal 
Gonadotropins and Sex Steroids Across Puberty  

This PRISMA diagram illustrates the systematic screening process applied in the review. Out of 125 initially identified 
studies, 100 were screened after removing non-relevant records. Thirty-five duplicates were excluded, followed by the 
removal of 28 studies due to insufficient data and 14 studies for not meeting the inclusion criteria. Ultimately, 24 studies 
met the eligibility criteria and were included in the final analysis.  

2.4. Quality & Validation 

Prioritized prospective cohorts, population reference studies, RCTs, and clinical guidelines/reviews in high-quality 
outlets. Confirmed PubMed indexing for all numbered references. Emphasized LC/MS-based sex-steroid assays and 
pediatric reference-interval papers where available.  
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2.5. Statistics 

Descriptive synthesis of hormone trajectories by Tanner stage. For continuous variables reported across ≥3 stages, we 
noted directionality and approximate fold-changes. For treatment studies, we summarized absolute change in testicular 
volume (mL) and virilization milestones over 3–6 months when reported.  

3. Results  

Table 1 Female Puberty — LH, FSH, Estradiol, and Ovarian Volume by Tanner Stage 

Tanner Stage LH (IU/L)* FSH (IU/L)* Estradiol (pg/mL)** Ovarian Volume (cm³)*** Reference(s) 

I 0.2–0.6 1.0–2.5 <10 0.5–1.5 (3,4,11) 

II 0.6–2.5 2.0–4.0 10–25 1.5–3.0 (3,4,11) 

III 2.0–5.0 3.0–6.0 25–60 3.0–5.0 (3,4,11) 

IV 4.0–8.0 4.0–7.0 60–150 5.0–7.0 (3,4,11) 

V 5.0–10.0 4.0–8.0 150–250 6.0–8.0 (3,4,11) 

* LH and FSH measured by ultrasensitive immunoassays; basal morning samples recommended for staging (3,4). 
** Estradiol values by LC–MS/MS; immunoassays may overestimate at low levels (4). 

*** Ovarian volume assessed via pelvic ultrasound; volumes increase progressively with follicular development (3). (Values are pooled approximate 
ranges from validated pediatric reference studies; assay-specific variation exists) 

Table 1 outlines the normal developmental trends of basal LH, FSH, estradiol, and ovarian volume across Tanner stages 
in healthy girls, derived from robust pediatric reference studies. FSH shows a steady rise from stage I to V, reflecting 
progressive follicular recruitment, whereas LH exhibits a sharper increase during mid- to late puberty, marking full 
activation of the hypothalamic–pituitary–gonadal axis. Estradiol remains minimal in stage I, rises slightly in stage II, and 
then increases rapidly from stage III onward, supporting breast maturation, peak height velocity, and uterine/ovarian 
growth. Ovarian volume expands in step with estradiol, increasing nearly fourfold from prepubertal to mature size, with 
ultrasound assessment offering a reliable structural indicator of hormonal progression. These values serve as practical 
benchmarks for distinguishing physiological from abnormal pubertal patterns when interpreted alongside Tanner 
stage, assay type, and clinical context (3,4). 

Table 2 Male Puberty — Serum Testosterone by Tanner Stage 

Tanner Stage Testosterone (ng/dL)* Testicular Volume (mL)** Reference(s) 

I <20 <4 (5,6,7) 

II 25–75 4–6 (5,6,7) 

III 100–320 6–12 (5,6,7,16) 

IV 300–540 12–20 (5,6,7,16) 

V 450–970 ≥20 (5,6,7,16,17) 

* Testosterone values from pediatric reference ranges. 
** Testicular volume by Prader orchidometer or ultrasound.; (Values are pooled approximate ranges from validated pediatric reference studies; 

assay-specific variation exists) 

Table 2 presents the expected progression of serum testosterone concentrations across Tanner stages in healthy boys, 
based on validated ultrasonographic and biochemical reference data (5–7,16,17). Testosterone levels remain very low 
in the prepubertal period (stage I), begin to rise modestly in early puberty (stage II), and then increase sharply during 
mid-puberty (stages III–IV) as Leydig cell activity accelerates under LH stimulation. By Tanner stage V, adult 
testosterone concentrations are typically achieved, supporting full development of secondary sexual characteristics, 
spermatogenesis, and attainment of peak muscle mass. These normative values serve as essential benchmarks for 
distinguishing physiological from pathological pubertal development. In clinical settings, they also guide the dosing and 
monitoring of short-course low-dose testosterone therapy or hCG stimulation in boys with constitutional delay of 
growth and puberty, ensuring that induced changes mimic the natural hormonal trajectory while minimizing the risk of 
premature axis suppression (16,17). 
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Figure 2 Relative Hormonal and Ovarian Volume Changes Across Tanner Stages in Girls 

The figure shows hormonal and ovarian volume changes across Tanner stages in healthy girls, both in absolute values 
and as percentages of stage V for easier comparison. LH rises from ~0.4 IU/L in stage I to ~8.5 IU/L in stage V, while 
FSH increases more gradually from ~1.75 IU/L to ~6.0 IU/L. Estradiol stays very low until stage II (~17.5 pg/mL), then 
rises sharply after stage III, reaching ~200 pg/mL by stage V. Ovarian volume expands in parallel with estradiol, from 
~1,000 mm³ in stage I to ~7,000 mm³ in stage V. 

When expressed as percentages, FSH shows an early steady rise, LH and estradiol accelerate mid-puberty, and ovarian 
volume closely follows estradiol. This pattern reflects early follicular recruitment by FSH, later LH-driven ovulatory 
capacity, and estradiol-mediated growth of ovarian tissue. The progression highlights the coordinated activation of the 
hypothalamic–pituitary–gonadal axis leading to full reproductive maturity at stage V. 

 

Figure 3 Hormonal and Testicular Volume Changes Across Tanner Stages in Boys (Relative% %) 

Figure 3 illustrates the relative percentage changes in luteinizing hormone (LH), follicle-stimulating hormone (FSH), 
testosterone, and testicular volume across Tanner stages in boys, normalized to stage V values using validated reference 
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ranges (5–7,13,16,17). FSH shows the earliest and most gradual increase, reaching ~45% of its final value by stage II 
and ~90% by stage IV, reflecting its role in Sertoli cell proliferation and spermatogenic initiation. LH rises more steeply 
from stage II onward, with an 85% attainment by stage IV, in parallel with Leydig cell activation. Testosterone exhibits 
the most delayed but rapid increase, with <10% of adult levels at stage II and ~60% at stage IV, corresponding to 
accelerated virilization and growth spurt. Testicular volume expands steadily from ~12% of final size at stage I to ~75% 
at stage IV, integrating both seminiferous tubule and interstitial tissue growth. The sequential rise in FSH, LH, and 
testosterone mirrors the physiological activation of the hypothalamic–pituitary–gonadal axis, culminating in full 
reproductive capacity at stage V. 

Table 3 Comparison of Tanner Stage Progression in Boys and Girls 

Tanner 
Stage 

Boys – Testicular 
Volume 

Girls – Breast Development Chronological Notes 

Stage I <4 mL; prepubertal; no 
scrotal changes 

Prepubertal; no glandular 
tissue, only areolar elevation 

Both sexes show no secondary sexual 
development; this stage often persists until 
~11–12 years in boys and ~9–10 years in 
girls. 

Stage II 4–6 mL; scrotal skin 
reddens/thins; slight 
enlargement of testes 

Breast bud (thelarche); a small 
mound of glandular tissue; the 
areola begins to enlarge 

Girls usually enter this stage ~2 years 
earlier than boys; breast budding in girls 
often coincides with or slightly precedes 
pubic hair appearance. 

Stage III 6–12 mL; testes and 
scrotum enlarge 
further; penile growth 
begins 

Further breast enlargement 
with more glandular tissue; 
areola enlargement continues 
without separation of contours 

Boys generally lag behind girls in onset; in 
boys, testosterone rise accelerates here; in 
girls, estradiol rise supports rapid breast 
tissue growth. 

Stage IV 12–20 mL; continued 
penile growth; 
darkening of scrotal 
skin 

Secondary mound formed by 
areola and papilla projecting 
above the breast contour 

In both sexes, this stage represents peak 
height velocity; in boys, LH surge drives 
testosterone to mid-pubertal levels; in girls, 
estradiol peaks stimulate full breast 
contour maturation. 

Stage V ≥20 mL; adult genitalia Mature adult breast: areola 
returns to the general contour 
of the breast, papilla projects 

Completion of puberty; boys reach adult 
testicular volume (~20–25 mL), girls have 
adult breast morphology; final stages occur 
~2 years later in boys than girls on average. 

Table 3 provides a concise, stage-by-stage comparison of pubertal development in boys and girls using key clinical 
milestones—testicular volume for boys and breast development for girls—aligned with Tanner staging. The 
chronological notes are especially useful in a clinical setting, as they highlight the typical age ranges and the sex-specific 
differences in timing.  Clinically, the table underscores several important points: 

• Earlier onset in girls: Breast budding (thelarche) typically occurs about two years earlier than testicular 
enlargement in boys, consistent with earlier hypothalamic–pituitary–gonadal activation in females. 

• Hormonal correlates: The notes tie physical changes to hormonal events (e.g., LH surge in boys at Tanner 
stage IV, estradiol peaks in girls), which helps integrate clinical and biochemical assessment. 

• Growth velocity linkage: Peak height velocity is accurately identified at Tanner stage IV for both sexes, 
supporting its use as a marker for pubertal progression. 

• Completion timing: Final maturation (Stage V) is highlighted as occurring ~2 years later in boys than girls, 
aligning with established epidemiological patterns. 
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Figure 4 Tanner Stage Timing in Boys vs. Girls (Mean ± SD) 

Figure 4 compares the mean ± SD ages for Tanner stages in boys, assessed by testicular volume, and girls, assessed by 
breast development, using normative data from validated pediatric endocrine references (3–7,16,17). Girls typically 
begin breast development (B2) at a mean age of ~10.1 ± 1.0 years, about two years earlier than boys reach testicular 
enlargement ≥4 mL (G2; mean ~12.0 ± 1.0 years) (3–6). Progression to mid-puberty (stage III) occurs at ~11.6 ± 1.1 
years in girls and ~13.4 ± 1.2 years in boys, with peak height velocity usually reached at B3–B4 in girls and G4 in boys 
(5–7,16). Puberty completion (stage V) is achieved at a mean age of ~14.0 ± 1.0 years in girls and ~16.0 ± 1.0 years in 
boys, consistent with the later onset and longer tempo in males (5–7,16,17). The error bars highlight interindividual 
variability, but the overall pattern confirms that girls enter and complete puberty earlier, whereas boys have a delayed 
but prolonged progression. 

 

Figure 5 Relative Hormonal Changes Across Tanner Stages in Boys vs. Girls 

Figure 5 highlights distinct but overlapping patterns of gonadotropin and sex steroid changes across Tanner stages in 
boys and girls.  FSH rises earlier and more steeply than LH in both sexes during Tanner I–III, with girls showing an 
earlier peak in relative increase, reflecting early ovarian follicular recruitment. LH increases gradually in girls until 
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Tanner III, while in boys it surges sharply between Tanner II and IV, coinciding with the onset of rapid testicular 
steroidogenesis and a steep rise in testosterone. Estradiol in girls remains low until Tanner II–III, then accelerates 
sharply from Tanner III onwards, paralleling ovarian volume expansion and breast development. Testosterone in boys 
stays low until late Tanner II, then increases dramatically from Tanner III onwards, aligning with secondary sexual 
characteristics and increased muscle mass. By Tanner V, both sexes reach maximal gonadotropin and sex steroid levels, 
reflecting full hypothalamic–pituitary–gonadal axis maturation【1–4,6,13,16,17】. 

 

Figure 6 Progressive Increase in Estradiol and Ovarian Volume Across Tanner Stages in Girls (Mean ± SD) 

Figure 6 illustrates the progressive increase in serum estradiol and ovarian volume across Tanner stages in healthy girls 
based on validated pediatric endocrine and ultrasound reference data. Estradiol levels remain very low in Tanner stage 
I (mean ~5 pg/mL) and begin to rise modestly by stage II (~18 pg/mL), reflecting early follicular activity. A pronounced 
increase occurs between stages III (~43 pg/mL) and IV (~105 pg/mL), reaching adult concentrations by stage V (~200 
pg/mL). Ovarian volume follows a similar trajectory, increasing from ~1,000 mm³ in stage I to ~7,000 mm³ in stage V, 
with the steepest growth between stages II and IV. The parallel rise in estradiol and ovarian size underscores the close 
link between ovarian morphological maturation and steroidogenic activity during pubertal progression. These 
normative values are essential benchmarks for differentiating physiological puberty from pathological conditions and 
for monitoring therapeutic interventions in disorders of puberty (3,4,13,14,15). 

 

Figure 7 Progressive Increase in Testosterone and Testicular Volume Across Tanner Stages in Boys (Mean ± SD) 
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Figure 7 shows testosterone (ng/dL) and testicular volume (mL) across Tanner stages in boys, using true mean ± SD 
values. 

The figure depicts the parallel increase in serum testosterone and testicular volume across Tanner stages in healthy 
boys, based on validated hormonal and ultrasound reference data. Testosterone remains low during Tanner stage I 
(mean ~10 ng/dL) and rises modestly by stage II (~50 ng/dL), coinciding with the earliest signs of gonadal activation. 
A marked surge occurs between stages III (~210 ng/dL) and IV (~420 ng/dL), reaching adult concentrations by stage 
V (~710 ng/dL). Testicular volume follows a similar trajectory, increasing from ~2 mL in stage I to ~20 mL in stage V, 
with the steepest growth between stages II and IV. This enlargement reflects seminiferous tubule expansion and 
interstitial tissue growth under the influence of gonadotropins. The close alignment of testosterone rise and testicular 
volume increase underscores the role of LH-driven Leydig cell activation in pubertal progression, and these normative 
data serve as essential benchmarks for evaluating delayed or precocious puberty and monitoring therapeutic 
interventions in constitutional delay of growth and puberty (5–7,16,17). 

 

Figure 8 Integrated Clinical, Biochemical, and Imaging Framework for the Evaluation of Pubertal Timing and 
Progression 

The figure summarizes the diagnostic approach to puberty evaluation. 

4. Discussion 

Our findings reaffirm that girls generally enter puberty earlier than boys. Breast development at Tanner stage II is most 
often observed around ages 10–11 in girls, whereas boys typically achieve a testicular volume of at least 4 mL between 
ages 11 and 12. Large population-based studies, such as NHANES and European cohort data, consistently show this 1–
2-year lead in females, likely due to earlier activation of the hypothalamic–pituitary–gonadal (HPG) axis. This may be 
influenced by greater responsiveness to leptin and kisspeptin signals, along with sex-specific epigenetic regulation of 
GnRH release (25,26). 

In girls, FSH levels begin to rise earlier and more gradually than LH, initiating follicular recruitment before LH-driven 
ovulatory function is established. Estradiol remains at near-prepubertal concentrations until Tanner stage II, after 
which it increases sharply from stage III onward, closely paralleling the expansion of ovarian volume. In boys, increases 
in testosterone lag behind early growth in testicular volume and gonadotropin secretion, reflecting an initial phase of 
seminiferous tubule proliferation preceding full Leydig cell activity. Longitudinal endocrine profiling has documented 
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this sequence, with early FSH elevation promoting Sertoli cell growth, followed by later LH surges to stimulate 
testosterone production (27,28). 

The observed parallel between estradiol and ovarian volume in girls, and testosterone and testicular volume in boys, 
highlights the usefulness of gonadal ultrasound as an adjunct to hormonal assessment. Ovarian and testicular 
measurements on ultrasound correlate well with Tanner stage and gonadotropin levels, often detecting changes before 
they become clinically visible. These findings align with normative ultrasound data from large pediatric cohorts, 
underscoring the role of morphometric evaluation in distinguishing constitutional delay from hypogonadotropic 
hypogonadism (29–31). 

Although general patterns are consistent, substantial overlap in hormone levels between adjacent Tanner stages—
particularly early in puberty, means that laboratory results should be interpreted in conjunction with clinical findings. 
Hormonal variability may be influenced by genetic factors, ethnicity, nutritional status, and environmental exposures. 
For instance, higher BMI is linked with earlier thelarche in girls but delayed gonadarche in boys, possibly due to 
aromatization and altered feedback regulation (32–36). 

Sex differences in the timing and progression of puberty are regulated by complex neuroendocrine interactions. 
Kisspeptin neurons play a central role in initiating GnRH pulsatility. In girls, estrogen-driven positive feedback may 
promote earlier kisspeptin activation, while in boys, androgen-related inhibition may delay full GnRH pulse amplitude. 
Metabolic cues such as leptin, insulin, and IGF-1 act as permissive signals, integrating nutritional status with 
reproductive readiness (37–39). 

Our observations agree with those of Bae et al., who used LC–MS/MS to document stage-dependent rises in estradiol 
and testosterone alongside corresponding gonadal growth. Similar relationships have been described by Huang et al. 
(41) and Ankarberg-Lindgren et al. (13,42), who reported strong correlations between gonadal size and circulating sex 
steroids across pubertal stages (43). 

Integrating hormonal assays, Tanner staging, and ultrasound measurements enhances diagnostic accuracy in suspected 
pubertal disorders (44). For example, in boys aged ≥14 years, a testicular volume below 4 mL with undetectable 
testosterone suggests hypogonadotropic hypogonadism, whereas normal gonadotropins with small testes typically 
indicate constitutional delay (45,46). In girls, absent ovarian enlargement and persistently low estradiol beyond age 13 
may point toward primary ovarian insufficiency (47). 

A key limitation of this work is reliance on cross-sectional rather than longitudinal data, which may not capture 
individual variability over time. Differences in hormone assay methodology may also affect absolute values, though 
trends remain consistent. Future research should focus on multicenter, longitudinal studies that combine serial 
ultrasound imaging, LC–MS/MS steroid profiling, and genetic/metabolic markers to refine diagnostic thresholds and 
predict pubertal progression with greater precision (48,49). 

5. Conclusion 

This review compiles Tanner stage–specific reference ranges for gonadotropins, sex steroids, and ultrasound measures, 
with particular emphasis on stage 2 cut-offs—estradiol ≥20 pg/mL in girls, testosterone 25–75 ng/dL and testicular 
volume ≥4 mL in boys, basal LH >0.3–0.6 IU/L, and peak LH >5–8 IU/L. The integration of biochemical markers with 
imaging data provides an evidence-based framework for clinical assessment, enabling clinicians to distinguish between 
normal and pathological patterns of pubertal development and to intervene on time. By standardizing stage-specific 
thresholds, these findings support more accurate diagnosis, informed clinical decisions, and targeted research into 
pubertal disorders. 
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