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Abstract 

Delayed puberty (DP) defines a retardation of onset/progression of sexual maturation 
beyond the expected age from either a lack/delay of the hypothalamo-pituitary-gonadal 
axis activation or a gonadal failure. DP usually gives rise to concern and uncertainty in 
patients and their families, potentially affecting their immediate psychosocial well-being 
and also creating longer term psychosexual sequelae. The most frequent form of DP in 
younger teenagers is self-limiting and may not need any intervention. Conversely, DP 
from hypogonadism requires prompt and specific treatment that we summarize in this re-
view. Hormone therapy primarily targets genital maturation, development of secondary 
sexual characteristics, and the achievement of target height in line with genetic poten-
tial, but other key standards of care include body composition and bone mass. Finally, 
pubertal induction should promote psychosexual development and mitigate both short- 
and long-term impairments comprising low self-esteem, social withdrawal, depression, 
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and psychosexual difficulties. Different therapeutic options for pubertal induction have 
been described for both males and females, but we lack the necessary larger random-
ized trials to define the best approaches for both sexes. We provide an in-depth and 
updated literature review regarding therapeutic options for inducing puberty in males 
and females, particularly focusing on recent therapeutic refinements that better encom-
pass the heterogeneity of this population, and underlining key differences in therapeutic 
timing and goals. We also highlight persistent shortcomings in clinical practice, wherein 
strategies directed at “the child with delayed puberty of uncertain etiology” risk being 
misapplied to older adolescents likely to have permanent hypogonadism.

Key Words: idiopathic hypogonadotropic hypogonadism, GnRH deficiency, delayed puberty, testosterone, estradiol, 
gonadotropin
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ESSENTIAL POINTS

	1.	 The optimal age to begin treatment in patients with known hypogonadism has not been universally established 
yet, but a prompt initiation of treatment after diagnosis of DP is recommended within the physiological time 
frame whenever possible.

	2.	 Pubertal induction must be tailored according to each patient’s clinical history and needs. Treatment should 
not only lead to genital maturation and development of secondary sexual characteristics, but also promote 
psychosexual development.

	3.	 The most consolidated therapeutic strategy for pubertal induction in males involves intramuscular testosterone 
esters (ie, testosterone enanthate); however, in the past few years newer testosterone formulations, such as 
intramuscular testosterone undecanoate and testosterone gel, have been used with promising results.

	4.	 Gonadotropin treatment for pubertal induction in males with hypogonadotropic hypogonadism represents a good 
alternative to exogenous androgens, with the advantages of potentially increasing testicular volume, inducing 
spermatogenesis, and promoting spontaneous descent of testes in patients with cryptorchidism.

	5.	 Pubertal induction in females involves the administration of both estrogens (to promote feminization) and progesterone 
(to prevent endometrial hyperplasia): the most recent acquisitions in the field seem to suggest that transdermal 
17β-estradiol and micronized progesterone represent the most physiological formulations for this purpose.
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The conventional normal age ranges for the beginning of 
puberty are reported to be between 8 and 13 years of age 
in females, and 9 to 14  years in males, although secular 
changes are reported. The first clinical signs marking its 
onset are the enlargement of testis volume (TV) ≥ 4 mL or 
scrotum enlargement/pigmentation in males (designating 
progression from Tanner genital stage G1 to G2), and the 
appearance of breast buds in females (designating progres-
sion from Tanner stage B1 to B2) (1). Delayed puberty (DP) 
is defined as a retardation of pubertal onset beyond the ex-
pected age (> 2-2.5 SDs above the mean of the reference 
population) (2); thus, no breast development by the age of 
13 years in girls and no testicular enlargement by the age of 
14 years in boys (1). The lack of Tanner stage progression 
after the beginning of puberty, evaluable on the basis of 
available nomograms (3, 4), together with a sudden drop 
in hormonal levels, has to be considered pathologic as well. 
The most common cause of DP in both sexes is constitu-
tional delay of growth and puberty (CDGP), a self-limited 
form of delayed puberty resulting from a transient GnRH 
deficiency often considered an extreme of the normal spec-
trum of pubertal timing. Pathological causes of DP (Table 
1) must always be ruled out with an appropriate diag-
nostic workup (5-7), particularly in the presence of clinical 
suspicion.

Differentiating between CDGP and functional and con-
genital hypogonadotropic hypogonadism (CHH) during 
early adolescence is particularly challenging because of the 
many overlapping clinical, biochemical, and radiological 
features (5, 6, 8, 9), but the distinction is a necessary one 
as these conditions then diverge hugely in respect of their 
long-term outcomes. Permanent forms of hypogonadism 
causing DP require specific treatment to induce or complete 
pubertal development, and reaching a correct and timely 
diagnosis thereof is crucial to promote patients’ somatic 
and sexual maturation and psychosocial well-being. It is 
also vital not to misdiagnose as CDGP those patients with 
retardation of growth and puberty resulting from parasellar 
lesion or systemic illness such as bowel disease or an eating 
disorder.

We present here an in-depth review of the literature 
regarding therapeutic options available for pubertal in-
duction in both males and females with hypogonadism, be-
ginning with the more consolidated approaches and then 
proceeding to more novel advances in the field, considering 
the heterogeneity of this population and underlining dif-
ferences in therapeutic timing and goals. We emphasize 
that CDGP should be a diagnosis of exclusion and not 
of default: notably, among older adolescents approaching 
the end of their teenage years, CDGP is no longer the ma-
jority and should not be seriously considered beyond 18 
to 20 years of age. Based on Bayesian principles, the ad-
verse consequences of not intervening to pharmacologically 

induce puberty in a minority of minors with hypogonadism 
outweigh those of intervening—perhaps unnecessarily—in 
the majority with CDGP.

Goals and Timing

Therapy should lead to the maturation of genitalia and 
of secondary sexual characteristics of patients with DP, 
whether young adolescents or older individuals who 
“slipped through the net,” and linear growth, body com-
position, muscle mass, and normal bone density should 
also be achieved (2, 10, 11).

During the first phase of pubertal development, sex hor-
mones play a crucial role in inducing the pubertal growth 
spurt and permit the achievement of body proportions and 
adult height in line with genetic potential. For instance, in 
CHH, a delayed growth spurt in those with a background 
of otherwise preserved linear growth can lead to both taller 
stature (12) and segmental disproportion (13) compared 
with genetic potential, whereas failure to recognize and 
treat a systemic disease or parasellar lesions causing DP 
and growth retardation leads to a shorter adult height (14-
16). Moreover, an excessive delay in puberty and/or in pu-
bertal induction may adversely affect bone health, although 
the data are not entirely consistent. According to several 
studies (17-20), adult men with history of DP present sig-
nificantly decreased bone mineral density (BMD) levels at 
all sites, hence being at greater risk of osteoporotic frac-
tures, and pubertal delay can lead to a lower peak bone 
mass in girls as well (21). On the other hand, Bertelloni (22) 
and Yap (23) conclude that male patients with CDGP tend 
to have normal volumetric BMD, with conventional areal 
BMD appearing low because of altered skeletal phenotype. 
In particular regarding CHH, De Rosa and colleagues (24) 
found an inverse correlation between spinal BMD and the 
age at pubertal induction, supporting the importance of a 
timely diagnosis and intervention. Notably, histories of de-
ficient treatment (inadequate dosage and/or long pauses) 
after diagnosis are also associated with impaired bone 
mass (25). Finally, pubertal induction must promote psy-
chosexual development (26-28) and prevent psychosocial 
damage, including low self-esteem, body image concerns, 
social withdrawal, and sexual inactivity in later life (29-
31). In males with CHH, combined gonadotropin treat-
ment can also promote the normal maturation (or indeed 
descent) of the testes (see the following section).

Thus, it is essential to promptly define the underlying 
pathogenesis to identify a tailored program of care. In con-
trast to CDGP, in which a “wait-and-see” strategy would be 
an appropriate management because puberty should start 
spontaneously, pathological forms of DP need a specific 
therapeutic approach. A possible exception is represented 
by DP associated with functional central hypogonadism, in 
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which the first line of action would be to remove or treat the 
underlying cause of hypothalamo-pituitary-gonadal (HPG) 
axis disorder, aiming to restore its correct functionality.

The optimal age to begin treatment in patients with 
known hypogonadism has not yet been universally es-
tablished. Whenever genetics, clinical history, or physical 
examination allow a timely diagnosis of either congenital 
or acquired forms of hypogonadism, a treatment within the 
physiological time frame of puberty is possible and there-
fore recommended (8). In particular, clinical syndromes 
associated with hypergonadotropic hypogonadism can be 
diagnosed before birth or in early infancy, and gonadal 
insufficiency is confirmed by rising gonadotropins at the 
anticipated time of puberty. More rarely, patients with re-
productive or nonreproductive clinical features typically 
associated with CHH (the so-called “red flags”) might also 
receive a timely diagnosis (Table 2) (6). Therefore, to recap-
itulate normal physiology and mitigate adverse outcomes, 
in such patients, pubertal induction should be initiated 
no later than 14 years in males and 13 years in females. 
However, this injunction to clinicians necessarily assumes 
an unrealistically precocious diagnosis of hypogonadism 
that is rarely achieved in practice, especially in those cases 
with a challenging differential diagnosis with CDGP. For 
the vast majority of hypogonadal patients, the diagnosis 
cannot even begin to be considered until after a period of 
pubertal delay. This means that patients necessarily will re-
ceive their final diagnosis outside their physiological time 
frame, making it even more important to promptly com-
plete the diagnostic workup and begin appropriate treat-
ment. In practice, the diagnosis and treatment of CHH 
patients is typically delayed until very late adolescence even 
in developed countries, which is unacceptable. These de-
lays reflect both the inertia of clinical referral pathways and 
the frequent misapplication by clinicians of management 
principles aligned with CDGP to adolescents with likely or-
ganic hypogonadism (32).

Whenever it is not possible to differentiate between 
CDGP and CHH, a short treatment with low doses of sex 
steroid hormones should be considered (ie, testosterone 
gel 10 mg every second day or IM testosterone enanthate 
25-50 mg monthly): in fact, besides helping these patients 
psychologically, it can also help the clinician differentiate 
the self-limiting delayed puberties from persistent condi-
tions because CDGP patients will then generally initiate 
endogenous pubertal development (6, 33).

Induction of Puberty in Males

Testosterone is the most frequently adopted pharmaco-
logical treatment in hypogonadal boys with DP because 
of its efficacy at inducing secondary sexual characteristics, Ta

b
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growth spurt, bone maturation, and psychosexual develop-
ment and its limited side effects and costs. However, testos-
terone alone cannot stimulate testicular growth or induce 
spermatogenesis, nor induce testicular descent in those with 
cryptorchidism (1, 2, 8, 29), whereas these goals can all be 
achieved in most CHH patients with combined gonado-
tropin treatment (2, 34-36), which may also give these pa-
tients significant psychological encouragement and enhance 
their self-confidence (2). Early induction of spermatogenesis 
may reduce the time required to reinduce it in adult life (29, 
35, 37). CHH patients treated with gonadotropins achieve 
an androgen profile (both testosterone precursors and me-
tabolites) that is closer to normal biochemistry than what 
is achievable with testosterone treatment (38), although the 
clinical relevance of this finding remains uncertain.

There are no longer concerns as to whether prior tes-
tosterone replacement treatment (TRT) negatively af-
fects the subsequent spermatogenesis or TV response to 
gonadotropins in CHH patients: although earlier studies 
suggested that prior TRT was a negative prognostic factor 
(39), especially in patients with severe phenotype of CHH 
(TV < 3 mL) (40), a metanalysis found no differences in 
the success rate of sperm appearance or in the mean sperm 
concentration between patients who previously received 
testosterone and those who did not (41). Moreover, a re-
cent study by Rohayem et  al. (34) showed that gonado-
tropin treatment in young CHH males successfully induces 
testicular growth and spermatogenesis, irrespective of 
previous testosterone treatment; however, although being 
not a statistically significant difference, it must be taken 
into account that both the rate of TRT-naïve patients who 
reached a normal sperm concentration and also their mean 
sperm concentration itself were around double those of pa-
tients who previously completed pubertal induction with 
TRT (34).

Finally, another strategy to induce puberty in CHH in-
volves pulsatile subcutaneous infusion of GnRH through 
a wearable minipump (42), but data on its comparative 
efficacy to gonadotropins are conflicting (43-45). Overall, 
considering its high cost, limited availability, and the asso-
ciated discomfort (44, 46), the GnRH pump is a less feas-
ible strategy in clinical practice to induce puberty in males, 
compared with exogenous gonadotropins.

Testosterone: types and routes of administration 
There remains a dearth of studies directly comparing dif-
ferent testosterone protocols to induce pubertal develop-
ment in males and thus no truly evidence-based guidelines 
regarding the optimal formulation and regimen for this 
purpose have ever been drawn up (47).

IM testosterone esters are the most frequently prescribed 
formulation for pubertal induction (48-51), in consideration 

of their relatively low cost (10, 52) and wide experience of ef-
ficacy at inducing an adequate virilization (52). Nevertheless, 
intermediate-acting testosterone esters come with some dis-
advantages: younger adolescents may find it hard to tolerate 
such frequent and relatively painful injections (50), which 
could contribute to poor adherence. Moreover, they exhibit 
suboptimal pharmacokinetics with wide serum testosterone 
level fluctuations between injections, from supraphysiological 
levels for the first few days, to subtherapeutic levels leading 
up to the next injection, sometimes associated with undesir-
able swings in energy, mood, and libido (53-56), and greater 
risk of erythrocytosis (57).

Another consolidated formulation of testosterone is oral 
testosterone undecanoate (TU): being a tablet its admin-
istration is better tolerated than injections; moreover, be-
cause it is absorbed through the enteric lymphatic system, 
it bypasses hepatic first effect, therefore relatively lower 
doses can be administered compared with older oral for-
mulations. However, its absorption is highly sensitive to 
the lipid content of meals, which often makes it unreliable; 
besides, its short half-life makes it necessary to administer 
multiple daily doses, with fluctuations in testosterone levels 
through the day (and possible compliance issues); finally, 
it is also not widely available (47, 58). Most data con-
cerning the safety and efficacy of oral TU in young boys 
derive from studies performed on patients with CDGP ra-
ther than hypogonadism and, despite differences in doses 
and duration of therapy, they all found that treatment with 
oral TU was able to induce the maturation of secondary 
sexual characteristics (4, 59, 60), increase TV (59, 60), and 
stimulate growth without an inappropriate advancement of 
bone age (4, 59-62). However, the effects on predicted adult 
height were inconsistent, being either increased (4), reduced 
(62), or unchanged (60). Overall, these studies provide sig-
nificant evidence that the administration of oral TU in boys 
with CDGP is both safe and effective at promoting pubertal 
development and growth without excessively advancing 
bone age. Similarly, long-term treatment with oral TU was 
also proved to be both safe and effective at inducing pu-
bertal development in boys with anorchia (63, 64).

Finally, among the oldest testosterone formulations 
are testosterone pellets, implanted subcutaneously using a 
trocar into the lower abdominal wall. However, although 
relatively stable levels of testosterone are achievable, the 
overall pharmacokinetic profile is inferior to IM TU (see 
the following section). They also require a minor surgical 
procedure and are associated with risk of extrusion or in-
fection (53). The literature data regarding the use of testos-
terone pellets for pubertal induction in young hypogonadal 
boys are very scarce: the only evidence available on this 
issue showed that 18 months of treatment with testosterone 
pellets in boys affected with different forms hypogonadism 
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led to an appropriate growth, pubertal progression, and 
psychosocial development, proving to be safe, effective, and 
well tolerated by all patients (65)

Over the past few years, interest has grown in newer 
testosterone formulations that have begun to be used 
more widely in clinical practice. However, no formulations 
were designed for inducing puberty in patients with hypo-
gonadism, but rather as hormonal replacement therapy 
(HRT) for adult hypogonadal males; therefore, no standard 
of care exists for their use in pubertal induction, and their 
pharmacokinetics and doses may not always be suitable for 
treating young prepubertal boys (see the following section). 
However, over the last decade a few studies have provided 
some evidence (see the following section).

Testosterone gels have the advantages of guaranteeing 
more stable serum testosterone levels over 24 hours and 
of providing good flexibility in dose adjustments (in par-
ticular, multidose dispenser can deliver as low doses as 
10 mg per pump) (57, 66). Unintentional skin-to-skin tes-
tosterone transfer is one of the most important adverse 
events of such formulation because it can lead to inappro-
priate virilization of passively exposed women and chil-
dren. Moreover, high costs might be a deterrent. To date, 
few studies have investigated its efficacy in young boys with 
delayed puberty, but data seem promising regarding both 
efficacy and safety, although concerns remain as to degree 
of adherence by the average teenager. Rogol et al. reported 
a significant rise to normal age-matched serum testos-
terone levels in young patients affected with primary hypo-
gonadism treated with increasing doses of testosterone gel 
1% for 6 months, despite no clinical meaningful changes 
being observed in terms of physical examination (more 
than one-half of patients were not naïve to testosterone, 
an occurrence that may have limited such changes) (56). 
Chioma et al. reported that low daily doses of testosterone 
gel 2% administered for 3 months in boys with CDGP were 
able to significantly increase growth rate in such patients, 
with no significant differences compared with IM testos-
terone (67). Finally, Contreras et al. showed the effects of 
3 different testosterone gel regimens (with different formu-
lations and dosages) in 3 young hypogonadal patients with 
hepatic dysfunction, reporting the advancement of sec-
ondary sexual characteristics, an increase in height and in 
testosterone levels, and a decrease in liver enzymes in each 
of them (68).

Another recent introduction in the field is long-acting 
intramuscular TU, although data are still scarce among pa-
tients with DP. The 3 studies (55, 69, 70) that investigated 
its efficacy at promoting pubertal development showed 
good results without significant adverse events, but they 
only recruited older adolescents (≥17 years) or prepubertal 
hypogonadal adults. TU has a much lower frequency of 

injections compared with testosterone enanthate, which 
handily corresponds to the typical interval between clinic 
visits, potentially facilitating greater compliance; moreover, 
testosterone levels remain relatively stable between injec-
tions and, therefore, unpleasant swings in mood, energy, 
or libido are generally not experienced by patients. On the 
other hand, its fixed dose and long half-life make it harder 
to progressively modulate serum testosterone levels in chil-
dren undergoing pubertal induction; hence, there is a the-
oretical risk in younger boys of advancing bone age too 
rapidly and thereby inducing precocious maturation and 
fusion of epiphyses, impairing final adult height (71).

The US Food and Drug Administration recently ap-
proved a new oral TU formulation characterized by a self-
emulsifying drug delivery system: TU is dissolved within 
a mixture of lipids and a hydrophilic surfactant, and this 
composition allows the solubilization of testosterone so 
that it can be absorbed through the intestinal lymphatic 
system irrespective of the lipid content of the previous meal 
(in contrast with the older oral TU that needs a fat-rich 
meal to be efficiently absorbed). To date, only a few phase 
3 clinical trials have evaluated the effects of this new for-
mulation in the treatment of hypogonadism in adult males; 
data look promising in terms of both efficacy and safety (al-
though the administration of new oral TU was shown to be 
associated with milder gastrointestinal adverse effects and 
a 3-5 mmHg increase in systolic blood pressure) (72, 73). 
Unfortunately, no data exist yet on their use for pubertal in-
duction in prepubertal hypogonadal boys; hopefully, in the 
future, trials will be performed on these patients as well.

Finally, the US Food and Drug Administration also 
recently approved the administration of subcutaneous 
testosterone enanthate via an autoinjector as a new formu-
lation of TRT for hypogonadal patients. Different studies 
show that a weekly administration of subcutaneous tes-
tosterone enanthate is safe, well tolerated, and effective 
at allowing patients to achieve testosterone levels within 
the reference range (74-77). Besides its efficacy, subcuta-
neous testosterone enanthate via an autoinjector has also 
several advantages: first of all, testosterone can be easily 
self-administered through the autoinjector, a device that 
also reduces the sensation of needle entry and pain; second, 
because of a reduced variability of testosterone levels, 
swings of mood, energy, and libido are less likely to happen 
compared with IM injections; and finally, the ease of ad-
ministration and its weekly regimen may lead to higher 
compliance compared with other formulations (74). To 
date, however, no data are available on the use of subcuta-
neous testosterone for pubertal induction in hypogonadal 
patients. Despite this, some evidence can be extrapolated 
from induction protocols used in transgender female-to-
male (FtoM) patients. Several different testosterone esters 
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and different regimens have been used so far for such a pur-
pose (78-81): for example, Olson et al. (79) administered 
progressively increasing doses of subcutaneous testosterone 
cypionate for 6 months (first a biweekly dose of 25 mg for 
the first 8 weeks, then an increase to 25 mg weekly for 4 
weeks and, if tolerated, increased to 50 mg weekly, with 
most patients ending up on a final dose of 25-75 mg per 
week) to a small cohort of young (13-24 years old) FtoM 
patients. They reported that such treatment was overall ef-
fective at achieving testosterone levels within the normal 
male range and at inducing amenorrhea, with little ad-
verse impact on physiologic parameters (body mass index, 
systolic blood pressure, and alanine aminotransferase in-
creased to statistically but nonclinically significant levels) 
and a few, mild side effects. Similarly, Spratt et  al. (78) 
showed that progressively increasing doses of subcutaneous 
testosterone cypionate in FtoM patients (starting dose of 
50 mg weekly, then sequentially increased to achieve tes-
tosterone levels within the adult normal range) were able 
to achieve testosterone levels within or above the normal 
male range, induce amenorrhea, suppress estradiol levels, 
and induce male secondary sexual characteristics, proving 
to be an effective, safe, and well-accepted option. Thus, 
subcutaneous testosterone esters, also with the possibility 
of administering lower doses at shorter time intervals might 
be a promising alternative for pubertal induction of hypo-
gonadic cisgender boys.

The main characteristics of the formulations illustrated, 
with their advantages and disadvantages, are summarized 
in Table 3 (47, 53, 54, 57, 58, 66, 72-74).

Testosterone: proposed therapeutic schemes 
In younger adolescents, a regimen of gradual testosterone 
titration is essential to recapitulate the progressive increase 
of serum testosterone during the physiology of normal pu-
berty; in this way, both psychosexual and secondary sexual 
characteristics develop gradually, whereas optimization 
of growth and adult height is also ensured (29). Although 
concrete data are conspicuously lacking, there are reason-
able concerns that too-rapid escalation of testosterone 
dose might lead to abrupt virilization (10) and accelerated 
psychosexual development, potentially increasing the risk 
of precocious sexual activity (8) and relational problems 
(10), and could also compromise adult height by inducing 
premature epiphyseal fusion (10, 29, 46). However, these 
concerns are largely theoretical and not relevant to older 
adolescents or adult males with CHH.

The best established regimen for pubertal induction 
involves using intermediate-acting intramuscular testos-
terone esters (in particular, testosterone enanthate); ideally, 
it should be started around the age of 12  years (1, 46, 
82) with low doses of testosterone esters (eg, 50  mg of 

testosterone enanthate) every 4 weeks (1, 2, 8, 29), then 
the dose being increased gradually (eg, escalations of 50 mg 
every 6-12 months (1, 2)), over a course of 24 to 36 months 
(2, 8, 29) until reaching full adult dose (eg, 200-250 mg 
every 2-4 weeks) (1, 2). In hypogonadal patients that come 
to medical attention only at late adolescence or in adult-
hood, testosterone dose escalation should be faster because 
adult height is no longer of concern (29), segmental dis-
proportion may already be established, and patients are by 
and large desperate to complete puberty as rapidly as pos-
sible (8): a higher initial dose (eg, 100-200 mg of IM testos-
terone enanthate monthly) (2, 8) can be quickly increased 
to 250 mg monthly (2).

Regarding the use of intramuscular TU for pubertal in-
duction, a few, small observational studies have recently 
been developed (55, 69, 70). To ensure a more gradual rise 
in testosterone levels, the investigators either omitted the 
usual loading dose at 6 weeks (69, 70) or started with oral 
TU for a few months before switching to intramuscular TU 
(55). As already stated, because of a lack of data and the 
theoretical risks of advancing bone age too rapidly, intra-
muscular TU is not recommended to induce puberty in 
young boys with hypogonadism and is therefore reserved 
for older patients (≥17  years) with hypogonadism who 
have achieved the majority of their linear growth poten-
tial (71), which in practice comprises around 50% of CHH 
patients, partly because of referral delays and medical pro-
crastination (31).

Because of its favorable pharmacokinetics, lack of injec-
tions, and flexibility for dose adjustment, testosterone gels 
administered through a multidose dispenser offer signifi-
cant advantages for pubertal induction in young adoles-
cents, although the actual evidence remains scarce (56, 67). 
An adequate starting dose for a 12 to 14 year old boy would 
be 10 mg every second day (8), progressively increased to 
full adult dosing over the course of 24 to 36 months, de-
pending on clinical response. Further studies are necessary 
to establish a standard of care.

Once again, despite the paucity of studies on the use 
of oral TU for pubertal induction in hypogonadal boys 
making it difficult to design solid standards of care, it 
is reasonable to start with low doses and then progres-
sively increase them as pubertal development proceeds; 
therefore, it has been suggested to start with 40  mg 
every other day for 3  months, then 40  mg daily for 6 
to 12 months, and then progressively increase the dose 
up to 80 to 120 mg daily within 18 to 24 months from 
the beginning of treatment, when a switch to a paren-
teral formulation is usually made. The rate of increasing 
doses needs to be decided for each patient according to 
the progress of his linear growth, virilization, and bone 
age advance (71).
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The main studies that evaluated the effects of dif-
ferent testosterone formulations for pubertal induction are 
listed in Supplementary Table 1 (83) (https://zenodo.org/
record/5572710#.YWm24RpBxPZ).

Gonadotropins: types and routes of administration 
Pituitary gonadotropins are administered by subcutaneous 
self-injections and their use has gained ground in clinical 
practice in recent years, with several novel themes having 
emerged.

FSH is required to induce proliferation of immature 
Sertoli cells and spermatogonia, and to sustain TV and 
spermatogenesis (2, 84, 85). Three different preparations 
are available: human urinary FSH (uFSH), whether highly 
purified or not, and recombinant human FSH (rhFSH) 
(41), with regular uFSH being far cheaper. A small retro-
spective study found that, compared with highly purified 
uFSH, rhFSH achieved higher spermatozoa forward mo-
tility, a trend toward shorter time to achieve pregnancy, and 
significantly faster appearance of spermatogenesis, despite 
achieving similar final sperm concentrations (86). However, 
a metanalysis (41) reported no significant difference in the 
achievement of spermatogenesis or sperm concentrations 
among CHH adult patients treated with any form of FSH, 
suggesting no evident advantages of the newer preparations.

Because of its structural and functional homology with 
human LH and far longer half-life, human chorionic go-
nadotropin (hCG) is used to stimulate the production of en-
dogenous testosterone from testicular Leydig cells, thereby 
inducing virilization, growth spurt, bone maturity, and psy-
chological development in the same manner as exogenous tes-
tosterone. Moreover, hCG also achieves physiologically high 
intratesticular testosterone concentrations that—via binding 
to androgen receptors on Sertoli cells—act in concert with 
FSH to induce germ and Sertoli cell proliferation and matur-
ation and thereby achieve spermatogenesis (85). Both urinary 
and recombinant forms are now available, with a single sub-
cutaneous injection of 2500 U of recombinant hCG—after a 
delay of about 12 hours—achieving a major increase in testos-
terone levels, peaking 72 to 96 hours later (mean peak level, 
34 nmol/L) and returning to baseline after 8 days (87). Finally, 
by inducing aromatase, hCG can also lead to gynecomastia 
from increased conversion of androgens into estrogens (88). 
Although hCG can be used alone, in CHH, it should gen-
erally be used in support of FSH therapy (see the following 
section). Despite its possible advantages on testicular growth 
and potentially in future fertility, gonadotropin treatment is 
considered off-label for pubertal induction.

Gonadotropins: proposed therapeutic schemes and 
applications 
Among studies that have investigated gonadotropin use for 
pubertal induction, few were randomized controlled trials 

and, overall, were heterogeneous in terms of patient num-
bers, ages (ranging from adolescence to adulthood), length 
of observation, and therapeutic protocol adopted, whether 
with hCG alone or in combination with FSH. The main 
studies are listed in Supplementary Table 2 (83) (https://
zenodo.org/record/5572710#.YWm24RpBxPZ).

hCG monotherapy induces testicular growth (35, 89-
91) and spermatogenesis (35, 89, 90, 92), especially in pa-
tients with a postpubertal onset of CHH (basal TV > 4 mL) 
(89, 90), but combination therapy with FSH achieves not-
ably better results in males starting off with prepubertal 
TV, with significantly more patients showing evidence of 
spermatogenesis and at greater sperm densities (35, 91, 
93-96) and higher final TV (34, 35, 93, 95, 96). However, 
larger randomized controlled trials comparing the effects 
of hCG-alone vs hCG + FSH are required to better define 
these advantages.

Animal studies (97, 98) have suggested a limited time 
window in prepubertal subjects wherein FSH can optimally 
induce Sertoli and germ cell proliferation in immature testes, 
but that then begins to close with the onset of testosterone 
secretion by Leydig cells (41, 85). Therefore, several inves-
tigators trialed pretreatment with rhFSH before starting ei-
ther GnRH therapy (85) or combined therapy with rhFSH/
hCG (84, 99), with the rationale of inducing Sertoli cell 
proliferation before these cell numbers stabilized with the 
onset of androgen-induced cell maturation. Among CHH 
patients pretreated with rhFSH before starting combin-
ation therapy, almost all those who were able to provide 
semen samples had sperm cells in their ejaculate, which 
was an encouraging result considering their small initial 
TV (< 3 mL) (84). Subsequently, Dwyer et al. (85) reported 
that pretreatment with rhFSH before GnRH therapy led 
to a greater increase in TV, larger final TV, shorter time 
to spermatogenesis, greater numbers (100%) achieving 
spermatogenesis, and higher maximal sperm count, albeit 
all falling short of statistical significance. Nonetheless, they 
demonstrated an increase in the number of Sertoli cells and 
spermatogonia together with histological maturation of 
the testes and a doubling in TV during the initial phase of 
rhFSH monotherapy (85). Overall, these results suggest a 
possible beneficial effect of a rhFSH pretreatment, which 
indeed mimics the physiological pattern of gonadotropin 
activation in early puberty. CHH patients with history of 
cryptorchidism were excluded from these studies, but it is 
precisely these individuals with depleted Sertoli and germ 
cell mass who potentially stand to derive greatest advan-
tage from an initial phase of FSH monotherapy. In all these 
studies, patients undergoing pretreatment with rhFSH 
necessarily delayed the beginning of hCG-induced viril-
ization, which is physically and psychologically undesir-
able. However, another option would have been to deploy 
exogenous testosterone, of which relatively little would 
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diffuse into the interstitial fluid surrounding Sertoli cells. 
Overall, a simpler strategy might be to start combined FSH 
and hCG treatment contemporaneously; whether an ini-
tial treatment with hCG alone would be less effective than 
pretreating patients with FSH is not known.

Once spermatogenesis is induced with either GnRH 
or hCG/FSH treatment, it can be maintained with hCG 
alone for a variable amount of time (100, 101) (ie, once 
mature seminiferous tubules have arisen with combined 
gonadotropin treatment, Sertoli cells can continue to sus-
tain spermatogenesis even with intermittent exposure to 
FSH). Following this rationale, Zhang et al. (91) recently 
compared the effects of continuous vs intermittent admin-
istration of uFSH in prepubertal CHH patients treated with 
combined therapy hCG/uFSH, reporting no significant dif-
ferences between the 2 regimens in terms of either final TV, 
testosterone levels, virilization, timing of spermatogenesis, 
or sperm concentrations. Therefore, combination therapy 
with continual hCG and intermittent uFSH might represent 
a noninferior alternative regimen to induce virilization and 
spermatogenesis in prepubertal CHH patients at a consid-
erably lower cost (91).

Finally, recent studies—including 1 randomized clinical 
trial—have reported that cryptorchidism (especially if bi-
lateral), low initial TV, and a strong genetic background 
(all indicators of more severe GnRH deficiency since intra-
uterine life) represent the major negative predictors of re-
sponse to gonadotropin treatment in terms of final TV and 
sperm concentration achieved (13, 34). Nevertheless, even 
among patients with these negative predictors, gonado-
tropin therapy can still be successful in achieving biological 
fatherhood (35, 84, 102).

In summary, despite the heterogeneity of the available 
data, some pillars of gonadotropin therapy can be distin-
guished. hCG promotes virilization, growth spurt, and 
sexual and psychosexual development, whereas the early 
addition of FSH grants a higher efficacy in terms of both TV 
increase and achievement of spermatogenesis and a much 
higher efficacy in achieving testicular descent (29). In this 
context, pretreatment with FSH for a few months may be 
the key to better maturation of testicular microarchitecture 
(85). Although no standard of care currently exists, some 
studies used fixed doses of FSH throughout (91, 96), and 
others allowed for increasing doses when initial TV in-
crease or spermatogenesis were disappointing (36, 40). In 
pubertal induction, the hCG dose should start off low and 
then progressively increase during the course of treatment 
(34, 35, 40), according to regular testing of serum testos-
terone and estradiol and clinical assessment. However, 
patients already treated with testosterone might start treat-
ment with higher initial doses compared with entirely pre-
pubertal patients (34, 40).

Besides being able to induce pubertal development in 
hypogonadal boys with DP, gonadotropins can also be used 
to replace the so-called “mini-puberty” in male newborns 
with early signs of CHH: the term mini-puberty refers to 
the transient activation of the HPG axis that begins around 
32 weeks of gestation and is sustained for the first 4 to 
6 months of life in boys and the first 1 to 2 years in girls 
(29). This phenomenon contributes to the final stages of 
testicular descent into the scrotum and an increase in penile 
length; accordingly, the earliest neonatal signs of CHH are 
cryptorchidism and micropenis (103). The potential im-
pact of mini-puberty on adult sexuality and fertility rep-
resents the strongest argument supporting gonadotropin 
replacement therapy in newborn boys with severe CHH 
(104). In this setting, early data are encouraging, albeit 
featuring small and heterogeneous samples of patients and 
different treatment regimens (105-110). In fact, neonatal 
mini-puberty replacement can have beneficial effects on tes-
ticular endocrine function and genital development, thus 
preventing psychological discomfort during adolescence. 
It also helps testes to descend to the scrotal position and/
or to fix them there. Further prospective controlled trials 
are required to address the potential long-lasting advan-
tages on adult reproduction health by assessing additional 
outcomes, such as sperm count after pubertal induction. 
Overall, we find it reasonable to offer this therapeutic op-
tion to newborn boys with severe CHH (micropenis and/or 
cryptorchidism), while explaining to their parents present 
uncertainties concerning long-term effectiveness and safety, 
as well as arranging to closely follow them up at the age of 
normal pubertal onset.

Patients’ follow-up and life-long replacement therapy 
During pubertal induction, careful clinical monitoring is 
required to evaluate genital maturation and virilization, 
growth rate, and potential side effects. Periodic reassess-
ment of bone age may assist the physician in determining 
the adequacy of HRT in younger adolescents, but hold 
little clinical relevance in older patients who have already 
reached or are close to reaching final adult height. Patients’ 
adherence and satisfaction with treatment results should 
also be taken into consideration (8).

The adverse events of hormone therapy are dose de-
pendent, with the most concerning related to testosterone 
and hCG being erythrocytosis and premature epiphyseal 
closure, but also including aggressivity, mood swings, gyne-
comastia, and priapism when doses are greatly excessive. 
Older males may experience androgenic alopecia even at 
optimal doses. Local side effects of IM administration are 
pain and erythema at the injection site (1, 2). Despite the 
lack of strong evidence, we suggest monitoring hematocrit 
and serum testosterone levels to avoid overtreatment and 
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ensure a gradual rise of serum testosterone, ideally within 
the reference range for pubertal stage (111) for each la-
boratory. Moreover, because inhibin B and anti-Müllerian 
hormone are released from Sertoli cells in response to FSH, 
their levels both at baseline and after exogenous FSH ad-
ministration might represent a useful marker to predict the 
spermatogenic response of the testicles to gonadotropin 
therapy (34). Measurement of BMD should also be con-
sidered at baseline in patients with risk factors for low 
BMD (112) and repeated once pubertal induction has been 
completed; in case it turns out to be low, it should be re-
assessed within 3 to 5 years.

TV should be periodically assessed; ultrasonography 
provides the most accurate measurement, whereas Prader 
orchidometer tends to overestimate TV, although it correl-
ates well with ultrasonography and therefore can be a re-
liable surrogate in clinical practice (113). An increase of 
TV during testosterone therapy suggests that activation of 
the HPG axis has occurred. Because androgens have been 
suggested to have a positive priming effect on GnRH pro-
duction and release (6, 33), testosterone treatment could 
lead to an activation of HPG axis in about 10% to 20% of 
patients affected with CHH, an event known as “reversal” 
(8). When reversal is clinically suspected (eg, through rising 
TV or gonadotropin levels, unexpected pregnancy), testos-
terone therapy should be withdrawn and levels of LH, FSH, 
and testosterone reassessed (2, 8). Moreover, a periodic re-
assessment of hormonal values off therapy should be con-
sidered, even if how often and up to what age remain open 
to question. However, because endogenous GnRH reactiva-
tion does not always persist indefinitely, these patients ex-
periencing reversal need to be monitored clinically through 
a regular follow-up program in any case (8, 114).

With the exception of CHH men experiencing reversal, 
patients with DP resulting from hypogonadism continue 
to be treated with testosterone lifelong as for any hypo-
gonadal man (115). Before switching to TRT, CHH pa-
tients previously treated with gonadotropins can perform a 
semen analysis to evaluate the response of spermatogenesis 
after treatment and to detect subjects at risk for inadequate 
sperm recovery later in adult life, giving them the possi-
bility of sperm cryopreservation (despite the high costs) 
and a chance for future fertility (34). Otherwise, gonado-
tropin therapy can be simply reintroduced in later life when 
fertility is desired (2, 8).

Induction of Puberty in Females

In females, adequate maturation of secondary sex char-
acteristics is achieved with estrogen alone, whereas 
the main role of progesterone is to prevent endomet-
rial hyperplasia. Indeed, clinical experience suggests 

that premature treatment with a progestogen may be 
deleterious to both final breast and probably also final 
uterine maturation.

In girls with hypothalamic-pituitary disease, an-
other treatment option is in principle represented by 
gonadotropins or pulsatile GnRH pump (in those with 
an intact pituitary gland). Although there are some an-
ecdotal experiences with the use of the pulsatile GnRH 
pump for pubertal induction in females (116), there are 
no protocols for pubertal induction with gonadotropins. 
Stimulation with gonadotropins would be very complex 
because it would have to mimic the hormonal pattern 
characterized by an increasing amplitude of FSH and LH 
pulses, that in turn induce ovarian steroidogenesis, until 
it replicates the cyclical pattern that allows ovulation to 
occur in the late stages of puberty; such a strategy would 
also require close monitoring because of the risk of ovarian 
hyperstimulation. Unlike in males, the complexity and cost 
of this approach are not counterbalanced by any significant 
known advantage over the use of estrogen alone; therefore, 
GnRH and gonadotropins are deployed only in adulthood 
to induce ovulation when pregnancy is desired. Pulsatile 
GnRH treatment is an effective and appropriate method 
to achieve normal ovarian function, with the advantage of 
inducing monofollicular development, physiologic estrogen 
levels, and normal luteal phase function; however, it is not 
effective in women with pituitary damage, and most pa-
tients find it difficult to carry a pump continuously. Daily 
injections of gonadotropins are a better tolerated and more 
suitable treatment option for the induction of ovulation. 
In women with hypogonadotropic hypogonadism, differ-
ently from conventional treatment (FSH followed by hCG 
or LH to trigger ovulation), the additional administration 
of LH is required to stimulate local production of an-
drogen substrates by theca cells, which facilitates sufficient 
secretion of estradiol by the dominant follicle. Protocols 
involve treatment with highly purified human menopausal 
gonadotropins or recombinant human gonadotropins 
(rhFSH and rhLH). This therapeutic option can be asso-
ciated with increased risk of multiple follicular growth 
and ovarian hyperstimulation syndrome resulting from 
supraphysiologic follicular stimulus (117, 118).

In recent years, the discovery of novel hypothalamic 
neuropeptides and the description of their physiological 
mechanisms have enabled the development of pharma-
ceutical agonists and antagonists. In particular, the use of 
kisspeptin agonists has been evaluated in the treatment of 
pubertal delay associated with decreased LH secretion, such 
as hypothalamic amenorrhea and CHH resulting from mu-
tations leading to loss of signalling of these neuropeptides 
(Kisspeptin and neurokinin B). Although further research 
is needed before kisspeptin analogs become incorporated 
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into clinical practice, these findings suggest a number of 
novel approaches to treat dysfunctions of the reproductive 
system (119, 120).

Estrogens are responsible for bone mass accrual and 
skeletal maturation, with a diphasic effect on long bone 
growth (inducing growth at low concentrations and epi-
physeal closure at high concentrations), change in body 
composition, neurocognitive maturation and, of course, 
sexual development (121). Adequate uterine growth is also 
essential because poor development—which is unfortu-
nately all too common in hypogonadal women who under-
went pubertal induction—can adversely affect fertility and 
pregnancy outcomes.

Estrogens: types and routes of administration 
Several types of compounds and routes of administration 
are available, with clinical differences in benefits and risks 
that have been extensively studied in postmenopausal and 
adult women; therefore, applying these studies to adoles-
cents represents an extrapolation. Because adolescents 
with hypogonadism will need estrogen therapy for ap-
proximately 4 decades, the choice of medication is critical. 
However, as there are no licensed hormone preparations 
for pubertal induction, the off-label use of hormone for-
mulations licensed for adult women (and in practice for-
mulated for the suppression of postmenopausal vasomotor 
symptoms) is unavoidable.

Historically, some clinicians prescribed ethinylestradiol 
(EE—a synthetic estrogen) or conjugate equine estrogen 
(CEE—a xenoestrogen) to induce puberty in girls, but 
there has recently been a sensible reversion to physiological 
human 17β-estradiol (17β-E2), whether transdermal or oral 
(32). Indeed, emerging data demonstrate greater safety and 
efficacy associated with 17β-E2 use compared with EE or 
CEE (122-126), and many authors consequently discourage 
using anything but native 17β-E2 (71, 127-129). The trans-
dermal route bypasses the hepatic first-pass effect, whereas 
oral estrogens are metabolized by the liver before reaching 
the systemic circulation. Therefore, to achieve adequate 
systemic concentrations with oral estradiol, the liver is ex-
posed to supraphysiologic levels, resulting in an increase in 
procoagulation factors, SHBG, and other binding proteins, 
triglycerides, and inflammation markers (130). This may 
explain why oral, but not transdermal estrogen delivery, is 
associated with a greater thromboembolic risk (131-138) 
and can have deleterious effects on body composition and 
lipid oxidation (139), glucose metabolism (140), and poten-
tially induce peripheral resistance to GH in the liver by sup-
pressing IGF-1 secretion/production (141, 142). However, 
an alternative explanation is that most of these studies 
compared transdermal 17β-E2 with oral CEE or EE, so the 
key benefit may in fact reside in the choice of compound 
(17β-E2) rather than with the transdermal route, something 

that had previously emerged in the transgender literature 
for induction and maintenance of feminization (143).

In young girls with hypogonadism, the clinical out-
comes of pubertal induction with different formulations 
of estrogen were collected from isolated experiences, small 
underpowered observational studies, and small clinical 
trials. Most of these studies were conducted on girls with 
Turner syndrome (TS), a population with clinical peculiar-
ities in terms of treatment goals and risk factors. Therefore, 
it cannot be assumed that the evidence on the outcomes 
of estrogen treatment is necessarily comparable for all 
DP-associated conditions.

Most studies (144-147) failed to demonstrate that dif-
ferent routes of administration result in different biochem-
ical profiles (markers of inflammation, lipid metabolism, 
IGF1 and growth, insulin resistance, liver enzymes, and 
renin) as markers of metabolic outcomes, probably from 
the previously mentioned limitations. On the other hand, 
treatment with E2 (144), especially in the transdermal form 
(145), resulted in higher estradiol levels and more effective 
feminization at the selected doses administered. These find-
ings also suggest that dose equivalences based on clinical 
practice or extrapolation from published equivalences in 
adults (127, 148) may be incorrect. Therefore, measuring 
estrogen levels should now be considered core to both dos-
imetry and ascertainment of patient adherence. This is rou-
tinely feasible during treatment with 17β-E2, albeit with 
certain limitations (see the following section), but cannot be 
done reliably for CEE and not at all for EE. Besides, even if 
the route of delivery of 17β-E2 does not differentially affect 
body composition and metabolic parameters when E2 con-
centrations are titrated to the normal range, total estrogen 
exposure (E1, E1S level, and total bioestrogen) is signifi-
cantly higher with oral 17β-E2, meaning that transdermal 
17β-E2 (TDE) achieves a more physiological estrogen milieu 
(147, 149). Moreover, Torres-Santiago et al. (147) show a 
tendency to lower IGF-1 and significantly higher levels of 
SHBG in the oral group as evidence of a stronger hepatic 
effect of oral estrogens. A follow-on study confirmed this 
finding and illustrated that common feminizing doses of 
oral 17β-E2 result in substantial accumulation of unphysio-
logical genotoxic metabolites compared with transdermal 
estradiol, although further studies are needed to determine 
whether any of this is clinically relevant (150). Finally, a 
more favorable impact of transdermal estrogens on some 
surrogate markers of cardiovascular risk (including fasting 
glucose, total cholesterol, and triglyceride concentrations) 
and BMD compared with oral estrogens was found in a 
systematic review and meta-analysis (151).

The main formulations available are reported in Table 
4, with some mention of their pharmacologic character-
istics (130). Transdermal estradiol is usually delivered in 
patch form in pubertal induction, which makes it easier to 
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administer specific doses of 17β-E2 by cutting up a matrix 
patch (reservoir patches cannot be cut) to facilitate dose 
adjustment in the absence of low-dose products specifically 
designed for this purpose. Transdermal 17β-E2 gel is not 
currently used for pubertal induction, both because of the 
difficulty of administering low doses with currently avail-
able formulations and because only one fairly dated paper 
proposing a gel induction scheme has been published (152). 
No data on dose equivalence between estradiol patches 
and gel are available in younger patients, although some 
authors have now begun to propose gel as an alternative 
in pubertal induction (153). As for other formulations of 
estradiol (injected estradiol valerate), there is very limited 
clinical experience (and even more limited published data), 
whereas vaginal rings are inappropriate for prepubertal/
early pubertal girls.

In conclusion, transdermal 17β-E2 should be considered 
as the preferred choice, as suggested by most authors (154). 
However, patients’ preferences for oral estrogen should 
also be taken into account. The use of EE and CEE should 
nevertheless be avoided.

Progesterone: types and routes of administration 
In addition to estrogen replacement therapy (ERT), pro-
gestogen is required to induce menstrual cycles, to pre-
vent endometrial hyperplasia, and to minimize irregular 
bleeding. However, no data are currently available on ei-
ther its use in young girls with hypogonadism or its meta-
bolic effects, whereas several studies evaluated the effects of 
progestin therapy in adults (130, 155-161). Each progestin 
exerts a certain impact depending on their affinity for pro-
gesterone, glucocorticoid, mineralocorticoid, and androgen 
receptors, resulting in different properties that can translate 
to very different clinical effects (162).

Options for treatment mainly include micronized proges-
terone (which is bioidentical to endogenous progesterone), oral 
medroxyprogesterone acetate (MPA), norethisterone acetate, 
and dydrogesterone. MPA is the conventional progestin widely 
used in the past; however, micronized progesterone has dem-
onstrated increased safety in several studies and clinical trials 
compared with MPA, concerning breast cancer risk, metabolic 
impact, and thromboembolic events, and gives good cycle con-
trol without significant side effects (157, 158). Norethisterone 
acetate is the most androgenic, and therefore, possibly the least 
suited progestogen for younger girls, whereas dydrogesterone 
is available in many countries only as part of combined HRT 
preparations. Therefore, micronized progesterone has been re-
commended in most of the recent expert consensus documents 
(8, 128, 154). The principal characteristics of commonly used 
progestogens are discussed in Table 5.

Progestogens are usually given for 12 to 14 consecutive 
days every month at the lowest dose that achieves complete D
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shedding of the endometrium, but the frequency of with-
drawal bleeding may be adjusted according to the patient’s 
wishes, as long as progestogen is administered at least 
every 2 to 3  months to avoid endometrial hypertrophy. 
Continuous administration of progestins for those who 
do not desire to have menstrual bleeding can be also con-
sidered. In practice, many postmenopausal women choose 
to insert capsules of micronized progesterone vaginally ra-
ther than taking them orally, to mitigate gastrointestinal 
side effects, but the product licence does not reflect this.

Proposed therapeutic schemes 
Review of the literature highlights several relevant studies 
over the past 2 decades (144, 145, 152, 163-166), pre-
senting schemes of ERT for pubertal induction, difficult to 
compare because of different types and routes of adminis-
tration, populations studied, and age at ERT start.

Overall, a progressive increase in the dose is suggested, 
both to recapitulate normal puberty as far as possible and 
because excessive doses might lead to premature epiphyseal 
fusion and a reduction of adult height, impaired bone min-
eralization, and poor uterine and breast maturation (prom-
inent and underdeveloped breasts).

Several years ago, some authors (127, 163, 167) pro-
posed to start induction with a low dose of transdermal 
17β-E2, corresponding to about 0.1 µg TDE/kg, to be ap-
plied only at night, and then to be carefully increased before 
mid-pubertal levels are reached, to mimic the spontaneous 
estrogenic levels in the early pubertal range (peak value be-
tween 10 and 40 pmol/L) as well as the diurnal pattern 
of serum 17β-E2. The rationale of this cautious approach 
is that maintaining these low levels of 17β-E2 probably 
not only promotes breast maturation, but also increases 
growth velocity (as it is well known that peak height vel-
ocity in girls is observed in early puberty). The induction 
regimen consisting in low growth-promoting TDE doses 
for 18 to 24 months (starting from 0.1 µg/kg to doubling 
every 6 months) based on body weight with initial over-
night ERT, and adjusting the patch size to achieve target 
serum estradiol levels, as proposed by Davenport (127), 
is still one of the most widely used regimens to date and 
has been advocated by several authors in recent publica-
tions (2, 8, 154). However, no clinical study has yet dem-
onstrated any actual superiority of the initial overnight 
treatment. In addition, early studies in TS were primarily 
focused on maximizing adult height, with the opportunity 
to initiate age-appropriate estrogen replacement all too 
frequently overlooked. Therefore, although a very slow 
approach may allow patients to achieve a greater stature 
through a more delayed epiphyseal fusion, it cannot be as-
sumed that the clinical concerns and outcomes of estrogen 
treatment are identical for all conditions associated with D
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DP. One recent study (164) investigated faster protocols of 
induction in TS (first 2 months 12.5 μg/24 hours, thereafter 
25.0 μg/24 hours until breakthrough bleeding), devised es-
pecially for girls with delayed diagnosis and/or initiation 
of estrogen treatment, considering that in such conditions 
a 2- to 3-year model for induction of puberty may not be 
optimal: the authors found a satisfactory rate of progres-
sion through pubertal stages, no influence on growth po-
tential, and a satisfactory increase in uterine volume that 
did not correlate with the duration of treatment or the dose 
of estradiol per kilogram of the initial body weight. Two 
other, different protocols were adopted in clinical studies 
comparing TDE with oral ERT (144, 145), with an initial 
dose of TDE of 12.5 µg and 25 µg, respectively, showing 
that treatment with TDE resulted in higher estradiol levels, 
more effective feminization (144), faster bone accrual at the 
spine, and increased uterine growth compared with CEE 
regimens (145). Last, a more simplified regimen (168) pro-
posed to start with one-quarter of a 25-µg patch, slowly 
increasing the dosage up to adult dose over 2 to 2.5 years 
(when progestogen is added), whereas other authors sug-
gest starting with one-quarter of a 25-µg patch applied 
mid-week (128) to reduce the initial doses while avoiding 
having to cut the patch into small fractions.

Concerning oral 17β-E2, a well-established regimen pro-
posed by Delemarre (52) suggests starting from 5 µg/kg of 
oral 17β-E2 per day, doubling every 6 months until an adult 
dose of 2 mg per day in 2 years. However, a therapeutic 
regimen based on body weight is laborious and complex to 
deliver, especially for oral delivery. In this regard, a study 
by Labarta et al. (166) shows that a simplified incremental 
fixed dose can provide satisfactory pubertal development 
not inferior to individualized dose depending on weight 
and, therefore, it might be preferable because it is simpler. 
Indeed, a regimen proposed most recently by Zacharin et al. 
(168) aims at an easier administration, starting at 0.5 mg 
every second day for about 3 months, increasing to 0.5 mg 
daily for 6 to 9 months, then 1 mg/d for about 12 months, 
and finally increasing to an adult dose of 2 mg/d.

The main studies that evaluated the effects of different 
estrogen formulations and regimens for pubertal induction 
are listed in Supplementary Table 3 (83) (https://zenodo.
org/record/5572710#.YWm24RpBxPZ).

On the whole, despite the different regimens used, the 
dynamics of breast maturation is quite uniform in the 
cited studies, with the achievement of stage B2 during  
the first 6  months and B4 after approximately 2  years, 
which is comparable to spontaneous puberty (154, 164). 
Data on uterine maturation are less reassuring: a recent 
study (169) assessing uterine parameters in hypogonadal 
women who had undergone pubertal induction found 
that uterine growth is often compromised regardless of 

diagnosis, despite standard estrogen therapy. This obser-
vation could be due to inadequate estrogen replacement 
doses, as suggested by an association between serum es-
tradiol levels and uterine dimensions. However, neither the 
type of ERT nor its dose were linked to uterine size param-
eters. Moreover, no significant correlation between the age 
of initiation of therapy or menarcheal age and uterine size 
was found. It has also been reported that treatment with 
nonphysiological estro-progestin regimes gives worse re-
sults in terms of uterine development (170).

Considering the wide inhomogeneities of type and dose 
of therapy, age of initiation, and population treated, care-
fully designed studies are required to confirm these data 
and to indicate the most effective induction scheme to en-
sure optimal uterine development. It has been hypothe-
sized that there might be a “critical window” for uterine 
development during adolescence, outside of which reduced 
size cannot subsequently be recovered. Although this is 
not clearly substantiated, the existence of precise timing 
in uterine maturation might be suggested by the evidence 
that only during pubertal development is there a significant 
correlation between uterine volume and estradiol concen-
tration and the changes in uterine size are more striking at 
Tanner stage B3 and B4 (171-173).

In summary, treatment should be initiated with a 
starting dose of approximately 10% of the adult replace-
ment dose and increased (by increments of 1.5- to 2-fold) 
every 6 months over a 2- to 3-year period (or less in older 
adolescents or young women). After at least 2 years of un-
opposed estrogen, or if more than 1 episode of significant 
breakthrough bleeding occurs, it is necessary to consider a 
progestin to induce withdrawal bleeding, but only if adult 
breast and uterine conformation has been achieved. We 
recommend that, if symptoms of endometrial hyperplasia 
develop when breasts or the uterus are not yet fully de-
veloped, then a slight reduction in 17β-E2 dose should be 
considered instead of introducing the progestin, although 
we acknowledge the lack of direct evidence. However, in 
recognition that physiologically progesterone levels only 
rise substantially in the late stages of puberty (174), when 
ovulatory cycling becomes effective, and that it plays a role 
in both the breast and the uterus (175), it seems to us that 
following this approach that aims to recapitulate normal 
physiology represents the path of lowest risk.

It should be highlighted that the approach must be in-
dividualized, depending on the specific characteristic, cir-
cumstances, and desires of patients. When hypogonadism 
is diagnosed late, which is very common especially in pa-
tients with CHH, or it develops after spontaneous pu-
bertal start, estrogen dosing regimens can progress more 
rapidly, especially for those in whom adult height is not 
a concern.
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Patients’ follow-up and life-long replacement therapy 
For both transdermal and oral 17β-E2 induction regimens, 
we suggest checking estradiol levels after starting treatment 
and after dose changes, ideally with an ultrasensitive assay 
(although, unfortunately, it is not widely available). To date, 
there are no general recommendations regarding the timing 
of blood sampling in relation to 17β-E2 administration and 
measurements of its levels can be influenced by absorption, 
metabolism, and user-related discrepancies. Despite these 
limitations, monitoring blood concentrations of estradiol 
is a useful complementary tool to clinical objectivity for 
assessing compliance and guiding treatment choices in ti-
tration. Even if the treating physician has no access to a 
laboratory with a sensitive method for E2 measurements, 
some authors suggest that a value above 40 pmol/L should 
be considered as a marker of an excessive starting dose in a 
12 to 14 year old (163). Ideally, serum estradiol levels should 
progressively increase with each dose change and remain 
<180 pmol/L until full dose is reached (eg, 50 µg of TDE) 
to accelerate linear growth without rapidly advancing bone 
maturation (127). For girls completing puberty, an adult 
target 17β-E2 concentration around 350 pmol/L should be 
aimed for during therapy (149), similar to what is sensibly 
recommended in transgender women (143).

Pelvic ultrasound should be performed during pubertal 
induction and upon completion to document the uterine 
size and shape and to evaluate the endometrial thickness 
and hence the optimal timing for progestin introduction. 
For uterine length, a cutoff of 65 mm is commonly used 
for maturity, based on the normative data by Griffin et al. 
(176). It is important to appreciate uterine size in its en-
tirety rather than relying on a single measurement because 
this may provide false reassurance in terms of adequate 
development; however, there is variation in the literature 
as to the criteria comprising uterine maturity. In fact, 
during pubertal development the uterus also changes from 
tubular to “pear” shaped and the ratio of the corpus to 
the cervix changes from being approximately 1:1 before 
puberty, to between 2:1 and 3:1 after puberty. A norma-
tive age-matched model of uterine volume was reported 
by Kelsey et  al., with a predicted postpubertal uterine 
volume of 25.8 cm3 (68% prediction limit, 25.8-77.8 cm3) 
(173), whereas Burt et al. provided references based on a 
eugonadal control population for 3-plane diameters (total 
uterine length, anteroposterior, transverse), volume and 
fundal-cervical ratio (169).

Screening for thromboembolic risk should be performed 
only in girls with a personal or family history, considering 
that an increased risk does not preclude estrogen therapy, 
but requires a careful monitoring of hematological param-
eters (154). However, even if no other routine screening or 
monitoring tests are required, they may be prompted by 

specific symptoms or concerns (177). As for BMD moni-
toring, the same approach discussed about male patients 
can be followed.

ERT must be maintained until at least the average age 
of physiological menopause (51-52  years of age), but in 
practice many hypogonadal women will have received in-
adequate treatment in earlier life or had prolonged breaks 
in therapy, and so should be encouraged to continue longer. 
Progestogens, which can be added either cyclically or con-
tinuously, are available either as single agents or in com-
bined formulation with estrogen. European consensus 
guidelines for CHH do not recommend the combined oral 
contraceptive pill (COCP) (8) even though these continue to 
be prescribed through force of habit. Emerging data show 
that COCP is less favorable in BMD improvement, uterine 
parameters, and long-term cardiometabolic health compared 
with a physiological estrogen replacement, particularly in 
older females. Nevertheless, it is clearly better to prescribe 
COCP than nothing at all, although packs should generally 
be taken back-to-back to avoid the risk of reexposure to 
hypogonadism for 1 week in 4 (124, 129, 178, 179).

Conclusions

Pubertal induction needs to be performed within a physio-
logical timeframe to guarantee harmonious growth and 
sexual and psychological development. Hitherto, mainly 
studies with small case series or isolated experiences have 
been conducted for pubertal induction, often recruiting 
patients with different etiologies of hypogonadism or 
within broad age ranges at the start of treatment. It is 
hopeful to have carefully designed studies performed 
among specific and uniform populations to establish 
which treatment protocol is the most effective in each 
clinical condition, considering the heterogeneity of the 
populations to treat (180). Furthermore, as some treat-
ments are still off-label, despite being already validated 
in clinical practice (such as gonadotropin treatment), 
multicenter randomized controlled trials would allow to 
officially extend the indication of these drugs to pubertal 
induction in young patients. These will need to be funded 
by national agencies, given that sex hormones are by and 
large low-cost drugs for which the costs of applying for a 
variation in product licence are excessive compared with 
the additional earnings that would accrue to the relevant 
pharmaceutical company.

Hitherto, no standard of care exists for pubertal in-
duction; however, some treatment strategies have consoli-
dated in clinical practice. Useful tips for clinical practice 
in terms of both treatment strategies and clinical, labora-
tory, and instrumental assessments during follow-up are 
listed in Table 6.
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