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Abstract
BACKGROUND: Subjects with hypo-or hypergonadotropic hypogonadism need hormone replacement therapy (HRT) to initiate puberty and maintain it with a normal hormonal status. While general recommendations for the management of HRT in adults have been published, no systematic suggestions focused on adolescents and young adults. The focus of this review is the HRT in males and females with hypogonadism, from puberty to late reproductive age, covering the different management options, encompassing sex steroid or gonadotropin therapy, with discussion of benefits, limitations and specific considerations of the different treatments. 
METHODS: We conducted an extensive search in the 3 major scientific databases (PubMed, EMBASE and Google Scholar) using the  keywords “hormonal replacement therapy”, “hypogonadism”, “bone mineral density”, “estradiol/testosterone”, “puberty induction”, “delayed puberty”. Case-control studies, case series, reviews and meta-analysis published in English from 1990 to date were included.
RESULTS: By considering the available opportunities for fertility induction and preservation, we hereby present the proposals of practical schemes to induce puberty, and a decisional algorithm to approach HRT in post-pubertal adolescents.
CONCLUSIONS: A condition of hypogonadism can underlie different etiologies involving the hypothalamic–pituitary–gonadal axis at different levels. Since the long-terms effects of hypogonadism may vary and include not only physical outcomes related to sex hormone deficiencies, but also psychological problems and implications on fertility, the initiation, maintenance and consolidation of puberty with different pharmaceutical options is of utmost importance and beside pubertal development, optimal uterine and testicular growth and adequate bone health should consider also the psychosocial wellbeing and the potential fertility. 
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INTRODUCTION
Hypogonadism can result from an impairment at any level of the hypothalamic-pituitary-gonadal axis, thus the condition of hypogonadism comprises a relatively heterogeneous group of disorders; abnormalities within the hypothalamus or pituitary lead to hypogonadotropic hypogonadism, whereas primary gonadal failure is characterized as hypergonadotropic hypogonadism. 

In boys, congenital hypogonadotropic hypogonadism (CHH) could manifest as criptorchidism and/4or micropenis (length <2.5cm) in infancy, as a complete lack of secondary sexual development at pubertal age, or as failure of normal pubertal progression in adolescence. In girls, hypogonadism could present with failure of pubertal initiation and progression, amenorrhea or menstrual irregularities. 

In the literature, increasing evidences indicate that low production of sex hormones in infancy and adolescence has long-term effects not only on development of genital anatomy, physical appearance, and fertility, but also on glycometabolic control, lipidic metabolism and psychological functioning [1]. Therefore, the goal of hormone replacement treatment (HRT) in hypogonadism is to improve general physiological health and long-term outcome, as well as the development of male or female sexual anatomy. In the present review, the current approaches of HRT for hypogonadic male and female are analyzed. 

Clinical and hormonal features in hypogonadism
Infancy

The hypothalamic-pituitary-gonadal (HPG) axis is measurably active in fetal life, and then undergoes a process of reactivation twice between birth and adulthood. The first activation is in early infant life, during the so-called ‘mini-puberty’, and the second during puberty, after a silent period between the age of one-two and eight-to-nine years [2]. While puberty is recognized as the universal process of maturation to reproductive capacity that results in achievement of adult height and body proportion, in addition to development of the genital organs and the capacity to reproduce, mini-puberty has also been increasingly recognized as vital for normal fertility development and offers a key “window-of-opportunity” to early diagnosis of CHH [3-6]. 
While there are no clear clinical signs of GnRH deficiency in female infants, micropenis and bilateral cryptorchidism raise a suspicion of CHH in male infants, as these signs may reflect the lack of activation of the HPG axis during fetal and early postnatal life. In mini-puberty high levels of gonadotropin might be also related to an hypergonadotropic hypogonadism, but consistent data are lacking.
In the first 3-4 months of life, CHH diagnosis is possible with a single blood sample for gonadotropins (luteinizing hormone-LH and follicle-stimulating hormone-FSH) and basal sex hormones, without the need for stimulation tests. Gonadotropin levels in healthy infants start to increase during the first week of life and then decrease towards the age of six months, except for FSH levels in girls that remain elevated until 3-4 years of age [7]. 
New markers of gonadal function are useful for hypogonadism diagnosis, particularly in males, both soon after birth and after the mini-puberty is completed. In healthy newborn boys, inhibin A levels are undetectable, but rise from day 2 onwards to robust levels by the end of the first month. Inhibin B levels peak in boys at three months of age (mini-puberty period) to levels higher than in adult men, then decrease by 15 months of age, although remain detectable at the lower limit of the adult range through into mid-childhood. Inhibin B is a useful marker of Sertoli cell function from the neonatal period into early childhood and can be used to assess males with micropenis and/or cryptorchism, both due to hypogonadotropic and hypergonadotropic hypogonadism. In girls, inhibin B levels are low at birth but increase during the first months of life and then decrease again towards one year of age, but its use in hypogonadic female infants is less clear. 
Anti-mullerian hormone (AMH) is strongly expressed in males by Sertoli cells from the time of testicular differentiation to puberty and at much lower levels in females by the granulosa cells from birth until menopause. In males, AMH levels increase after birth to peak levels around two months of age and then decrease by the age of one year; undetectable AMH and inhibin B are diagnostic of anorchia. In infant girls, a similar pattern in AMH levels during the first months of life has also been reported, with significantly lower levels than in males [8].
Adolescence

Development of the clinical features of puberty is initiated by the reactivation of the HPG axis, but the nature of the puberty inhibitory factors ‘brakes’ on this axis after the mini-puberty and which is the mechanism of release of the HPG axis, is not completely understood. The hypothalamus begins to secrete gonadotropin-releasing hormone (GnRH) in a pulsatile fashion, with increasing amplitude and frequency, then GnRH stimulates pituitary gonadotropins, LH and FSH. Gonadotropins in turn act at the level of the gonad, causing release of oestrogen or testosterone, responsible for the development of secondary sexual characteristics. Whilst the timing of pubertal onset varies within and between different populations, it is a highly heritable trait with estimates of up to 80% of individual variation being under genetic influence [9]. However, despite strong heritability, the key genetic factors that determine human pubertal timing in the normal population and in cases of disturbed pubertal timing remain mostly unknown. 
Delayed puberty (DP) is defined as the lack of the initial signs of puberty (Tanner stage 2 breast development in girls or testicular enlargement to ≥4 mL in boys) at an age that is between 2 and 2.5 SDS beyond the population mean [10]. For girls, the American Academy of Pediatrics and the American College of Obstetricians and Gynecologists have jointly published guidelines that recommend the evaluation of DP in case of lack of breast development by age 13 years, or menarche does not occur within 3 years from thelarche or is absent at 15 years. For boys, if testicular volume is < 4 mL by age of 14 years. The presence or absence of pubic hair is not part of this definition because it can be due to sexual steroids production from the adrenal gland (adrenarche), instead of the gonad. Family history of DP is present in up to 50-75% of parents or siblings [11, 12]. A complete physical examination, including height, weight and growth velocity, along with anamnestic history, endocrine, radiological, and genetic investigations [8] seeks to identify in both genders which ones will have permanent hypogonadism as opposed to those with transitory hypogonadism, who will undergo spontaneous but DP (constitutional delay of puberty and growth, CDGP), that represent approximately 65% of boys and 30% of girls[13]. Besides growth impairment and overweight, DP in adolescent boys is one of the commonest causes for referral to a pediatric endocrinologist. The prevalence is approximately 2% in girls and 5% in boys at 14 years of age, with 0.1% remaining prepubertal 3 years later [14]. The differential diagnosis lies between CDGP, which is common, and CHH, which is rare, with prevalence of 0.025% [15](Figure 1). 
The causes of delayed puberty [10, 16, 17] can be classified as constitutional delay of growth and puberty (CDGP) (53-70%, M>F); functional hypogonadotrophic hypogonadism (19%, M=F), characterized by low levels of FSH and LH for a transient delay in HPG axis maturation due to an associated condition, such as endocrine disease, coeliac disease, inflammatory bowel disease, hypothalamic amenorrhea (for anorexia nervosa, intense exercise,..); permanent hypogonadotrophic hypogonadism (CHH) (M 10%; F 20%), characterised by low levels of FSH and LH and caused by an underlying central nervous system (CNS) abnormality, isolated (i.e. Kallmann syndrome), idiopathic or associated with other neuroendocrine congenital deficiencies, in congenital combined pituitary hormone deficiencies (cMPHD), or acquired deficiencies, after radiotherapy with total dose >15-40 Gy, chemotherapy in female and in male, CNS tumours, trauma, ischemia; and hypergonadotrophic hypogonadism (M 5-10%; F 25%), characterised by elevated  FSH and LH levels due to gonadal failure or inability to synthesize or respond to sex steroids, such as Turner syndrome, chromosomal aneuploidy-47, XXY-, gonadal dysgenesis and after radio/chemotherapy. In 3% of cases hypogonadism remains unclassified (Table 1).
The physical examination provides relevant clues for the differential diagnosis. In female, severe growth retardation should raise the suggestion of Turner syndrome (TS). Absence or presence of breast development in female and testicular volume increase in male indicates whether the production of estrogens or testosterone is ongoing, while absence of pubic hair usually reveals a pituitary defect in corticotropic axis or insufficient androgen biosynthesis. Vaginal agenesis, at pelvic US, orients toward Mayer-Rokitansky syndrome or other similar syndromes, if normal breast development and pubic hair are present, or XY disorder of sex development (DSD), if breast development is subnormal.
Gonadal abnormalities with insufficient virilization can orient toward SRY gene abnormalities (20%), that express themselves with a clinical picture of 46 XY sex reversal with female phenotype, even if in the pubertal period some patients may present partial pubertal development, often caused by a secreting gonadoblastoma. Variable degrees of external genital under-virilization is a hallmark of defects in testosterone production with AMH normally secreted by Sertoli cells (i.e. defect in 3-beta-hydroxysteroid dehydrogenase, 17.beta-hydroxysteroid dehydrogenase deficiency, defect of 17-alpha-hydroxylase, Leydig cell agenesis or hypoplasia), or androgen-resistance disorders (i.e. complete androgen insensitivity syndrome-CAIS, 5alfa-reductase deficiency) which are characterized by normal/high testosterone and AMH production, in contrast to the under masculinization in 46, XY DSD [18].
At the time of referral, it is often difficult to distinguish boys with CDGP from CHH because they may share similar clinical and hormonal features. Differentiation is not possible on the basis of basal serum testosterone and gonadotropin concentrations because there is considerable overlap. Therefore, a variety of physiological and stimulation tests have been proposed, such as basal FSH and LH levels and after the GnRH stimulation test (Triptorelin 100 mcg/m2 s.c.), in which low peak LH (< 4 U/L) after 4 hours are predictive value in identifying patients with CHH [22], as well as maximum concentrations of LH  and FSH  of 3.3 mIU/mL and 5 or 7.4 mIU/mL, respectively, after intravenously injection GnRH Gonadorelina acetate 100 mcg I,v, with blood sampling at 0, 15, 30, 60 minutes [23]. Further tests proposed to differentiate between CHH and CDGP are testosterone response to human chorionic gonadotropin (hCG) [24, 25], assessment of nocturnal LH pulsatility by frequent sampling [26, 27] and first morning-voided urinary LH and FSH [28]. Despite the variety of tests reported, no single test has been shown to differentiate between the two conditions with 100% sensitivity and specificity, and analysis of test performance requires a gold standard for comparison. 
The demonstration of a complete and spontaneous recovery can distinguish CDGP from CHH, even if few studies have verified outcomes in adulthood or at the end of pubertal induction. Some of them have shown reversibility of gonadotropin secretion in 10% of a cohort of young men with CHH, 20% of which had evidence of genetic mutations in FGFR1 and GnRHR [29]. Thus to date, no single test fulfills the criteria required to make a diagnosis of CHH, although advances in the understanding of the genetic basis of pubertal development offer the possibility of a more refined diagnostic process and a gold standard to compare endocrine tests [30]. The diagnostic evaluation need also other hormonal investigations represented by fT4, TSH, IGF-1, prolactin  and inhibin B, with cut-off levels of 28.5-35 pg/ml indicative of CHH [18, 31, 32]. The triad of testicular volume (cut-off 1.1 ml), GnRH-induced maximal LH (cut-off 4.3 IU/L) and basal inhibin B levels have been proposed as the most effective discriminators of idiopathic CHH from DP [33]. 
Genetic evaluations
Karyotyping should be obtained in all patients with hypergonadotropic hypogonadism, as it can reveal an X0, XYY, XY or XX gonadal dysgenesis, or various type of mosaicisms. 
Molecular genetic analysis should be considered depending on the clinical pattern, even if at present, genetic disorders of pubertal development only account for approximately 10% of cases [19] and hypogonadism assessment is still related to clinical evaluation, often after pubertal induction. The commonest cause of CHH is Kallmann syndrome (1 in 10,000 males); monogenic causes have been extended further with the identification of more than 25 causative genes, such as KAL1, FGF8, prokineticin 2 (ProK2), prokineticin receptor 2 (ProKR2), GnRH-Rc, Kisspeptin 1 (Kiss-1), Kiss-1-Rc (GRP54), neurokinin B (TAC3), TACR3, DAX1, SOX10 [18, 20]. Other forms include isolated hypogonadotropic hypogonadism, hypothalamus and pituitary tumors, genetic syndromes such as Bardet-Biedl, Laurence-Moon and Prader-Willi, and mutations in genes that are implicated in pituitary development, such as multiple pituitary hormone deficiency, MPHD (i.e. HESX1, SOX2, SOX3, PROP1, LHX3, LHX4), as well as mutations in leptin and the leptin receptor [21].
Imaging evaluation
Radiological assessments [18] can be helpful in completing the diagnosis, with hand and wrist X-rays for bone age evaluation, pelvic US in female, which can reveal small or absent gonads indicating possible hypergonadotropic hypogonadism condition, or ovarian volume <2 ml and uterine length <35 mm indicating a subnormal hypothalamic-pituitary stimulation. Brain MRI should be performed to exclude hypothalamic-pituitary diseases, olfactory bulbs anomalies or tumors, while dual-energy X-ray (DXA) to evaluate the impact of sex hormones deficiency on bone mineral density. 
Purpose of HRT 
HRT is helpful in induction of secondary sexual characteristics, triggering a proper pubertal height spurt without compromising height attainment; maintenance of normal sex hormone levels to assure bone mass accrual; achievement of a healthy sexual life and fertility; reduction of psychological consequences of delayed puberty with negative interactions with peers, decreased self-esteem, and anxiety on growth rate or body habitus.

Several regimens of treatment with different administrative routes exist. The treatment choice needs to be balanced with the therapeutic goal, the timing of treatment, and attention to peer appropriate psychosocial and emotional maturity [1, 10, 34].

It is noteworthy that for HRT in hypogonadic young patients RCT are scarse, data from clinical observational studies are limited and no uniform treatment regimens are internationally used so far.

Hypogonadism treatment in males 

Infancy

Neonatal treatment with testosterone can be used to correct micropenis in both hypogonadotropic and hypergonadotropic hypogonadism. Standard therapy includes either intramuscolar (IM) testosterone enanthate 25 mg every 3-4 weeks for 3 months, or topical therapy with either 2% testosterone gel [8, 35]. Management of cryptorchidism needs surgical correction, while prior human Chorionic gonadotropin (hCG) or GnRH therapy seem to provide small additional benefits [36]. However, these therapies will not address the microorchidism seen in a male infant with CHH. Some studies of infants with CHH have used recombinant LH and FSH treatment as a continuous subcutaneous infusion to mimic minipuberty and increase both penile length and testicular volume and Leydig and Sertoli cell activation [35, 37]. Outcomes included improved testicular size and function, recognized by inhibin B and AMH levels, but it is not known if such therapy will improve the response to pubertal treatments or fertility outcomes in men with CHH. Concerns remain about the possible deleterious effects of hCG on germ cells in cryptorchid testes in infants, as its use has been associated with smaller testis volumes and higher FSH levels in adulthood [8, 38, 39].
HRT for pubertal induction and maintenance in males 

In isolated DP, where pubertal onset is late but expected to occur spontaneously, a management strategy of ‘watchful waiting’ may be appropriate. The options for management of male patients with DP (testicular volume <4 mL at 14 years or absence of pubertal/testicular evolution over 5 years) include monitoring with reassurance or therapy with low dose testosterone. If ‘red flag’ markers of hypogonadism are present or if endogenous gonadotropin-dependent puberty has not started after one year of treatment, then permanent CHH and other diagnoses should be reconsidered. 
Hypogonadotropic hypogonadism


Testosterone

The most commonly used treatment regimen with low dose testosterone for boys with DP is represented by the supplementation with IM depot preparations of a testosterone esters, as enanthate and cypionate, that have longer duration of action than testosterone propionate [1, 34]. Various schemes of Testosterone priming have been proposed, but most authors advocate a starting low dose of 25-50 mg every 4 weeks for 3-6 months and re-evaluation of puberty after 6-9 months [8, 40].   The dose should be increased gradually, on average every 6 months, to a full adult dose of 100–200 mg every 2 weeks or 250 every 2 to 4 weeks, during the course of 24 months. In young men with a diagnosis of CHH, induction of puberty with sex steroid therapy is similar to that in CDGP; however, treatment can be initiated at a younger age (12 years) if the condition is confirmed. In some patients, it may not be initially possible to distinguish between a diagnosis of CHH and CDGP and, therefore, testosterone therapy may be delayed until 14 years [8].
Since the intramuscular administration is poorly accepted by pediatric age groups, the validity of pubertal induction has recently been demonstrated an appealing alternative through the daily application of 10 mg of 2% transdermal (TD) testosterone gel [41]; other formulations are represented by scrotal or non-genital patch and solution [42]. However, no clear guidelines for dosing have been established and it may vary based on the type of gel preparation. Some studies have shown that appropriate serum testosterone levels for early puberty can be attained using a transdermal patch of 2.5 mg/day for 8–12 h overnight. Even if further data are needed to confirm these results, transdermal preparations may provide a means for slower increases in testosterone levels than achieved using available testosterone esters. When applied daily, these transdermal systems have resulted in similar testosterone concentrations to those seen in normal young men in magnitude and diurnal variation; however, patch utilization may be limited by skin irritation and particular care must be taken in children trying gel preparations, with good handwashing and covering treated areas of the body, so as not to transfer testosterone to other individuals.
Oral testosterone undecanoate has been successfully used for pubertal induction at a dose of 40-160 mg daily [43],  although it can be prone to wide variations in serum testosterone because of its short half-life and because it requires careful monitoring for possible variability in absorption and hepatic first-pass metabolism. Other available testosterone formulations, for which there is little clinical experience in the pediatric population include nasal testosterone spray, which must be administered several times per day, and subcutaneous testosterone pellets.
Side effects for testosterone treatment include erythrocytosis, premature closure of the epiphysis, when doses are too high during the first year of treatment, and occasional pain and erythema at the injection site. In CHH, testosterone treatment does not stimulate testicular growth (VT<4 ml) or spermatogenesis [1]. Testosterone esters are to be avoided in hepatic impairment and hypercalcaemia and used with caution in renal impairment. Preparations are generally well tolerated but side effects may include headaches, depression and androgenic effects such as acne.
When distinction between constitutional delay and true hypogonadotropic hypogonadism is difficult, a short course of therapy followed by discontinuation and monitoring for 4–6 months for progression of puberty and testicular enlargement may be of diagnostic use, since enlargement of testicular volume under testosterone treatment becomes obvious in patients with constitutional delay as opposed to those with hypogonadotropic hypogonadism. In addition, patients with constitutional delay may continue with pubertal progression following a “jump start” with testosterone therapy. However, a single 6-month course may not be sufficient, even in patients with true constitutional delay, and sometimes a second course is needed.

Gonadotropins

Induction of fertility necessarely requires treatment with either pulsatile GnRH [47, 48] or exogenous gonadotropins [8, 48]. Monotherapy with hCG obtained by the urine of pregnant women can be trialled for both completion of pubertal development [1] and induction of fertility [49]. FSH recombinant (rFSH) can then be added if persistent azoospermia is present after 3-6 months of treatment to stimulate seminiferous tubules. In a pubertal adolescent males, induction of puberty with either hCG monotherapy or with combinational therapy of hCG+rFSH leads to testicular growth and fertility outcomes than treatment with testosterone therapy [50, 51]. Furthermore, a combined regimen of hCG+rFSH has greater potential efficacy in the induction of spermatogenesis than monotherapy with hCG [50, 52]. Additionally, timing of treatment is important, as FSH pre-treatment may theoretically optimize Sertoli cell population growth prior to exposure to hCG or GnRH, and thus has the potential to improve fertility outcomes [1, 53]. Although the optimal regimen in severe cases, i.e. those with testicular volume <4 mL, is unknown, FSH pre-treatment followed by GnRH or combination hCG+rFSH treatment may maximize the potential for fertility [29]. Earlier age of treatment to induce spermatogenesis may also be beneficial in increasing the capacity for and speed of sperm production once fertility is desired; however, assisted reproductive technologies maybe required. At the other end of the spectrum, patients can exhibit reversal of their phenotype during treatment. This phenomenon is being increasingly recognized in up to 20% of idiopathic hypogonadotropic hypogonadism cases [54], and should be kept in mind as a ‘trial off treatment’ can be utilized intermittently to assess requirements for maintenance therapy. However, these cases may also relapse off treatment and thus need ongoing monitoring. Patients with acquired hypogonadotropic hypogonadism usually secondary to tumors or other structural lesions of the hypothalamic-pituitary axis or haemochromatosis, require treatment of their underlying condition with sex steroid or gonadotropin therapy depending on their specific requirements.

Gonadotropins versus Testosterone

In hypogonadotropic boys, androgen substitution will give an adequate, adult virilization, but the testes remain at prepubertal volume. To induce testicular growth, gonadotropin activity is needed. During gonadotropin therapy in adulthood, testis volume is the single most important predictor of sperm output and a significant predictor of fertility[55]. Earlier gonadotropin exposure, whether due to natural puberty or prior gonadotropin treatment, may prime the testis and enhance spermatogenic response to subsequent gonadotropin therapy. 
Traditionally therapy is initiated by administration of hCG alone, as it can increase testicular volume, although combined treatment with hCG+rFFSH appears to result in a better response with regard to final testicular size. The treatment schedule varies from 1250–5000 IU hCG in combination with 75–100 IU pure FSH three times per week [1]. 
Both testosterone and gonadotropins therapies are effective, but the use of gonadotropins seems more physiological, with increase in testicular volume and would seem to reduce the time to induce fertility, while testosterone’s advantages are represented by quickness, efficacy and better compliance, as well as being less expensive.
Once pubertal development is completed, the gold standard therapy is testosterone, until the search for fertility. Treatment options are summarized in Table 2.

Alternative therapies and new horizons

GnRH therapy has represented an alternative therapy, which has to be administered in a pulsatile way by subcutaneous pump, with 20 mcg/1,73 m2 dose per pulse every 90-120 minutes, i.e. 16-12 pulses per day[56], a regimen able to induce spermatogenesis in 80% of men, representing an outcome on fertility similar to gonadotropins. However, only few patients are motivated to be compliant with this treatment modality for longer periods and it does not represent a therapeutical option for pituitary disturbances; it is expensive and requires experience and specific pump material and thus it is no longer used in routine clinical practice [57]. 
Some studies evidenced increased endogenous testosterone levels in male adults with hypogonadotrpic hypogonadism after kisspeptin infusion, a puberty-regulating neuropeptide with central role in control of GnRH release.
Hypergonadotropic hypogonadism  

The commonest condition underlying hypergonadotropic hypogonadism in males is Klinefelter's syndrome (47,XXY), with a prevalence of 1 in 667 live births. The majority of those affected will enter puberty spontaneously at a normal age [8]. Sex steroid replacement is therefore not normally required for these patients at the start of puberty, but testosterone levels become increasingly deficient by Tanner stages 4-5, possibly as a result of secondary regression or pubertal arrest, with spermatozoa in semen found in 7% of Klinefelter’s syndrome adolescents with compensated Leydig cell function [31]. However, only 10% of boys aged 10-14 years with Klinefelter's syndrome have been diagnosed, while subjects with this condition mainly come to the observation of the endocrinologist later, in adulthood [8]. These patients present potentially difficult management decisions in terms of optimizing fertility outcomes, mainly relating to timing of interventions. For patients with Klinefelter's syndrome low dose sex steroid replacement is the most commonly used therapy in order to  increase testosterone level, normalize haematocrit,  increase bone density, and improve  well-being and sexual function. However, testicular sperm extraction and cryopreservation can be considered, even in adolescence prior to testosterone treatment, before the progressive seminiferous tubule degeneration that occurs in Klinefelter's syndrome has had an irreversible impact on sperm production [24]. Unfortunately, the most invasive and successful sperm retrieval techniques have the potential to cause the most testicular damage, and so would ideally be reserved for those men actively desiring fertility. Balancing these opposing factors and giving clear information to young men who may not yet be concerned about their future fertility options, in order that they might make informed choices, is highly challenging. 
The treatment of anorchic, young men (vanishing testis syndrome due to congenital absence of testis or failed orchidopexy), for induction and maintenance of puberty is similar to that in boys with IHH. Androgen replacement should be commenced at a low dose with incremental dose increases. IM testosterone esters administered monthly is the treatment of choice for pubertal induction, with testosterone gel via calibrated dispenser or 4-monthly intramuscular depot injections of testosterone undecanoate 1000 mg used for long-term maintenance therapy. For male without testes,  prosthesis can be placed for psychological effort [8].
Treatment of hypogonadism in females  

Most therapeutic regimens inducing feminization in hypogonadic girls are not evidenced-based and arise from expert opinions. Most protocols are derived from studies regarding oestrogen therapy in Turner syndrome (TS) [58]. Nowadays, there are no licensed hormone preparations for children, resulting in off-label prescribing of formulations licensed for adults. In contrast with boys, girls affected by both hypogonadotropic and hypergonadotropic hypogonadism are treated with oestrogens and progestins. Gonadotropins are not considered for treatment of induction in females, due to the risk of ovarian hyperstimulation.  

The use of HRT in female infants with GnRH deficiency remain a controversial issue. Moreover, in the hypogonadic female infants, the external genitalia are almost normal then it is difficult to suspect IHH [8]. 
HRT for pubertal induction 

The timing of pubertal induction should be tailored  taking into account the girl and family desire as well as clinical parameters (height, weight, pubertal stage), bone age, and psychosocial issue. The recommended age at which oestrogen therapy should be started is around 10 and 12 years and should not be delayed in order to promote linear growth [58-62]. Additionally, delaying oestrogen replacement may be detrimental to bone and uterine health. The current consensus for the care of girls with TS establishes that induction of puberty should be undertaken at 11 or 12 years [63], for which a recent study recommended starting with a very low dose oestrogen in mid to late childhood to optimize growth outcome [63]. A serum FSH cut-off of ≥10 U/L at 10 years or more of age is considered a reasonable indicator of ovarian impairment requiring pubertal induction in girls with TS. However, it is accepted that the clinician can decide whether to postpone pubertal induction, in order to allow the possibility of spontaneous puberty to occur [59].
Oestrogens 
Several oestrogen different formulations are available and include oral and transdermal 17β-oestradiol (patch or gel), and oral ethinyloestradiol (EE). Conjugated equine oestrogens should be avoided for the increased cardiovascular risks reported in postmenopausal women. The 17β-oestradiol (E2) is a natural oestrogen, being identical to oestrogen secreted by ovaries and measurable in serum. While oral E2 is metabolized in the liver into the weaker oestrogen i.e. oestrone, transdermal E2 avoids this first-pass effect and does not alter IGF1, as there is no effect on hepatic metabolism [64]. Oral EE is synthetic, cannot be measured in serum, and undergoes first-pass metabolism in the liver and is a potent GH antagonist [64]. Oestradiol valerate (EV2) is an E2 ester and has the same pharmacokinetic profile.

The comparison of the two oestrogen formulations (E2 and EE) suggests that the transdermal route of administration leads to lower E2 peak serum concentrations, lower hepatic metabolism and more stable steady state profiles than the oral route. Furthermore, it appears that HRT with EE results in poor uterine growth and development and suboptimal breast development [65] and exhibits a worse profile in terms of growth restriction, and has a variable bioavailability. For safety reasons, preference should be given to transdermal oestrogens (TE) for pubertal induction [66]. Oral EE should be considered a second step approach to pubertal induction in girls with intolerance to transdermal formulations (chronic skin GvHD/local reaction to patches/gel) or in adolescents with low compliance to TE therapy (social acceptance). Finally, EE should be avoided in girls with TS and in patients with panhypopituitarism.

Optimal oestrogen treatment comprising drug, method of administration and dose increase should be tailored for each girl. The choice of oestrogen preparation is determined in part by patient’s preference, but also by the potential for adherence and possible adverse effects. Oestrogen administration should be started at low doses with the goal of mimicking E2 levels during early puberty [67]. Recommended starting doses for oestrogen therapy are approximately one-tenth of the adult dose and vary depending on the formulation used. 

The induction regimen with transdermal (TD) formulations includes cuttable matrix patches that suit the need for low starting doses. The fraction or patch should be applied to dry skin over the buttocks or hips and good adhesion should be ensured. The starting dose should be chosen based on age: in the prepubertal younger girls (10-11 years), the optimal starting dose could be 0.05–0.07 mcg/kg of the 25-mcg patch applied nightly; if thelarche is present, a dose of 0.1 mcg/kg of 25-mcg patch applied twice weekly is recommended. The disadvantages of patches are the difficulty in using small fractions as they may peel off (tape support) and poor social acceptance by teenagers. 

Oral E2 is less used for pubertal induction, due to the difficulty in obtaining small doses, as the titration of the 2 mg capsule is not possible. In Italy, only EV2 tablets are available, while oral E2 are available only in combined EP formulations. The initial dose is 5 mcg/kg daily. The starting dose of oral EE is 2 mcg/day. Percutaneous estradiol gel is not currently used in the clinical setting, for the difficulty in obtaining small doses of oestrogen. The suggested starting dose in girls with TS is 0.1 mg every night [68]. Side effects of percutaneous gel therapy include local skin irritation. Depot E2 is also available, but is less attractive because of the pain of injections and is not available in Europe [69]. Treatment options are summarized in Table 3. 

The starting dose is gradually increased with intervals of 6-12 months to complete feminization over a period of 2-3 years. There is agreement to carry out a shorter induction in girls delayed diagnosis of hypogonadism (> 13 years of age). Oestrogen doses should be adjusted according to age, Tanner stage, bone age and uterine growth, individual needs and priorities, and if available by ultrasensitive oestradiol assay [70].

Progestins

After 24-36 months of oestrogen therapy or after significant breakthrough bleeding, oral progesterons should be added [60]. Before prescribing progestins it is necessary to demonstrate proper endometrial thickness (5mm) and uterine size (50-60mm by ultrasound scan. Formulations include as first choice natural micronized progesterone (MP) 100-200 mg once daily. Second choices are synthetic progesterones such as dydrogesterone (10 mg/day) or medroxyprogesterone acetate (MPA, 5-10 mg/day). Each progestin exerts unique effects on the basis of its affinity for the progesterone, glucocorticoid, mineralcorticoid, and androgen receptors. MP and dydrogesterone have specific progestional activity, while MPA has a glucorticoid activity. Non androgenic-progestins should be preferred for their low metabolic and cardiovascular risks. MP is preferred on the basis of decreased breast cancer risk [58]. The use of norethisterone 5 mg is not recommended for its androgenic effect and the increased risk of dysmenorrhoea. Intra-vaginal administration of micronized progesterone (100 mg daily) could be considered in sexually active adolescents. Progesterone should be administered for 10-14 days during the last two weeks of the menstrual cycle with a frequency of at least every 2-3 months, to prevent endometrial hypertrophy. 

When prescribing HRT, clinicians should choose between a combined-sequential and combined-continuous regimen of administration. In the first regimen, oestrogen is administered for 21-28 days per month and the progestin for only 10-14 days per month, in the second regimen, oestrogen formulations is administered continuously. Preference should be given to the second approach in TS, in order to maximize oestrogen exposure to prevent osteopenia. 

Androgen oxandrolone (0.05 mg/kg/day) has been proposed as an adjunctive therapy during growth hormone and oestrogen treatments for short stature in TS [71]. Although a modest increase in final height of 2-4 cm has been replicated in the studies performed so far, the number of treated patient is small, and significant side effects such as clitoromegaly and voice deepening have been reported [71, 72], therefore it is not been widely adopted.

HRT for pubertal maintenance  

In post-pubertal hypogonadic females HRT is needed to maintain bone health, increase female appearance, improve emotional and sexual life and should be continued until the natural age of menopause. 

In order to customize treatment options and to increase the compliance to therapy, patient’s individual needs and preferences, such as route of administration, request of contraception and desire of withdrawal bleeding should be taken into account. In addition, patient’s metabolic risk factors should be carefully considered. 

Typical daily adult regimens for these preparations are transdermal E2 (50-100 mcg patches applied twice weekly or 2-4 pumps of gel daily), oral E2 (1-2 mg daily), and the combined oral contraceptive (COC). The COC is cheap and readily available, but its aim is contraception and not mere hormone replacement. Oestrogen and progestin dosages are higher than in the aforementioned HRT options: most COC formulations contain EE (20-30 mcg), although E2 and EV2 are included in the new COC formulations. In addition, the COC has an adverse cardiovascular and metabolic profile with an increased risk of hypertension, particularly in susceptible groups such as women with Turner syndrome [73, 74]. Advice on the use of the COC for adult HRT should be guided by a risk assessment as set out by the Faculty of Sexual & Reproductive Healthcare [75]. Screening for thromboembolic risk should be performed in girls with a positive personal or family history. However, routine screening is not recommended and is requested only to educate the family on risks, not to postpone oestrogen therapy [76].

In conclusion, if no contraception is requested, HRT via 17βE-based transdermal patches should be strongly recommended as a first line approach. COC could be taken into account in patients seeking safe contraception or rejecting HRT due to its poorer social acceptance. Estimated daily dose equivalence for female adults from the current literature are: 50/100 mcg transdermal (applied twice weekly until replaced) = 1.5-3 mg of gel (per day) = 2mg oral E2 (per day) = 20mcg EE (per day) [77-79].

Monitoring of pubertal progression in males and females  
Few data are present regarding clinical/biochemical monitoring of pubertal progression [80, 81] and systematic monitoring is rarely undertaken [82]. Clinical assessment, patient satisfaction, patient age and residual growth potential are often the primary determinants for a dose increase during pubertal induction.

In boys, in clinical practice, the assessment of testosterone treatment should be based mainly on clinical response, in terms of Tanner stage progression, growth velocity, and changes in body composition and secondary sexual characteristics. For this purpose, regular clinical follow-up is generally performed every 3–6 months. Periodic laboratory analyses and imaging-based examinations may be helpful for monitoring both benefits and side effects of testosterone treatment [42]. Laboratory tests include total blood count (haemoglobin, haematocrit), liver function test metabolic lipidic profile, total testosterone, LH, and FSH. It could be safe to maintain serum total testosterone level in the mid-normal reference range one-week post injection for pubertal stage [80]. The timing of measurement of serum testosterone level can vary, depending on the type of formulation used and careful consideration is required in specimen collection in relation to drug administration. The sample should be collected between injections for intramuscular testosterone enanthate or cypionate, and before the next injection for intramuscular testosterone undecanoate (TU). For transdermal testosterone gel, the testosterone level should be checked 2 h after-application, 2 weeks after starting treatment. A baseline DXA to check bone mineral density and hand-wrist x-ray for evaluation bone age should be scheduled every 24 months if necessary.

For girls, response to therapy should be monitored in terms of development of secondary sex characteristics, bone maturation, growth velocity and uterine volume, monitoring blood pressure and bone density [61]. Clinical examinations should be scheduled every 6-12 months. Pelvic US scan should be performed every 12 months to document the size and shape of uterus. Bone age and bone density scan should be performed every 12 months. Periodically biochemical analysis including E2, LH, FSH, 25OH vitamin D, and metabolic profile should be collected. Measurement of E2 using an ultrasensitive assay in girls using TD formulations allows titrating dosage, though E2 concentrations for optimal growth remain to be determined. Moreover, there is high variability in E2 levels among girls due to different absorption, metabolism, and steady state. Indeed, serum E2 levels <60pmols/L are not measurable by most clinical laboratory methods. 

Fertility treatment in adults 
There is a large literature on fertility induction and preservation in hypergonadotropic and hypogonadotropic hypogonadism in both men and women [49, 83]. However, the scientific interest in interventions to preserve future fertility for children and adolescents has only recently been addressed. 
Males  
CHH is one of the few medically treatable causes of male infertility, and fertility treatments have excellent outcomes. Fertility induction can be achieved either by long-term pulsatile GnRH therapy or with combined gonadotropin therapy [48]. 
Pulsatile GnRH treatment has been used to restore fertility in patients with CHH with intact pituitary function and suppression of gonadotropin secretion [84]. Since physiological secretion of GnRH is episodic, continuous administration of GnRH leads to desensitization of the pituitary.
Fertility outcomes with each regimen are variable, with poorer responses in patients with signs of absent mini-puberty (prepubertal testes, cryptorchidism and/or low Inhibin B) [49, 55]. Genetic diagnoses may also guide therapy: treatment of patients with KAL-1 mutations can be more difficult as they may have defects at several levels of the HPG axis [85], and patients with HH due to GnRHR mutations may be better treated with hCG and FSH than pulsatile GnRH [86].
If the patient has spontaneous onset of pubertal development hCG monotherapy can be started; FSH can be added in cases where azoospermia persists after 6–12 months of treatment. Early induction of spermatogenesis may increase sperm production capacity and reduce the time required for appearance of sperm once fertility is desired. The monotherapy of hCG alone is at least theoretically less effective in inducing of spermatogenesis induction than combinational therapy of hCG+FSH [50, 52]. The optimal regimen to maximize the fertility potential in severe cases, i.e. those with testicular volume <4ml, is unknown. FSH pretreatment may plausibly maximise the Sertoli cell population prior to exposure to hCG or GNRH-induced endogenous LH and thus has the potential to improve fertility outcomes [34, 53].
Assisted reproduction techniques (ART) such as intracytoplasmic sperm injection (ICSI) have often been required to achieve fertility after failed gonadotropin treatment in men or in men affected by hypergonadotropic hypogonadism [49, 87]. Newer management strategies appear to be more successful [50].
The possibility to stimulate viable spermatogenesis from preserved spermatogonia in murine models, has produced a change in technology for fertility preservation for pre and peri-pubertal boys at risk, such as those undergoing chemotherapy or radiation [88]. The ethical issues regarding consent by a parent on behalf of a minor remain to be considered.
Females

As in boys, in females with permanent HH, GnRH deficiency leads to impaired follicular terminal growth and maturation, resulting in chronic anovulation. Pulsatile GnRH administration or combination gonadotropin therapy can help in the achievement of fertility [89]. 

Pulsatile GnRH is administered via IV or SC pumps. It is considered the most physiological treatment, but it is not available in many countries. Pulsatile GnRH therapy should be administered in centers with expertise. Gonadotropin treatment consists of SC injections of rFSH followed by hCG or rLH to trigger ovulation. It is available worldwide, but is more expensive than GnRH pumps. It consists of SC self-injections and has a greater risk of overstimulation and multiple pregnancies. The protocol treatment requires close monitoring of E2 and ultrasound. It should be considered a second line treatment in case of unsuccessful GnRH therapy to bypass a potential pituitary resistance [1, 90, 91]. 

If conception fails after repeated successful ovulation induction in females with HH, ART may be an alternative [92].

In females with hypergonadotropic hypogonadism, fertility is compromised. In the literature, there is a rapidly growing interest in describing fertility preservation, particularly in TS girls [93-96]. Referral to a fertility specialist is indicated for these patients to advice patients about their options, including in vitro fertilization. Even though lengthy and difficult to perform, RCTs will be required to fully answer many of the questions raised here regarding optimal fertility induction and preservation in boys with hypogonadism.

Conclusions  

A condition of hypogonadism, transient or permanent, can underlie different etiologies involving the hypothalamic–pituitary–gonadal axis at different levels. The long-terms effects of hypogonadism may vary, but include not only physical outcomes related to sex hormone deficiencies, such as lack of or incomplete pubertal development, failure to achieve expected height, alterations in body composition and in the achievement of bene mass, but also psychological problems related to them and also to the implications that these conditions can have on fertility.
The initiation, maintenance and consolidation of puberty with different pharmaceutical options is thus an important issue; however the modality, dosage and type of preparation (sex steroid or gonadotropin therapy) have changed over time. 

Current endpoints on which to focus treatment should therefore include complete pubertal development, optimal uterine and testicular growth, adequate bone health, and psychosocial wellbeing. Best practices, when possible, should also be focused inducing and  preserving fertility. 

Long-term follow-up is currently required for new treatment options to understand their overall efficacy, as well as the effects on psychosocial well-being, fertility preservation and possible adverse effects.
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Figure 1. Flow chart/algorithm of management hypogonadism

Table 1. Etiological classification of hypogonadism

	
	Hypogonadotropic hypogonadism
	Hypogonadotropic hypogonadism
	Hypergonadotropic hypogonadism

	Constitutional delay of growth and puberty 
	Functional hypogonadotropic hypogonadism 
	Permanent hypogonadotropic hypogonadism 
	

	
	· Endocrine disease: hypothyroidism, GH deficiency                                 - Diabetes mellitus                  -  Cystic fibrosis                      - Inflammatory bowel disease                                - Coeliac disease                     - Juvenile rheumatoid arthritis                               - Systemic lupus erythematosus                          - Sickle cell disease                  - Thalasaemia                          - Chronic renal disease             - Anorexia nervosa                   - Malnutrition                          - Intense exercise 
	Genetic:
· Congenital (or isolated/idiopathic) hypogonadotropic hypogonadism                          - DAX1 mutations (congenital adrenal hypoplasia)                        - Kallmann syndrome
- Septo-optic dysplasia
- Prader–Willi syndrome
- Laurence–Moon and Bardet–Biedl syndromes
- CHARGE syndrome
	Girls:
- Turner syndrome                  - XX and XY gonadal dysgenesis                               - Primary ovarian failure         - Oophoritis

	
	
	Acquired:
- CNS tumours (astrocytoma, craniopharyngioma, germinoma, pituitary tumour)
- Langerhans histiocytosis
- Granulomatous or postinfectious lesions of the CNS
- CNS trauma, surgery or radiation 
	Boys:
- Gonadal dysgenesis
- Vanishing testes syndrome
- Testicular biosynthetic defects
- Orchitis

	
	
	
	Both sexes:
- Radiotherapy, Chemotherapy
- Trauma
- Other syndromes (Noonan syndrome)                               - Environmental endocrine chemical disruptors


Table 2. Pubertal induction and HRT maintenance in males

	Pubertal induction
	CDGP
	CHH

	Testosterone
	
	

	T enanthate, cypionate, propionate, IM injection
	Initial dose: 50 mg monthly, for 3–6 months. Possible to increase the dosage by 25–50 mg. Not recommended to exceed 100 mg monthly 
	Can initiate after age 12 years at 25-50 mg/monthly. Increase with 50 mg increments every 6–12 months. After reaching 100–150 mg monthly, decrease interval to every 2 weeks. Adult dosage: 200 mg every 2 weeks 

	T undecanoate IM injection
	-
	Used for pubertal induction only in young men Adult dosage: 750 mg every 10 weeks, 1000 mg every 10–14 weeks 

	T gel , transdermal preparation, applied topically at bedtime
	Only one study available Gel 2%: 10 mg daily, for 3 months 
	Few data available
Gel 1%: initial dose: 0.5 g/daily. Increase based on T level: 1.0, 1.5, 2.5, 3.0 or to 5 g/daily as needed 
Adult dosage: 5.0–10.0 g/daily
Gel 2%: initial dose: 10 mg/daily.
Adult dosage: 40–80 mg/daily 

	T undecanoate, oral tablets
	Few data availableInitial dose: 40 mg/daily. Maximum dose, 80 mg twice daily 20 mg/daily for 6 months40 mg/daily for a mean of 3.5 months 40 mg/daily for 4 weeks 40 mg/daily for 3 months 
	No data available in adolescent population Adult dosage: 40–80 mg, 2–3 times/day; New formulation for adults, approved in USA: 158–396 mg twice/daily 

	T transdermal patches 
	Prepubertal 12.5–15 years: 5 mg over 8–12 h, overnight, for 8 weeks 
	Prepubertal 14–16 years: 2.5 mg over 12 h, overnight Partially virilized 17–19 years: 2.5 mg/daily Virilized men >20 year 

	T pellets subcutaneous 
	-
	13.9–17.5 years: 8–10 mg/kg every 6 months, for 18 months 

	T nasal gel 
	-
	No data available in adolescent 

	T transbuccal bioadhesive tablets 
	-
	No data available in adolescent 

	Aromatase inhibitors.
letrozole PO
anastozole PO
	2.5 mg daily
1.0 mg daily
	

	pulsatile GnRH pump s.c.
	-
	Initial: 5–25 ng/kg per pulse every 90–120 min; increase to Adult dosage: 25–600 ng/kg per pulse 

	hCG plus rFSH
	-
	hCG: dose 500–3000 IU twice weekly, increased to every 2 days. Dose adjusted based on serum testosterone levels. rhFSH: dose 75–225 IU 2–3 times weekly 


Table 3. Pubertal induction and HRT maintenance in females

	Pubertal induction 
OESTROGEN FORMULATION
	0-6 months
	6–12 months
	12-18 months
	18-24 months
	>24 months

	First line treatment:
TD 17βE Patches releasing 25 μg of 17βE daily
	1/8 of a patch nightly; alternatively, 1/8 of a patch left in situ for 3.5 days
per week (0.1 mcg/kg/day)
	1/6/-1/4 of patch twice weekly
(↑0.1 mcg/kg/day every 6 months)
	1/2 of patch twice weekly
(↑0.1 mcg/kg/day every 6 months)
	¾ - 1 patch twice weekly
(↑0.1 mcg/kg/day every 6 months)
	Up to 50-100 mcg/24 h

	Second line of treatment: oral 17βE (2 mg tablets, not available in Italy)
Oral EV2 (2 mg tablets) 
Oral Oestradiol emidrate (2 mg tablets)
	0.5 mg every other day
(5 mcg/kg/day)
	0.5 mg every other day 
(10 mcg/kg/day)
	0.5 mg daily
(15 mcg/kg/day)
	0.5/1 mg every other day
(20 mcg/kg/day)
	1-2 mg daily

	Alternative line of treatment:
Oral EE (10 μg tablets)
	5μg  every other day
(0.1 mcg/kg/day)
	5 μg  every other day  
(0.2 mcg/kg/day)
	5μg daily 
(0.4 mcg/kg/day)
	5/10 μg  every other day
(0.6 mcg/kg/day)
	10 μg daily
(up to 20-30 mcg/day)

	Alternative line of treatment:
17βE TD gel Pump dispensing a metered dose of 0.5 mg of  17βE  at each activation
	-
	-
	-
	0.5 mg every other day
	0.5 mg daily
(Up to 1.5-2 mg/day)

	PROGESTINS
	-
	-
	-
	-
	Added after full breast development or breakthrough bleeding

	First line treatment:
Oral micronized progesterone (200 mg tablets) 
	-
	-
	-
	-
	200 mg day for 10 days every 28 days

	Second line treatment:
Oral dydrogesterone 
	-
	-
	-
	-
	10mg/day for 10-12 days every 28 days

	Second line treatment:
Oral medroxyprogesterone acetate (MPA) 10 mg tablets 
	-
	-
	-
	-
	10 mg/day for 10 days every 28 days

	Alternative line of treatment (in sexually active adolescents):
Vaginal micronized progesterone
	-
	-
	-
	-
	100 mg/day
for 10 days every 28 days

	HRT IN ADULTS
	
	
	
	
	

	Estroprogestin therapy transdermal (patch or gel):
Patches releasing 50 μg of 17βE daily 
Combined Estroprogestin patch
Patches releasing 50 μg of 17βE + levonogestrel) 
Gel: 17βE Pump dispensing a metered dose of 0.5 mg of 17βE l at each activation 
	-
-
-
	-
-
-
	-
-
-
	-
-
-
	1-2 patches/twice weekly plus oral  progestin during the last 14 d of the month
1 patch weekly continuously
2-4 pumps daily plus oral progestin during the last 14 d of the month

	Estroprogestin therapy (tablets):
17βE 1-2 mg /10mg dydrogesterone 
17βE 2 mg /levonogestrel
	-
	-
	-
	-
	1 tablet/day daily for 21-28 days

	Combined oral contraceptive (COC) 
First choice 17βE based combined oral COC+acetate nomegestrol/dienogest 
	-
	-
	-
	-
	1 tablet daily for 21-28 days


Literature search for the present article

The treatment protocols recommended in this manuscript are drawn from the shared clinical experience of a multicentric and multidisciplinary team including pediatric endocrinologists, gynecologists endocrinologists, in the light of a critical and systematical revision of the literature published to date.

The electronic search included three databases: PubMed, EMBASE and Google Scholar. The following keywords were used: hormonal replacement therapy, hypogonadism, bone mineral density, estradiol/testosterone, puberty induction, delayed puberty, among full text articles in English, related to humans and published from 1990 onwards. Furthermore, additional references were identified by a manual search among references cited in the articles retrieved in the first round of search.
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