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Abstract

The hypothalamic-pituitary-gonadal (HPG) axis coordinates two functions essen-
tial for male reproductive capacity: synthesis and secretion of sex steroid
hormones, primarily testosterone, and production of spermatozoa. Our under-
standing of the physiologic principles of male reproductive health have substan-
tially increased in recent years, enabling physicians not only to identify genetic
causes of hypogonadism among a wide spectrum of possible disorders, but also to
establish therapeutic strategies. Men with hypothalamic or pituitary disorders
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nowadays have an excellent prognosis for fertility restoration and for paternity by
natural intercourse or using assisted reproductive techniques.
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Physiology of the Hypothalamo-Pituitary-Gonadal (HPG) Axis

The male gonads have two major functions: the synthesis of androgens and the
production of male gametes. Testicular function is regulated by the hypothalamo-
pituitary-gonadal axis: gonadotropin-releasing hormone (GnRH), a decapeptide
produced in hypothalamic GnRH-neurons, is released into the portal blood via
discrete pulses and acts on specific receptors on gonadotropin-secreting cells in the
anterior pituitary. The glycoprotein hormones LH and FSH are secreted into the
bloodstream upon GnRH stimulation, then binding to their target cells in the male
gonads. While LH binds to the LHCG receptor of Leydig cells, thereby stimulating
testosterone synthesis and secretion, FSH acts on its receptor in Sertoli cells, thereby
inducing spermatid maturation (spermiogenesis) during spermatogenesis. For induc-
tion and maintenance of quantitatively and qualitatively normal spermatogenesis,
both gonadotropins are required (Nieschlag et al. 1999b).

Negative feedback on GnRH neurons is provided by gonadal sex steroids
(testosterone, its bioactive form, dihydrotestosterone, and its derivative, estradiol)
and the Sertoli cell product inhibin B. The negative feedback of androgens and of
other regulatory signals (such as stress or starvation) to the hypothalamus is con-
veyed by KNDy cells in the hypothalamic arcuated nucleus, via the neuropeptides
kisspeptin, dynorphin, and neurokinin (Lehman et al. 2010). In addition, a dual
inhibitory effect at the hypothalamic and pituitary level is exerted by estrogens that
are generated in adipose tissues through the aromatization of androgens (Hayes et al.
2000; Rochira et al. 2006; Pitteloud et al. 2008) (Fig. 1).

Classification, Pathophysiology of Hypogonadism in the Male

The term hypogonadism is used to describe testicular dysfunction in men. Due to
the dual function of the gonads, testicular disturbances may induce both testosterone
deficiency and impaired fertility. While disturbed endocrine gonadal dysfunction
disrupts spermatogenesis, infertility itself does not impair testosterone production.
If the functional disturbance affects the testes, this is indicated by a compensatory
rise in serum gonadotropin levels. This condition is referred to as primary or
hypergonadotropic hypogonadism. If central structures, i.e., either the hypothal-
amus or the pituitary function are affected, resulting in a decrease of serum
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Fig. 1 Regulation of the hypothalamo-pituitary-gonadal (HPG) axis

luteinizing hormone (LH) and follicle-stimulation hormone (FSH) levels, this is
called hypogonadotropic hypogonadism. While the term secondary hypo-
gonadism should be reserved for conditions with exclusive impairment of pituitary
function, the term tertiary hypogonadism applies to conditions with an underlying
hypothalamic disturbance, that is, with defective GnRH secretion, with the conse-
quence of inadequate pituitary stimulation to secrete gonadotropins.

Late-onset-hypogonadism refers to conditions where both testicular and central
functional defects are involved.

Symptoms of hypogonadism may also appear if LH, FSH, and testosterone serum
levels are in the normal range. This is the case if the effect of gonadal sex steroids is
hampered at the level of androgen receptors on target organs (androgen insensitivity).

This chapter deals with central, i.e., secondary and tertiary hypogonadism.
Central hypogonadism can be either congenital or acquired.

Tertiary/Hypothalamic Hypogonadism
Congenital Tertiary/Hypothalamic Hypogonadism

Isolated Congenital HH (CHH) and Kallmann Syndrome

Conditions with congenital hypothalamic hypogonadism (CHH) are characterized
by absent or inadequate pulsatile secretion of GnRH by hypothalamic neurons
(Belchetz et al. 1978), i.e., by an impaired function of the “GnRH pulse generator.”
The term CHH includes two major conditions: Kallmann syndrome and isolated
congenital hypogonadotropic hypogonadism.
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While isolated CHH is defined by HH with normosmia, patients with Kallmann
syndrome have an associated inability to smell. Their anosmia is a consequence of a
defective development of the olfactory bulbs (Takeda et al. 1992). Kallmann patients
are not always aware of their inability to perceive aromatic substances (such as soap
or coffee) due to their uncompromised perception of substances that stimulate the
trigeminus nerve (such as ammonia or vinegar). Therefore, it may be necessary to
perform semiquantitative olfactometry to reliably identify impaired olfaction
(Dunkel and Quinton 2014).

Both Kallmann syndrome and CHH may be associated with other phenotypic
disorders such as dental and digital anomalies, cleft lips and palate, iris coloboma,
and kidney agenesis. Patients may also exhibit neurologic features such as syn-
kinesis (mirror movements) and cerebral ataxia.

CHH remains undiagnosed in most cases of HH until late childhood. The clinical
suspicion of CHH is usually raised in boys with absent pubertal development after
age 14.

As HPG axis dysfunction is already present during fetal development,
maldescended testes and/or micropenis (with a stretched penile length below
2.5 cm) in the male newborn may offer a valuable clue to underlying CHH.
Detection of an absent physiologic gonadotropin surge during the first 6 months of
life (the so-called minipuberty) represents another opportunity for early diagnosis of
the condition (Grinspon and Rey 2010).

If not recognized upon these features during infancy, CHH becomes obvious at
an age when normal puberty is expected: as a consequence of insufficient increases
of LH and FSH, serum levels of testosterone remain low, i.e., in the prepubertal
range. Depending on the severity of hormonal deficiencies, pubertal development
may either be delayed, arrested, or totally absent. The definition of “pubertal delay”
is based upon pubertal onset at an age that is 2—2.5 SD later than the population
mean which is accepted as 14 years in Caucasian boys. In cases with absent
puberty, testicular volumes remain prepubertal (i.e., < 4 ml each side) after age
14. In boys with spontaneous pubertal onset with early arrest, testicular volumes
increase slightly, but do not reach normal adult sizes (i.e., over 10—12 ml each side)
and sperm do not appear in seminal fluids. Failure of penile enlargement, absence
of pubertal body hair, absence of beard growth and of voice mutation, and
nocturnal ejaculations are additional typical clinical features of pubertal failure
(Table 1).

Of note, pubic and axillary hair do develop at the expected age, as they result from
maturation of the adrenal glands (adrenarche) with the secretion of adrenal andro-
gens, a process that is usually uncompromised in HH. However, psychosexual
maturation (with awakening of libido), being dependent on a normal pubertal
increase in androgen serum levels, does not occur.

Late epiphyseal closure in the long bones of adolescents affected by CHH is a
consequence of low estrogen levels that result from low rates of testosterone
aromatization in adipose tissues. Late maturation and fusion of the growth plates
give rise to eunuchoid body proportions with long legs and arms (with an arm span
longer than body height).
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Table 1 Symptoms of hypogonadism due to testosterone deficiency relative to age at

manifestation
Affected organ/ Onset of testosterone deficiency
function Before completed puberty After completed puberty
Hair Straight frontal hairline, no Previous androgenic hair loss

Beard growth

androgenic hair loss/no baldness
No beard growth

possible, arrested loss
Beard growth diminishing

Body hair Horizontal pubic hairline Male body hair decreasing
Larynx No voice mutation Accomplished voice mutation
(unchanged)
Skin Prepubertal sebum production, lack of | Diminished sebum production,
acne, pallor wrinkling, hot flashes
Bones Eunuchoid body proportions Osteopenia => osteoporosis

Bone marrow
Skeletal muscles

Mild anaemia
Underdeveloped

Mild anaemia
Hypotrophic

Prostate Prepubertal size Volume reduction

Penis Prepubertal size Adult size (unchanged)

Testes Prepubertal volumes, maldescended Decrease in volume and
testes possible consistency

Spermatogenesis | Not initiated Arrested: secondary oligo—/

azoospermia

Ejaculate No emissions Decrease in volume

Libido Prepubertal Decreased /lost

Potency Spontaneous erections possible, Reduced erectile capacity

Not sexually stimulated

The genetic basis of congenital tertiary/hypogonadotropic hypogonadism could
be elucidated in less than half of the patients over the past decades.
CHH and Kallmann syndrome may occur sporadically or clustered in families.

Inheritance is either autosomal-dominant, autosomal-recessive, or X-linked (Costa-
Barbosa et al. 2013) and may be either monogenic or digenic (Pitteloud et al. 2007,
Quaynor et al. 2011). More than 25 gene loci have been identified to date (Dwyer et
al. 2015). Recently, targeted multiplex next-generation sequencing has become
available, allowing for simultaneous mutation analysis of all genes known to be
associated with CHH or Kallmann syndrome (Table 2).

Mutations in KAL/ are the most common genetic cause of anosmic CHH =
Kallmann syndrome with an X-linked (recessive) inheritance. KAL! is located on
Xp22.3. It codes for anosmin, a protein responsible for the migration of GnRH
neurons to the hypothalamus and the concomitant migration of olfactory axons to the
olfactory epithelium during embryonic development. Further mutations known to
cause Kallmann syndrome genes concern SEMA3A4, SOXI10, FEZFI, HESX,
ILI7RD, and NLF.

Genes currently recognized to be involved in both Kallmann syndrome and
normosmic CHH include KAL2 (=FGFRI1); FGF8; KAL3 (=PROK2); KAL4
(=PROKR?2), HS6ST, AXL, and WDRI1. Heterozygous FGFRI mutations with an
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Table 2 Genes potentially mutated in patients with central hypogonadism

Congenital hypothalamic disorder/ Possibly affected genes

congenital tertiary HH

(anosmic) Kallmann syndrome KALI, SEMA3A, SOX10, FEZF1, HESXI, IL17RD,
NELF

Kallmann syndrome and CHH KAL2 = FGFRI1; FGFS;

KAL3 = PROK2; KAL4 = PROKR?,
HS6ST, AXL, WDRI11

(normosmic) CHH KISS1, KISSIR = GRP54,

TAC3, TAC3R,

GNRH1I,

LEP, LEPR
Syndromic tertiary CHH
CHARGE syndrome CHD7
Bardet-Biedl syndrome BBS 1-19
Prader Willi syndrome (combined Lack of gene expression from the paternal
tertiary and primary HH) chromosome 15g-11-q13
Gordon-Holmes syndrome RNF216, OTUD4, stub, PNPLA6
Boucher-Neuhauser syndrome PNPLA6

Combined congenital tertiary,

secondary and primary HH

CHH with associated adrenal DAXI
insufficiency

Congenital pituitary disorder/

Congenital secondary HH

Congenital isolated LH deficiency LHp

(Pasqualini syndrome

Congenital isolated FSH deficiency FSHf

Congenital combined LH and FSH- GnRHR

deficiency

CHH with associated multiple PROPI, PIT] (POUIF1), LHX3, LHX4, GLI2,
pituitary deficiencies FGFS8, KAL4 = PROKR2, HESX]

autosomal dominant mode of inheritance account for about 15% of (familial or
sporadic) CHH or Kallmann syndrome (Dodé et al. 2003). FGFRI, as well as its
ligand, the fibroblast growth factor 8 (FGFS) is involved in organogenesis
(Falardeau et al. 2008); therefore patients with FGFRI or FGF8 mutations may
have digital bone anomalies, such as polydactyly and camptodactyly in association
with CHH (Costa-Barbosa et al. 2013). PROK2(KAL3) codes for prokineticin 2, a
chemoattractant for neural precursor cells. The gene coding for its receptor,
PROKR?, is also referred to as KAL4 (Dodé et al. 2000).

Mutations of the following genes have been described exclusively in normosmic
patients with CHH: KISS1, KISSIR (=GRP54), TAC3, TAC3R, GNRHI, GNRHR,
LEP (Strobel et al. 1998), and LEPR (Clement et al. 1998).

GPR54 and its ligands, the Kisspeptins, play an essential role in GnRH secretion
(De Roux et al. 2003; Seminara et al. 2003). Likewise, the neuropeptide neurokinin B



10 Central Hypogonadism in the Male: Physiopathology, Diagnosis, and Treatment 295

has been recognized as a critical central regulator of GnRH secretion, since mutations
in its coding gene TAC3 or its receptor TACR cause CHH (Topaloglu et al. 2009).

An obvious candidate gene for CHH, the GNRH! gene, has been identified as a
rare cause of normosmic isolated GnRH deficiency in humans, with an autosomal
recessive trait. The GNRHI gene encodes the pre-prohormone of GnRH (Bouligand
et al. 2009; Chan et al. 2009). Mutations may result in both mild and severe forms of
GnRH deficiency.

(For GnRHR gene mutations see chapter “Congenital Combined LH and FSH-
Deficiency”)

In patients with normosmic congenital hypogonadotropic hypogonadism and
with extreme obesity, inactivating mutations in LEP or the gene coding for its
receptor LEPR have been detected (Clément et al. 1998; Strobel et al. 1998;
Fischer-Posovszky et al. 2010). Leptin is a fat-derived hormone that regulates food
intake, energy expenditure, and hypothalamic reproductive function. Treatment with
recombinant leptin has been shown to restore LH pulses and normalize testosterone
levels, besides normalizing weight in morbidly obese homozygous leptin-deficient
men (Licinio et al. 2004).

Tertiary HH Due to Syndromic Disorders

Patients with the CHARGE syndrome (coloboma, heart failure, atresia choanae,
retarded growth and development, genital and ear malformations) also suffer from
hypogonadotropic hypogonadism. The syndrome may be caused by an autosomal-
dominant mutation of the CHD7 gene (Janssen et al. 2012).

Patients with a Prader-Labhart-Willi syndrome are affected by a combination
of tertiary and primary hypogonadotropic hypogonadism (Eiholzer et al. 2006). The
syndrome is caused by a reduced expression of genes inherited from the paternal
chromosome 15g-11-q13 (Butler et al. 2015) (Table 2). Newborns and infants often
come to clinical attention because of a generalized muscular hypotonia. Delayed
motor development, moderate mental retardation, and early obesity are characteristic
features. If not treated with growth hormone, male patients hardly reach an adult
height of 160 cm. Male genitalia remains hypoplastic at a pubertal age, and pubertal
development does not progress spontaneously with resulting infertility.

Patients affected by the Bardet-Biedl syndrome may have hypogonadotropic
hypogonadism. This autosomal-recessive multisystemic syndrome is characterized
by obesity, mental retardation, kidney malformations, polydactylia, retinal degener-
ation, and hypogonadism. Nineteen gene mutations on various chromosomes
BBS1-19 have been described to date (Khan et al. 2016).

Gordon-Holmes syndrome refers to a condition with hypogonadotropic hypo-
gonadism combined with cerebellar ataxia. The syndrome is thought to be associated
with mutations in genes involved in regulation of autophagy of the cells’ own
cytosolic components (or protein aggregates), a cellular process concerned with
cellular homeostasis. So far, mutations in the following genes have been described:
RNF216, OTUD4, STUBI, and PNPLA6 (Alqwaifly and Bohlega 2016).

Boucher-Neuhauser syndrome is a neurodegenerative disorder, characterized
by an association of progressive cerebellar degeneration (with early onset ataxia),
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hypogonadotropic hypogonadism and chorioretinal dystrophy. It has recently been
linked to autosomal-recessive mutations in the PNPLAG6 gene (Tarnutzer et al. 2015).
PNPLAG codes for a precursor for the synthesis of acetylcholine.

Tertiary HH Combined with Adrenal Insufficiency: X-Linked Adrenal
Hypoplasia
Congenita (AHC)

If central hypogonadotropic hypogonadism is associated with adrenal insuffi-
ciency, DAX1 mutations may be the cause (Habiby et al. 1996; Achermann et al.
2001; Jadhav et al. 2011). The rare hypogonadotropic condition named X-linked
adrenal hypoplasia congenita (AHC) results from a combined and variable defi-
ciency of hypothalamic GnRH secretion and/or impaired pituitary responsiveness to
GnRH. The dosage sensitive sex-reversal-1 (DAX-1) gene is located on the short
arm of the X-chromosome in the region Xp21.3-21.2 (Table 2).

The majority of affected newborn patients are diagnosed within the first 2 months
because of a life-threatening adrenal insufficiency crisis. Some patients have residual
cortisol or mineralocorticoid production (Mantovani et al. 2002), giving rise to
hypogonadotropic hypogonadism without or with subclinical adrenal insufficiency.
Replacement of pulsatile GnRH does not induce adequate LH- and FSH stimulation
and treatment with hCG and FSH may not sufficiently stimulate testosterone pro-
duction and spermatogenesis, revealing a further testicular defect, in addition to the
secondary and tertiary defect of the HPG axis. In line with this clinical observation,
animal models indicate that DAXI plays a critical role in testis development and
function. DAX1 functions as a transcriptional repressor, particularly of pathways
regulated by other nuclear receptors, such as steroidogenic factor 1 (SF1). It also acts
as a negative coregulator of the estrogen receptor (ER, NR341-2), the liver receptor
homologue-1 (LRH-1, NR5A42), the androgen receptor (AR, NR3C4), and the pro-
gesterone receptor (PR, NR3C3), each by distinct repression mechanisms. However,
how disruption of DAX1 leads to adrenal, hypothalamic, and pituitary developmen-
tal defects similar to SF1 disruption remains to be clarified. The treatment of choice
of this complex HPG axis impairment, in addition to gluco- and mineralocorticoid
replacement, is therefore testosterone. Most patients are primarily azoospermic and
testicular histology reveals a Sertoli-cell-only syndrome. However, in patients with
residual hormonal activity, isolated foci with spermatogenesis may be found. In
these cases, single sperm may be extracted from biopsied tissue and intraplasmatic
sperm injection (ICSI) may result in pregnancy and live birth (Frapsauce et al. 2011).

Acquired Tertiary/Hypothalamic Hypogonadism

Functional Hypogonadotropic Hypogonadism

In this potentially reversible condition, hypothalamic GnRH pulsatility is down-
regulated. The phenomenon can be observed in men with severe malnutrition, such
as in restrictive eating disorders (anorexia nervosa or starvation due to poverty or
malignant diseases) (Wabitsch et al. 2001, with malabsorption (in inflammatory
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bowel diseases, celiac disease, or cystic fibrosis), or in patients with chronic diseases.
Functional HH may also be caused by excessive obesity with insulin resistance or
type 2 diabetes (Dhindsa et al. 2010). Downregulation of GnRH pulse generator
activity is also observed in athletes performing extreme exercise or overtraining,
resulting in decrease of testosterone and sperm production (Nieschlag and Vorona
2015; Tenforde et al. 2016). Rarely is it due to serious stress, including severe social
deprivation or depression. The indication for central hormone replacement has to be
based upon the chances for resolution of the underlying condition with causal
treatment.

Drug-Induced Hypogonadotropic Hypogonadism

Prolonged abuse of anabolic androgenic steroids (AAS) (including testosterone
preparations) suppresses the HPG axis (Nieschlag and Vorona 2015). As shown in
clinical trials of testosterone-based hormonal male contraception, suppression is
reversible if androgen application is ceased (Nieschlag 2010); however, reactivation
of the GnRH pulse generator may require 3—24 months (Liu et al. 2006). In these
men, cessation of exogenous hormone administration or abuse is indicated, rather
than initiation of gonadotropin replacement to overcome the AAS-induced hypo-
gonadism (Nieschlag and Vorona 2015).

Inhibition of GnRH secretion occurs with the use of morphine, heroin, and
methadone, all activating inhibitory neurons to the hypothalamus (Daniell 2002;
Rajagopal et al. 2004). latrogenic HPG axis downregulation also occurs as a result of
GnRH agonist treatment (for precocious puberty in boys and during antiandrogenic
treatment of metastatic prostate cancer in adults). Therefore, inquiries on the recent
intake of medications and on drug abuse are essential to recognize potentially
reversible causes of HH.

Congenital Adrenal Hyperplasia (CAH) with Hypogonadotropic
Hypogonadism

Undiagnosed or untreated classic congenital adrenal hypoplasia (CAH) due to 21-
hydroxylase deficiency results in ACTH hypersecretion, giving rise to adrenal
androgen hypersecretion. Adrenal androgens or their metabolites (e.g., estrone,
originating from the aromatization of androstenedione) may suppress the hypotha-
lamic GnRH-pulse generator and thus the secretion of pituitary LH and FSH. As a
consequence, spermatogenesis is inhibited, resulting in oligozoospermia or azoo-
spermia. However, adrenally derived testosterone in the blood steam is indistin-
guishable from testicularly derived testosterone, and near normal serum levels
prevent symptoms of androgen deficiency. Therefore, the diagnosis has to be made
upon measurement of 17-hydroxyprogesterone levels (in serum or saliva).

In males with salt-wasting CAH and tertiary hypogonadism, the cause of infer-
tility is nonadherence or insufficient adherence to treatment. In milder/simple
virilizing forms of CAH, the diagnosis of CAH may not have been made unless
infertility, combined with suppressed LH and FSH levels, but low-normal serum
testosterone levels, elevated 17-OHP serum levels, and hyperplasia of “testicular
adrenal rests” in the testes (TART) are detected. The latter may be mistaken for
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malign testicular tumors. However, as TART develop bilaterally, due to hyperplasia
of adrenal cells that physiologically surround the rete testis, these tumors are always
benign and do not require resection.

Adequate replacement of glucocorticoids in CAH men with hypogonadotropic
hypogonadism may restore GnRH pulsatility and consequently resume gonadotro-
pin suppression via normalization of ACTH-drive on the adrenal glands. In rare
cases, LH and FSH suppression is prolonged. In men wishing paternity and without
recovery of gonadotropin secretion on corticoid- (and mineralocorticoid) replace-
ment, gonadotropin substitution with hCG and rFSH is a therapeutic option to induce
spermatogenesis (Rohayem et al. 2014). Surgical resection of TART has been shown
to be unsuccessful for improving semen quality (Claahsen -van der Grinten et al.
2007).

Secondary/Pituitary Hypogonadism
Congenital Secondary/Pituitary Hypogonadism

Isolated deficiencies of LH or FSH, each resulting from mutations of the
corresponding genes, are very rare causes of defective pubertal maturation. LHB
and FSHB are the genes coding for the unique B-subunits that confer specificity of
action of the heterodimeric glycoprotein-hormones LH and FSH on their
corresponding gonadotropin receptors, in contrast to the common alpha-subunit of
these glycoprotein hormones (Table 2).

Congenital Isolated LH Deficiency (Pasqualini Syndrome)

In this condition, homozygous or compound heterozygous mutations of the LHf3
gene cause the absence or functional deficiency of LH (Lofrano-Porto et al. 2007).
Typically, affected male patients have absent puberty, small testes, a prepubertal
penis size with LH serum levels below the detection limit, accompanied by pre-
pubertally low serum testosterone levels, but normal or elevated FSH levels and
normal inhibin B levels. Spermatogenesis may be reduced or arrested as Leydig cells
are not developed (Matthews et al. 1993; Phillip et al. 1998; Lofrano-Porto et al.
2007; Valdes-Socin et al. 2014). Treatment with hCG causes the normalization of
testosterone serum levels and spermatogenesis. Testosterone replacement may result
in a slight increase of testicular volumes (to 6—7 ml) in the presence of high FSH-
levels (Lofrano-Porto et al. 2007).

Congenital Isolated FSH Deficiency
Patients with isolated FSH deficiency have a normal pubertal development and are
normally virilized men, but their testes remain small/of prepubescent size and their
ejaculates are azoospermic. Their FSH serum levels are undetectable, while LH
levels are normal or increased.

The lack of FSH is caused by inactivating homozygous mutations in the FSH-f§
gene. Treatment with rFSH over 6 months may increase testicular volumes (Simsek



10 Central Hypogonadism in the Male: Physiopathology, Diagnosis, and Treatment 299

et al. 2016). However, it is not clear from the literature whether spermatogenesis can
be fully developed to produce sperm sufficient for paternity (Siegel et al. 2013).

Congenital Combined LH and FSH-Deficiency Due to GnRHR Mutations
Homozygous GnRHR mutations have been found to cause pituitary GnRH insensi-
tivity by impairing GnRH receptor function in pituitary gonadotropin-secreting cells,
with ensuing deficiencies in LH/FSH (De Roux et al. 1997; Layman et al. 1998;
Beneduzzi et al. 2014). Depending on the degree of functional receptor impairment,
patients may experience absence of pubertal development or pubertal arrest.

Congenital Pituitary Defects Causing Multiple Pituitary Hormone
Deficiencies (MPHD)

If multiple pituitary hormonal deficiencies are associated with gonadotropin defi-
ciency, mutations of PROPI, PIT] (=POUIF1), LHX3 (Netchine et al. 2000),
LHX4, GLI2, FGFS8, KAL4 (=PROKR?2), and HESX] may be involved.

The PROP-1 gene encodes the transcription factor PROP-1 (acronym for
“prophet of Pit”) that is required for the expression of PITI. Pitl-dependent cell
lines in the anterior pituitary include somatotrophs, lactotrophs and thyrotrophs and
variably gonadotrophs and corticotrophs (Wu et al. 1998).

Acquired Secondary/Pituitary Hypogonadism

Acquired forms of HH are mostly due to pituitary tumors (craniopharyngeoma,
pituitary adenoma, glioma) or surgery in the sella region. Pituitary failure with
multiple pituitary hormone deficiencies may also result from cranial radiotherapy.
Likewise, inflammatory processes (hypophysitis), iron overload (due to hemochro-
matosis or repetitive erythrocyte transfusions), granulomatosis, and vascular disor-
ders can lead to pituitary insufficiency (Behre et al. 2010). Trauma from accidents,
sports (e.g., boxing, football, soccer), or military activities are often overlooked as
cause of hypopituitarism and especially when secondary hypogonadism occurs as an
isolated posttraumatic sequela (Karaca et al. 2016; Kelly et al. 2014).

Endocrine deficiencies are to be expected if more than 75% of the anterior pituitary
tissue is destroyed. Partial forms of HH with residual testosterone secretion and less
severe symptoms of androgen deficiency and residual spermatogenesis may result
from all above-mentioned conditions (Spratt et al. 1987; Waldstreicher et al. 1996).

In addition to endocrine deficiencies, pituitary tumors may cause headache and
visual field defects due to their location and size.

Prolactin-secreting pituitary micro- or macroadenomas cause hypogonadism by a
dual mechanism: prolactin itself induces a suppression of pituitary gonadotropin
secretion; in addition, the adenoma displaces and compresses normal pituitary tissue,
thereby impairing hormone secretion.

Hyperprolactinemia may also be caused pharmacologically by various prescribed
drugs (e.g., H2-blockers, metoclopramide, imipramine, alpha-methyldopa, neuroleptic
agents) Pharmacological hyperprolactinemia is best treated by eliminating the
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respective drug. Surgical or radiologic removal of a prolactin-secreting macroadenoma
has become necessary only in rare cases, as adenoma-caused hyperprolactinemia is
primarily treated by dopamine agonists such as bromocriptine, cabergoline,
quinagolide, or metergoline. These drugs are effective in suppressing hyper-
prolactinemia and adenoma growth so that additional testosterone or gonadotropin
treatment is rarely required. Rarely, dopamine agonist treatment of prolactinomas may
lead to hypersexuality. This condition, named “Dopa-testotoxicosis” is assumed to be
induced by synergy between reward pathway stimulation and restoration of the
eugonadal state after prolonged hypogonadism (De Sousa et al. 2017).

Diagnosis of Central Hypogonadism in the Male

During adolescence, hypogonadotropic hypogonadism is suspected in boys with
delayed, absent, or partial and then arrested puberty and prepubescent gonadotropin
serum levels. In adulthood, suspicion is raised by symptoms of testosterone defi-
ciency (Table 1) and/or infertility, combined with low LH and FSH levels.

Suspicion of permanent HH has to be based upon meticulous pretreatment
diagnostic work-up.

Diagnostic Work-Up

Decreased energy levels, fatigue and loss of libido are the first objective signs of
testosterone deficiency. Depressive mood, lack of concentration, sleep disturbance,
and erectile dysfunction are additional typical complaints. However, the patient may
not spontaneously report erectile dysfunction due to reduction of his sexual desire.
Therefore, the question regarding sexuality has to be explored explicitly. A standard-
ized hypogonadism symptom questionnaire may help reveal this and other sensitive
anamnestic items (Gelhorn et al. 2016). Further symptoms of androgen deficiency
include the arrest of spermatogenesis, reduction of seminal fluid, ejaculatory fre-
quency, and sperm count in semen. In the long term, reduction of body hair and beard
growth, muscle and bone mineral mass loss (osteoporosis), and anemia will develop.

Family history should assess the parents’ age at entering puberty and age at
maternal menarche and the presence of signs of hypogonadism or infertility in
relatives.

Previous medical history assesses the presence of undescended testes at birth
(with age at possible orchidopexy) and previous diseases, including malignancies
with chemo- and/or radiotherapy, inflammatory diseases (meningitis, orchitis), and
testicular trauma or surgery. Inquiries on the ability to smell and on specific
congenital features (that may be associated with congenital HH or Kallmann syn-
drome), including renal agenesis, dental and digital anomalies, cleft lip and palate,
coloboma, synkinesia/mirror movements, and ataxia are similarly important.

Physical examination includes auxological measurements and pubertal Tanner
staging with measurement of testicular volumes using a Prader orchiometer.
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Scrotal ultrasound provides information on testicular and epididymal morphol-
ogy, in addition to the (more accurate) assessment of testicular volumes.

While hormone investigations of the HPG axis focus on LH, FSH, and
testosterone levels, measurement of TSH, T3, fT4, IGF1, IGFBP3, prolactin, and
cortisol enables investigations of associated pituitary and adrenal hormone
deficiencies.

Other laboratory analyses and function tests with the measurement of inhibin
B levels and GnRH agonist (buserelin) testing may help differentiate HH from
CDGP.

Further diagnostic work-up includes imaging procedures, such as magnetic
resonance imaging (MRI) of the hypothalamo-pituitary region to rule out intra-
cranial malformations, neoplasms, or infiltrating diseases. Perimetry of visual
fields is helpful for detecting scotomas, specifically bitemporal hemianopsia in
case of compression of the chiasma opticum by neoplasms in the sella region.
Determination of bone age according to Greulich and Pyle (1959) by a left-hand
carpo-radiogram is used to estimate residual longitudinal growth potential in
adolescents with absent or arrested puberty. Semiquantitative olfactometry by
University of Pennsylvania Smell Identification Test (UPSIT) (Doty et al. 1995) or
Sniffin’sticks (Burghart Messtechnik GmbH, Wedel, Germany) (Hummel et al.
2007) can be performed to reliably distinguish between normal, partially, or totally
defective olfaction.

Semen analysis is relevant to evaluate exocrine testicular function, especially if
paternity is desired and should be performed according to the “WHO Laboratory
Manual for Semen Analysis” (2010) under quality control.

Karyotyping (+ fluorescence in situ hybridization (FISH)) may be undertaken
to rule out associated chromosomal anomalies. Sequencing of candidate genes or
performance of targeted multiplex NGS in subjects with CHH with the description
of mutations or polymorphisms is indicated for investigations on the genetic origin
of HH. Results are also helpful for genetic counseling of a couple affected by male
CHH prior to hormone replacement for spermatogenic induction.

Differential Diagnosis of Tertiary Hypogonadism: Constitutional
Delay of Growth and Puberty (CDGP)

In boys presenting for delayed puberty or growth retardation, the most important
differential diagnosis to congenital normosmic HH is the normal variant of a
constitutional (self-limited) delay of growth and puberty (CDGP). CDGP is by far
the most common cause of delayed puberty (pubertas tarda): up to 65% of boys with
pubertal delay have CDGP (Sedlmeyer and Palmert 2002).

Once testosterone or gonadotropin replacement has been started, this measure
will suppress the endogenous GnRH pulse generator activity and gonadotropin
secretion, thereby impeding proper diagnosis. Therefore, it is imperative to previ-
ously establish the differential diagnosis between self-limited/potentially reversible
hypogonadotropic states and permanent disorders.
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Hormone profiles in CDGP are infantile and therefore indistinguishable from
hypogonadotropic hypogonadism. A family history of late pubertal development can
be found in 50-75% of subjects with CDGP (Wehkalampi et al. 2008; Sedlmeyer
and Palmert 2002). Other indicators of CDGP are short stature for chronologic age,
in concert with delayed bone age. This is due to a transitory partial growth hormone
deficiency which requires no treatment.

A variety of physiological and stimulation tests have been proposed to differen-
tiate between CHH and CDGP (Harrington and Palmert 2012), such as gonadotropin
response to GnRH, testosterone response to hCG (Bang et al. 2017), assessment of
LH pulsatility by frequent sampling, first morning-voided urinary LH and FSH, and
prolactin response to various provocations.

Low-serum levels of the Sertoli cell marker inhibin B may be the best indicator of
HH in prepubertal boys. Inhibin B levels below cut-off values of 35 pg/mL (Coutant
et al. 2010) or 28.5 pg/mL (Rohayem et al. 2015) are indicative of HH. In addition,
pituitary functional testing with the GnRH agonist buserelin, resulting in stimulated
LH levels above 4 U/L after 4 h may be helpful to identify boys with CDGP among
those with pubertal delay (Wilson et al. 2006). However, due to overlap in the results
of all tests between the two entities, the diagnostic process remains challenging.

While reassurance and a “wait-and-see” approach may suit many boys with
CDGP, in case of remaining diagnostic uncertainty, “priming” with testosterone
may be performed, using three (to six)-monthly 50-100 mg testosterone enanthate
i.m. injections every 4 weeks. A rise in LH serum levels on consequent reassessment
of HPG axis function after additional 3 months without treatment, together with
testicular growth above 4 ml each side would indicate pubertal activation of the
GnRH pulse generator, thus CDGP, with no need for further hormone substitution.
The above-mentioned procedure can be repeated if necessary (Soliman and De
Sanctis 2012).

Hormonal Treatment of Central Hypogonadism in the Male

In all HH men, symptoms of androgen deficiency are the most prevalent complaints.
Consequently, substitution with testosterone appears to be the first choice of treat-
ment. Indeed, due to the rapid onset of testosterone action, this treatment is satisfying
for the patient as well as for the attending physician. However, besides androgen
deficiency, infertility is or will be a problem for many afflicted men. Therefore,
induction of spermatogenesis should be prospectively discussed and possibly initi-
ated even in patients without immediate wish for paternity. Hormone replacement
strategies in adults with hypogonadotropic hypogonadism differ from those used in
adolescents concerning initial dosages.

Generally, adults have already attained normal adult stature, thus eliminating the
therapeutic conflicts between maximizing final height (according to genetic target
height) and promptness of pubertal induction.

In boys with HH, however, one major therapeutic goal is to induce the pubertal
growth spurt. Of note, structural changes of the brain during adolescence are
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dynamic and protracted, occurring over the course of a decade or more and encom-
pass not only reproductive maturation, but also cognitive, emotional, and social
maturation. These behavioral maturational processes may and may not be influenced
by gonadal steroid hormones (Sisk and Zehr 2005).

Independent of age, hormonal substitution aims at inducing and maintaining
secondary sexual characteristics (penile growth, beard and body hair growth, voice
mutation, and muscle and bone mass acquisition) and psychosexual maturation/
activation (awakening of libido with sexually stimulated erections and regular
ejaculations), thereby improving self-esteem and well-being.

If puberty is induced at an adult age, after psychosocial adaption to the
undervirilized/juvenile appearance has occurred, psychological changes affecting
partnership may ensue. It remains to be seen whether late hormone substitution in
adulthood reverses all effects of low androgen levels during adolescence, as differ-
ences in spatial ability and of some reproductive behavioral aspects of psychosocial
development have been reported in small patient cohorts (Hier and Crowley 1982;
Gooren 1988).

The therapeutic goal of normalizing serum testosterone levels according to age
references can be achieved by replacement of testosterone, GnRH, or gonadotropins.
In the following, the indications for these therapies are described.

Pulsatile GnRH Substitution

In patients with HH due to hypothalamic GnRH deficiency, but normal pituitary
function, GnRH is the most physiological but cumbersome treatment: As continuous
application of GnRH results in downregulation of pituitary GnRH receptors, GnRH
has to be substituted in a pulsatile fashion. This is performed by a portable mini-
pump which has to be worn for at least one to 2 years and sometimes longer to
stimulate gonadotropin secretion in the pituitary and consequently testosterone
secretion and spermatogenesis in the testes. Only few patients are motivated to be
compliant with this treatment modality for longer periods (Delemarre-van de Waal
2004). A recent study from China demonstrated that those patients who adhere to
GnRH replacement may be rewarded by faster testicular growth and appearance of
sperm (Mao et al. 2016) compared to gonadotropin replacement regimens, in
contrast to earlier observations with no differences in outcome (Schopohl 1993;
Biichter et al. 1998).

The needle of the catheter linked to the portable GnRH mini pump is placed into
the patient’s abdominal subcutaneous tissue and has to be changed every 2 days. The
pump is programmed to deliver GnRH boluses every 120 minutes, as this frequency
was shown to be most effective for gonadotropin stimulation. After a starting dose of
4 pg per pulse, increases of 2 pg may be performed every 4 weeks, aiming at
testosterone levels in the normal adult range after 3—12 months (depending on the
maturation progress of the testes). Response to treatment is monitored by the
assessment of testicular growth, testosterone serum levels, and appearance of
sperm in the ejaculate. The doses necessary to induce spermatogenesis vary between
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HH patients, ranging 5-20 pg GnRH per bolus or 25-600 ng/kg GnRH per bolus.
One to 3 years of treatment may be required to induce spermatogenesis sufficient to
induce a pregnancy. Patients with previously undescended testes may require con-
siderably longer treatment for induction of spermatogenesis than patients with
eutopic testes (Biichter et al. 1998).

It has recently been shown that infusion of kisspeptin-54 is efficient in restoring
GnRH and LH-pulsatility in patients with a mutation in 74C3 or TAC3R with a loss
of signaling by neurokinin B (Young et al. 2013). These data have had implications
for the development of kisspeptin 54 as an efficacious trigger of oocyte maturation in
women at high risk of ovarian hyperstimulation syndrome (OHSS) during in vitro
fertilization (IVF) therapy (Abbara et al. 2015). Currently kisspeptin is undergoing
testing for diagnosis of hypogonadotropic hypogonadism (Chan et al. 2014).

Gonadotropin Substitution

General Considerations
While GnRH treatment is reserved for patients with hypogonadotropic hypo-
gonadism due to lack of GnRH synthesis or action, but with preserved capacity for
gonadotropin secretion, gonadotropin substitution can be applied to all hypo-
gonadotropic patients (Boehm et al. 2015) (Table 3). This applies to those men,
who, besides virilization, aim for fertility and/or testicular growth. The subcutaneous
administration of human chorionic gonadotropin (hCG) serves as a substitute for LH
and stimulates Leydig cells to secrete testosterone (Biichter et al. 1998; Liu et al.
1988). This effect of hCG is enhanced in combination with FSH.

Follicle-stimulating hormone (FSH) is required for spermatid maturation (sper-
miogenesis) during initiation, and for maintenance of quantitatively normal sper-
matogenesis at puberty and thereafter (Matsumoto et al. 1986, 2009).

While available hCG preparations are derived from the urine of pregnant women,
FSH preparations are either urinary-derived from postmenopausal women (hMG)

Table 3 Therapeutic options licensed for puberty induction and fertility treatment in male hypo-
gonadotropic hypogonadism

Drug Trade name Application | Dose
Human chorionic Brevact/i\dos'd s.c. or i.m. 1000-2500 IU s.c. twice
gonadotropin (hCG) Pregnyl ® weekly

Novarel ® (on Mondays and Fridays)
Recombinant FSH (rFSH) Gonal F %, s.c.orim. | 75-150 IU s.c.

Puregon ® three times weekly

Follistim ® (on Mondays, Wednesdays,

Fridays)
Pulsatile GnRH LutrePulse ® Minipump 4-20 pg per pulse
s.C. every 120 min

“Trade names of drugs marketed in Europe
°Trade names of drugs marketed in the USA



10 Central Hypogonadism in the Male: Physiopathology, Diagnosis, and Treatment 305

hca |+ MG | Pergeral®
\ v

®
Predalon® hCG |+ | u-hFSH-Hp | Menogon
Bravelle®
o or
Pregnyl® u-hCG-HP u-hFSH-HP
" Puregon®
Brevactid® r-hCG r-FSH (Folistim®)
Gonal F®

r-FSH beta | Corifollitropin

i® .
Luvenis r-hLH * 14 -hCG beta| Alfa (Elonva®)

Fig. 2 Historical development of gonadotropin treatment for secondary or tertiary hypogonadism.
The blue fields signify the preparations in use, the lower white fields indicate preparations under
development

and purified, or recombinant (»FSH) (Kliesch et al. 1995; Bouloux et al. 2003; Warne
et al. 2009). The long-acting recombinant FSH-CTP (Corifollitropin alfa/MK 8962)
has to be subcutaneously injected only every second week. It has already been
licensed for female indications and is at this time (2017) under investigation for
use in the treatment of male hypogonadotropic hypogonadism (Nieschlag et al.
2017) (Fig. 2).

Induction of spermatogenesis and achievement of fertility in males can be
attained within 6 months to 2-2.5 years, depending on previous testicular mat-
uration before initiation of treatment. Subjects with initially absent puberty
require longer replacement to achieve maximum testicular growth and sperm
concentrations in their ejaculate than those with pubertal arrest or postpubertal
onset of hypogonadotropic hypogonadism. In these patients, final testicular
volumes often plateau at a subnormal level (Fig. 3) and maximal seminal sperm
counts do not reach normal values. However, quality of spermatozoa seems to be
high, as most patients are nevertheless able to impregnate their partner sponta-
neously (Burris et al. 1988; Pitteloud et al. 2002; Liu et al. 2002; Rohayem et al.
2016) (Fig. 4).

Once a gonadotropin treatment cycle has been completed, this reduces time to
reinduction of fertility to 610 months by repeating this treatment in later years (Liu
et al. 1988; Biichter et al. 1998). Spermatogenesis can be maintained at a lower level
with hCG alone for some time (Depenbusch et al. 2002).

Maldescended testes, although a negative predictor of GnRH and gonadotropin
response, do not preclude chances of attaining fertility, but require longer stimulation
(Biichter et al. 1998).
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Fig.3 Final bitesticular volumes (BTV) in 38 adult patients with hypogonadotropic hypogonadism
under hCG/rFSH treatment correlate with onset of disease (Rohayem et al. 2016). Kallmann sd:
Kallmann syndrome; MPHD cong/pr pub: congenital or pre pubertally acquired multiple pituitary
hormone deficiencies; CHH absent pub: congenital hypogonadotropic hypogonadism with absent
puberty; CHH pub arrest: congenital hypogonadotropic hypogonadism with spontaneously initiated
puberty, with consequent pubertal arrest; MPHD post pub: postpubertally acquired multiple pitu-
itary hormone deficiencies (by surgery or tumour in the sella region)

Hormone Replacement in Prepubertal Onset HH

A treatment regimen beginning with testosterone for induction of puberty stimulates
normal linear growth, pubertal virilization, and psychosexual maturation in congen-
ital HH. This is achieved by increasing doses of testosterone enanthate i.m., starting
with 50 mg every 4 weeks. The dose is increased to 125 mg after 612 months and
further increased to the full replacement dose for adult men: 250 mg after
1.5-2 years. If the adolescent feels that the effect of testosterone vanishes before
the next injection is due, the interval of shots can be reduced to 3 weeks.
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Fig. 4 Sperm concentrations at conception or termination of hCG/rFSH from 38 adult men with
hypogonadotropic hypogonadism of different ethiology (Rohayem et al. 2016)

However, this traditional approach neglects testicular growth and the acquisition
of fertility as components of normal puberty. The testes remain immature and small
(< 4 ml each side), i.e., in a prepubertal state, and spermatogenesis is not initiated.
Meanwhile, there is sufficient evidence that complete male puberty, comprising
pubertal virilization in concert with testicular growth and initiation of spermatogen-
esis can be successfully achieved during adolescence by replacing gonadotropins
(hCG/FSH) (Liu et al. 1988; Schopohl 1993; Barrio et al. 1999; Sinisi et al. 2008;
Zacharin et al. 2012; Rohayem et al. 2017).

Gonadotropin treatment may be suggested for pubertal induction even if fertility
is a matter for the future, and even though rFSH is costly, as normalization of
testicular size and initiation of spermatogenesis may positively affect body image,
thus providing self-assurance and confidence for the future in teenage boys with HH
(Shiraishi et al. 2014, Rohayem et al. 2017). In addition, spermatogenesis, once
driven to full maturation, can be restimulated much faster when fertility is desired
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later in life (Biichter et al. 1998; Liu et al. 2002). Subsequent treatment with
testosterone does not seem to jeopardize the outcome of later stimulation therapy
(Rohayem et al. 2017). This is important for a few prepubertal boys who are
unwilling to commit to five s.c. injections per week for 2—3 years. However, some
of these young patients may be more agreeable to gonadotropin stimulation once
pubertal induction with testosterone is accomplished (Rogol 2005).

In adolescent patients with open epiphyses (i.e., with a bone age <16 years), hCG
treatment ought to be performed in small increments over the first year (until serum
testosterone levels are in the normal adult range) to induce pubertal virilization.
Thereby a pubertal growth spurt and attainment of final height in the range of
midparental expectations can be achieved. Adverse pubertal effects including pre-
mature epiphyseal fusion, severe acne, or gynecomastia can successfully be avoided
by this regimen. Subsequent combined hCG/tFSH replacement over 2-3 years is
required to accomplish testicular growth and fully activate the individual’s sper-
matogenic potential. Over 70% of adolescents will thereby reach normal adult
testicular sizes and in more than 90% sperm will develop in semen (Zacharin et al.
2012; Rohayem et al. 2017).

In view of the challenging differential diagnosis of constitutional delay of puberty
(CDGP), this regimen bears an important further advantage: low initial hCG doses
have only weak suppressive properties at the hypothalamic or pituitary level,
therefore activation of the pubertal GnRH pulse generator in cases of unrecognized
CDGP is possible. Patients wrongly diagnosed with HH may thus be recognized if
special attention to a potential rise in LH levels is given during the first phase of
gonadotropin replacement.

In patients with pubertal failure but a late diagnosis of CHH in adulthood, or
those with previous testosterone treatment, final height may already have been
attained. In these adult subjects, higher initial hCG replacement doses and faster
dose escalations can be applied than in HH boys with open epiphyses/immature
growth plates.

Success rates concerning spermatogenic induction in adults are slightly below
those of adolescents, ranging from 65% to 90% (Biichter et al. 1998; Burgués and
Calderon 1997; EMHSG 1998; Bouloux et al. 2002).

Treatment Protocol for Testosterone-Naive Prepubertal Adolescents

A starting dose of (250-) 500 IU hCG, injected subcutaneously on Mondays and
Fridays, with incremental increases of 250—500 IU hCG per injection every 6 months
to a maximum of 3 x 2500 IU hCG s.c./week is recommended. The aim is to achieve
pubertal levels of serum testosterone (>1.5 ng/ml, [5.2 nmol/l]) after around
6 months, and levels in the midnormal adult range (testosterone >3.5 ng/ml,
[12 nmol/l]) by 1 year. rFSH (follitropin alpha) 3 x (75-)150 IUs.c/week (injected
Mondays, Wednesdays, and Fridays) is added when pubertal serum testosterone
levels (>5.2 nmol/l) are reached. Subsequent rFSH dosage modifications above
150 IU per injection are not recommended as they are not beneficial for enhancement
of spermatogenesis.
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Treatment Protocol for Testosterone-Virilized Adolescents with Prepubertal
Onset HH

These patients can be treated like post- pubertal adult patients (see section “Gonad-
otropin Replacement in Postpubertal Onset/Adult HH”).

Gonadotropin Replacement in Postpubertal Onset/Adult HH

In patients with postpubertally acquired HH, testicular maturation has already been
completed, as indicated by normal adult testicular size. However, if gonadotropin
stimulation has been lacking for a prolonged period, paused spermatogenesis may
have led to a (slight) reduction in testicular volume. Since gonadotropins are costly,
this therapeutic investment is justified only if paternity is desired. In all other cases,
testosterone is the preferred modality for replacement. When stimulation therapy for
fertility induction is initiated in patients with previously accomplished testicular
maturation, Leydig cell response (as indicated by a rise in serum testosterone levels
to the adult range) to hCG occurs within 3 months. In rare cases, this is sufficient for
initiation of spermatogenesis (Finkel et al. 1985). However, prolonged treatment
with hCG alone will suppress endogenous residual FSH secretion. Therefore the
addition of FSH is required.

Protocol: A full hCG starting dose of 1500 IU s.c. is applied twice weekly. The
HCG dose should be reduced in cases of erythrocytosis, gynecomastia, or excessive
acne. If testosterone levels remain below the normal adult range (<12 nmol/l) after
6—9 months, the hCG dose can be increased by increments of 500-1000 IU per
injection every (3)—6 months to a maximum of 3 x 2500 IU s.c./week.

A full dose of rFSH (follitropin alpha) 3 x 150 IU is additionally injected thrice
weekly, without subsequent dose modifications.

Reawakening of spermatogenesis occurs (with first spermatozoa appearing in
semen) after 3—13 months of combined hCG/FSH replacement (Liu et al. 2009;
Rohayem et al. 2016). Stimulation of spermatogenesis will not proceed further when
the sperm concentration in the ejaculate reaches a plateau that is indicative of the
individual’s spermatogenic capacity.

Thereafter, sperm production may be maintained with hCG alone for several
months (in patients with residual endogenous gonadotropin secretion) (Johnson
1978; Depenbusch et al. 2002).

Monitoring Gonadotropin Substitution
Measurement of serum LH, FSH, testosterone levels, and testicular volumes (via
Prader orchiometer and/or ultrasound) ought to be performed at 3 to 6 monthly
intervals during gonadotropin substitution, along with annual bone age estimation in
adolescents, until a bone age of 16 years (and thus near final height) is reached.
Special attention should be given to LH levels, as a spontaneous increase into a range
above >1 U/L would indicate spontaneous HPG axis activation during gonadotropin
substitution, which would question the diagnosis of HH. In such cases of CDGP,
total cessation of hormone replacement is indicated.

Regular measurement of serum testosterone levels (e.g., every 3 months) is useful
not only to monitor the Leydig cell response, but also, along with FSH levels,
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adherence to treatment. Once maturity for semen is attained in previously prepuber-
tal subjects, ejaculates can be collected and analyzed according to WHO guidelines
(WHO 2010) after at least 48 h of sexual abstinence. Thereafter, semen analyses may
be repeated every 3 months until a plateau of sperm concentrations is documented in
at least two follow-up visits or until pregnancy is achieved. Sperm cryopreservation
may be offered before gonadotropin replacement is stopped and patients are
switched to testosterone replacement. However, as restimulation of testes with
gonadotropins by a second treatment cycle is known to be successful in most
subjects, even after a longer period of testosterone substitution (Biichter et al.
1998), sperm cryopreservation in adolescent patients is recommended only if pri-
mary spermatogenic response to treatment is very poor. In adult men with no wish
for immediate fatherhood, cryostorage of semen may be indicated.

Misdiagnosis of CDGP and CHH Reversal

With respect to the clinical and genetic overlap between CHH patients and those
with constitutionally delayed puberty, erroneous diagnosis of CDGP as HH cannot
be excluded (Zuh et al. 2015). Therefore, interruption of treatment of HH is
discussed with the patient after achievement of the primary treatment goals. Such
interruption allows the physician to determine whether a spontaneous reactivation
of the HPG axis occurs or whether substitution therapy has to continue life-long.
Around 10% of patients with Kallmann syndrome or CHH (with CHD7, FGFRI,
GNRHR, TACR mutations) bear potential for reversal of GnRH deficiency (Quinton
et al. 1999; Raivio et al. 2007; Laitinen et al. 2012; Dwyer et al. 2016). Even with a
replacement strategy with testosterone (enanthate or gel), continuous attention
should be given to LH levels (the parameter reflecting the patient’s endogenous
HPG axis activity), in order to recognize potential spontanecous GnRH pulse
generator activation. If reversal of HH occurs, it may not be sustained (Tommiska
et al. 2013; Sidhoum et al. 2014). This vulnerability and plasticity of the reproduc-
tive axis emphasize the need for lifelong attention to symptoms of androgen
deficiency and surveillance of HPG axis hormones in patients with spontaneous
HH reversal.

Testosterone Substitution

Criteria for Testosterone Substitution
All patients with hypogonadism including central hypogonadism will eventually
require testosterone replacement as hypogonadism implies testosterone deficiency.
However, in patients with central hypogonadism, testosterone substitution should
only be initiated once the patient’s current or future fertility perspectives have been
discussed. If the patient desires paternity in the immediate future, stimulation therapy
by GnRH or gonadotropins should be the first choice as it stimulates spermatogen-
esis as well as testosterone production in the Leydig cells (see above).

If testosterone substitution is the treatment of choice, the question arises at which
level of testosterone serum concentrations substitution is indicated.
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Two factors contribute to controversial opinions and explain why the lower limit
of normal and the limits for initiating testosterone substitution vary in various
countries (Nieschlag et al. 2004) and in different guidelines (Bhasin et al. 2010;
Dohle et al. 2012; Swerdloff and Wang 2012, Flaseriu et al. 2016):

First, serum testosterone undergoes a clear diurnal rhythm with higher levels in
the morning and about 25% lower levels in the evening. Therefore, and for the sake
of comparability, therapeutic decisions should be based on serum testosterone
measurements during the morning hours.

Second, various testosterone symptoms have different threshold levels, loss of
libido, and vigor may already occur below 12—15 nmol/L. Below 10 nmol/L
depressive moods, sleep disturbances, lack of concentration, and diabetes type 2
are observed, while erectile dysfunction and hot flashes are reported below 8 nmol/L
(Zitzmann et al. 2006).

Often perception of the physician rather than the patient’s complaints and strain
may govern prescribing behavior. Loss of libido is the most frequent and an early
symptom demanding treatment and occurring below 12 nmol/L and provides a
distinct signal for beginning testosterone substitution. Several large epidemiological
studies from the USA (Bhasin et al. 2011), Australia (Sartorius et al. 2012), and
Europe (Huhtaniemi et al. 2012) show that 12 nmol/L is the lowest value for serum
testosterone of healthy men.

If several measurements provide ambivalent results, free testosterone in serum
may aid the therapeutic decision. Free testosterone should be measured based on
total testosterone and SHBG by using a generally available formula (http://issam.ch/
freetesto.htm). Values below 225 pmol/L are considered subnormal.

Determination of serum testosterone varies depending on laboratory methodol-
ogy and still provides a problem as wide scatters in external quality control programs
show. Meanwhile, mass spectrometry methods (LLC-MS/MS) are the gold standard
for measuring testosterone. Some guidelines and journals require measurements by
these techniques. However, mass spectrometry may not be available everywhere. It
has been shown that immune assays correlate well with results from mass spectrom-
etry in the normal and upper subnormal range (Bhasin et al. 2011; Huhtaniemi et al.
2012; Haring et al. 2013), but are less reliable in in the low hypogonadal range.

Testosterone Preparations and Modes of Application

Testosterone was synthesized in 1935 and has remained in clinical use since that time
(Nieschlag and Nieschlag 2014). Until the 1990s only preparations resulting in
mostly unphysiologic serum levels existed. Today intramuscular, subdermal, trans-
dermal, oral, and buccal testosterone preparations are available (Behre and
Nieschlag 2012) (Table 4). WHO, NIH, and FDA have jointly formulated general
principles of testosterone therapy as “Guidelines for the use of androgens in men”
(Nieschlag et al. 1992) which are still valid today. The following are the most
important:

* Only preparations of natural testosterone should be used for substitution therapy
in hypogonadism since the full spectrum of testosterone action in the body can
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Table 4 Testosterone preparations available for substitution

Intramuscular testosterone enanthate Testoviron™ Depot 250
testosterone 250 mg every 2—3 weeks Testosteron Depot®
testosterone cypionate Delatestryl®
200 mg every 2—3 weeks Nebido®
testosterone undecanoate Aveed® (USA)

1000 mg, first and after 6,
then every 12 weeks:

750 mg first and after 4,
then every 10 weeks

Transdermal One system daily Testopatch®

Testosterone 50-100 mg in 5-10 g gel daily Androgel® / Testim ®
62.5 mg in 5 g gel daily Testotop® / Tostran®™
30120 mg in 1.5-4.5 ml Axiron®

Oral Testosterone undecanoate Andriol® / Testocaps®

Testosterone 3—4 capsules a 40 mg daily

Buccal Testosterone Striant®™

Testosterone 2 x 30 mg tablets daily

only be achieved if testosterone is aromatized to estradiol and Sa-reduced to
dihydrotestosterone (DHT). As conversion to these metabolites occurs at physi-
ologically well-balanced rates for natural testosterone secreted by the testes, and
not with synthetic androgens, testosterone remains the only choice for substitu-
tion in central hypogonadism. The well-balanced synergism between testosterone
and estradiol is specifically important for sexual function, bone metabolism, and
body composition, while synergism with DHT is important for accessory sex
organs and action on the skin (hair pattern, sebum production). Nor can the full
spectrum of testosterone action be achieved by androgenic anabolic steroids or by
selective androgen receptor modulators (SARMs).

* Testosterone substitution should result in circulating serum levels as close to physi-
ology as possible. Testosterone treatment of hypogonadal males should avoid supra-
physiologically high testosterone serum levels as well as subnormally low levels.

These demands are not achieved by intramuscular testosterone enanthate or
cypionate resulting in a roller coaster pharmacokinetic pattern. Patients dislike the
ups and downs of well-being, vigor, sexual activity, and emotional stability. Because
these preparations are cheap, they are still in use but have been replaced, wherever
affordable, by transdermal gels and intramuscular testosterone undecanoate resulting
in physiologic serum testosterone levels.

In the following, testosterone substitution in the adult HH patient is described, for
testosterone treatment in the adolescent HH patient see section “Hormone Replace-
ment in Prepubertal Onset HH.”

Oral Testosterone
Testosterone applied orally is readily absorbed by the intestine, but is also quickly
eliminated by the first-pass effect in the liver. In order to overcome this effect a
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modified synthetic testosterone molecule, 17a-alkylated methyltestosterone was
used for some time, but became obsolete because of its liver toxicity. However,
esterified testosterone undecanoate administered orally, due to its long aliphatic
side chain absorbed via the lymph, reaches circulation and target organs before the
liver. Capsules of 40 mg (Andriol®) have to be taken 3 or 4 times/day for the
treatment of hypogonadism. Pharmacokinetic analysis shows high intra- and
interindividual variability in serum testosterone concentrations. Therefore this prep-
aration is best suited as a supplement for low, but still ongoing testosterone
production.

Buccal Testosterone

Testosterone incorporated into polyethylene matrices can be formed into
mucoadhesive tablets. These tablets adhere to the gingiva above the incisors for
many hours and slowly release testosterone into the circulation. Twice daily appli-
cations result in constant serum levels. However, up to 15% of patients experience
irritation, inflammation, or gingivitis, but those who become accustomed to the
tablets tolerate them well. Care must be taken that the tablets do not become
disattached, e.g., during meals (Dinsmore and Willie 2012).

Intramuscular Testosterone

Testosterone, when injected, is very quickly degraded and therefore not suitable for
substitution, the testosterone molecule has to be esterified to produce longer-acting
substances. The most widely used preparations are testosterone enanthate and
cypionate, of which 200-250 mg need to be injected in 2-3 week intervals for
substitution purposes. Testosterone propionate is a shorter-acting ester. 50—100 mg
last for only 2—3 days and are therefore not suited for long-term substitution.

The same orally effective testosterone undecanoate can also be used for intra-
muscular injection when administered in castor oil (Nieschlag et al. 1999a;
Nieschlag and Nieschlag 2014). When injected in doses of 1000 mg in 4 ml castor
oil (Nebido™) and then after 6 weeks, followed by further injections every 12 weeks,
this preparation results in stable adult serum levels lasting for 10—14 weeks. After the
initial loading dose, the patient on average requires injections only every 3 months
(Zitzmann and Nieschlag 2007; Behre and Nieschlag 2012). In the USA, this
preparation is available in doses of 750 mg in 3 ml castor oil (Aveed™) requiring
further injections after 4 and then at 10 week intervals (Wang et al. 2010).

While the injectable preparations are generally considered very safe, pulmonary oil
micro embolism (POME) characterized by brief respiratory symptoms (including
cough, urge to cough, and dyspnea) immediately after the injection has been observed
in rare cases (Mackey et al. 1995). Therefore special care has to be observed when
injecting these oily solutions intramuscularly to avoid intravenous injections.

Transdermal Testosterone

Transdermal testosterone preparations mimic physiological diurnal variations and
their kinetic profiles are closest to ideal substitution. They may be used as the first
choice and are especially well suited for patients with fluctuating symptoms caused
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by other preparations. In addition, upon removal, testosterone is immediately elim-
inated if any adverse health effects should occur (e. g. polycythemia).

Scrotal patches consisting of a thin film soaked with testosterone were the
earliest transdermal preparations for clinical use (Behre et al. 1999). Later, non-
scrotal transdermal systems were developed but had the disadvantage of skin
irritation occurring in a high percentage of patients.

These preparations were soon superceded by testosterone gels needing to be
applied to sufficiently large skin areas in order to allow enough testosterone to be
resorbed. Physiological levels result when these gels, applied in the morning to the
upper arms, shoulders and abdomen, are left to dry for 5-10 minutes. Some
manufactures suggest covering the skin area with underwear and others recommend
washing the skin after evaporation of the alcohol in order to avoid unintended
transfer to children or women (DeRonde 2009; Nelson et al. 2013). Long-term use
showed good results (Wang et al. 2004; McNicholas and Ong 2006; Behre et al.
2012; Kiihnert et al. 2005), if the appropriate dose of the gel is administered; serum
levels, although variable, remain within the normal range (Swerdloff et al. 2015).

Subdermal Testosterone Implants

Testosterone pellet implants were among the first modalities applied for testosterone
replacement therapy; however, as a tunneling technique is required for implantation
in the abdominal wall by a trocar, extrusion of the pellet and infection of the
implantation site may occur. Three to six implants are inserted, resulting in initially
supraphysiological levels and then slowly declining to the normal range for up to
4-6 months. In a cross-over study of pellets versus injectable testosterone
undecanoate most patients preferred injections, mainly because of the simpler
delivery (Fennell et al. 2010). Such implants have lost popularity and are only
used in a few places (Kelleher et al.1999).

Monitoring of Testosterone Substitution
Once testosterone substitution has been initiated, the patient should be carefully
monitored at regular intervals. As a general rule, the patient should be seen after 3, 6,
and 12 months and then at least annually. Intervals may be more frequent if certain
symptoms prevail or comorbidities occur requiring immediate attention. Often, the
patients feel badly instructed about the purpose and schedule of the treatment
regimen, and then do not spontaneously contact their physicians (Dwyer et al.
2016). Mechanisms should be installed by the attending physician to remind patients
of necessary control visits and to encourage additional visits if required.

Inquiries on present complaints should include information on mental and phys-
ical activity, libido and sexual activity, and satisfaction.

Physical examination should assess body weight, waist circumference and fat distri-
bution, beard growth, and hair pattern as well as possible development of breast tissue.

Evaluation of size and surface of the prostate (by digital rectal examination
preferably supplemented by transrectal ultrasonography) should be performed annu-
ally. Laboratory work-up includes the measurement of red blood cell counts and
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hematocrit to detect and avoid polycythemia and its sequelae, e.g., apoplexy and
thromboembolism.

Bone density should be measured prior to the commencement of testosterone
substitution and then at regular intervals of about 2 years.

Taking into consideration the pharmacokinetics of the respective testosterone
preparation, serum testosterone should always be measured before the next dose is
applied and visits should be scheduled accordingly to allow for dosage adjustments.

Of note: On replacement with testosterone, the prostate of the hypogonadal
patient will grow to its normal size. PSA will also increase, but should not exceed
the normal range. At present there is no compelling evidence that testosterone
treatment increases the incidence of prostate carcinoma (Debruyne et al. 2017).
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