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Key Points

* Despite exhaustive efforts to determine the exact nature of the causes of
male infertility, many are still diagnosed with idiopathic male
infertility.

* The true incidence and aetiologies of male infertility remain poorly studied
and characterized.

* Geographical variation is believed to be the cause of different incidences
of male infertility.

e The main genetic variants leading to male infertility are chromosomal
alterations, inversions, translocation, Y chromosome microdeletions and
gene mutations.

* A comprehensive male evaluation for all partners of infertile couples
should be performed in order to uncover possible significant and treatable
medical conditions before pursuing therapies with ART.

» Large-scale, prospective, epidemiological studies may enhance our under-
standing of the genetic disorders of male infertility.
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Introduction

Infertility, as defined by the recent consensus-based and evidence-driven set of ter-
minologies set by the International Committee for Monitoring Assisted Reproductive
Technologies (ICMART), is a “disease characterized by the failure to establish a
clinical pregnancy after 12 months of regular, unprotected sexual intercourse or due
to an impairment of a person’s capacity to reproduce either as an individual or with
his/her partner” [1]. Infertility affects 15% of couples desiring to have a child [2].
Male factor as a sole cause of infertility accounts for 20% of cases, while both male
and female factors contribute in another 20-30% of cases [3]. Another study of male
infertility data from five European countries showed that 6.4—42.4% of cases were
due to male factors [4].

Actiologies of male factor infertility are multifactorial. In 30-40% of cases, the
cause of male infertility remains undiscovered, termed idiopathic [5]. Half of the
cases of idiopathic infertility could be due to known or unknown genetic abnormali-
ties [6]. The frequency of known genetic abnormalities increases with the severity
of the spermatogenic defect. Numerical and structural defects comprise the main
chromosomal abnormalities affecting paternity of men wanting to father a child [7].
This accounts for 6% of infertile men. Azoospermic men experience higher preva-
lence rates up to 15%.

With the advancement of assisted reproductive technologies (ART), such as
in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), clinicians
must know the role played by genetics in complex male factor infertility cases [8].
The frequency of the inheritance of mutations through these assisted reproduction
procedures and their impact on future generations are not yet fully discerned.

Male factor infertility is a complicated disorder, wherein underlying aetiologies
often remain undetected [5]. Future research on the genetics and molecular defects
in sperm production and function is warranted to improve detection. This will lead
to more focused treatment of men with genetic abnormalities. The prevalence of
genetic anomalies warns clinicians of the importance of genetic testing in male fac-
tor infertility. This chapter will focus on the epidemiology of the common genetic
disorders causing poor male reproductive potential, with clinical applications.

Epidemiology of Infertility

The true incidence and aetiologies of male infertility remain poorly studied and
characterized [9]. In 2007, Boivin et al. performed an international estimate of
infertility prevalence from 25 population surveys [10]. It was estimated that 72.4
million people were infertile. From this group, approximately 40.5 million people
were seeking infertility medical care. Mascarenhas et al. estimated the prevalence of
infertility between 1990 and 2010 in 190 countries [11]. The authors identified 277
demographic and reproductive health surveys and obtained the individual-level
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questionnaire responses. In this systematic analysis of surveys, there was an increase
in the absolute number of couples experiencing infertility, from 42.0 million in 1990
to 48.5 million in 2010. In America, an estimated seven million couples seek infer-
tility care annually [12]. Data of 11,067 men from the National Survey of Family
Growth performed by the Centers for Disease Control and Prevention to determine
the frequency of male infertility evaluations showed that only 18% of couples did
not complete a male infertility evaluation when the male partners were asked. This
increased to 27% when 25,846 female partners were asked. This corresponds to
370,000-860,000 men who were not seen and examined during an infertility evalu-
ation. In the latest result on the study by Agarwal et al., at least 30 million men were
considered infertile [13]. The highest rates were observed in Africa and Eastern
Europe. Across the world, Australia and Central and Eastern Europe had the most
number of infertile men, consisting of 8-9% and 8—12%, respectively. Other regions,
such as North America (4.5-6%), sub-Saharan Africa (2.5-4.8%) and Europe
(7.5%), showed lower calculated percentages of infertile men.

A literature search of systematic reviews and meta-analyses of population-based
studies was performed on the factors that affect male infertility [13]. Out of 86 rel-
evant articles, 16 were included in the study. The percentage of male infertility cases
globally varied from 2.5 to 12% (Table 5.1). The calculated global data revealed that
20-70% had a cause of infertility that was attributable to male factor [13]. This is a
wide-range percentage compared to the commonly cited percentage of 20%, which
was derived from a multicentre survey of 1686 couples in 3 French regions [3]. In
this recent study by Agarwal, the calculated percentages of male infertility world-
wide were based on a review of the current literature. This current study demon-
strates the infertility cases in regions that were due to male factor (Table 5.2), which

Table 5.1 Global Infertile men (%)
representation of infertile Sub-Saharan Africa 25-4.8%
fmen North America 4.5-6%
Europe 7.5%
Australia 8-9%
Central/Eastern Europe 8-12%

Data from Agarwal et al. [13]

Table 5.2 Male factor involvement Male factor (%)
in different regions worldwide Asia 37%
Oceania 40%
Sub-Saharan Africa 20-40%
Africa 43%
North America 50%
Europe 50%
Latin America 52%
Central/Eastern Europe 55.73%
Middle East 60-70%

Data from Agarwal et al. [13]
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included Asia (37%), sub-Saharan Africa (20-40%), Oceania (40%), Africa (43%),
Europe (50%), North America (50%), Latin America (52%), Central/Eastern Europe
(55.73%) and the Middle East (60-70%).

Geographical variation is believed to be the cause of different incidences of
male infertility. Ikechebelu et al. evaluated 314 infertile couples from Southeastern
Nigeria for the aetiologies of their poor reproductive potential [14]. Thirty-five
percent (n = 110) of the cases had secondary infertility, while 65% (n = 204) had
primary infertility. Male factor infertility was responsible for 42.4% of the infertile
couples. The most common causes for male infertility were oligozoospermia and
asthenozoospermia, amounting to 35.9% and 32.3%, respectively. In Western
Siberia, 333 (16.7%) couples were considered infertile from 2000 randomly
selected married couples in an epidemiological study conducted by Philippov
et al. [15]. From the semen analysis of the men tested, 45.7% had identifiable
abnormalities, while 54.3% remained idiopathic. Inflammatory disease of the male
accessory gland was the most common cause of male infertility, amounting to
12.9% of cases, and 8.6% of these inflammatory cases resulted in obstructive azo-
ospermia. Aflatoonian et al. studied the demographic characteristics of infertile
couples in the province of Yazd, Iran [16]. Among 5200 couples, 5.52% (n = 277)
experienced infertility. Of these infertile couples, 3.48% and 2.04% had primary
and secondary infertility, respectively. The prevalence of infertility was higher in
couples living in urban areas compared to those living in rural areas, but this dif-
ference was not statistically significant (p = 0.001). In a Polish multicentre study
of 1517 individuals, 18.9% of couples were both contributory to poor reproductive
potential. Idiopathic aetiologies were seen in 15.99% of cases [17]. Male factor
infertility accounted for 55.73% of cases. A cross-sectional population survey on
fertility status conducted by Datta et al. in Britain was applied to 8869 women and
6293 men aged 1674 years [18]. Approximately 10% of men reported infertility
in this group. The prevalence of infertility was noted to be higher among individu-
als who postponed their parenthood. In addition, 57.3% of the men seeking help
for their infertility problems had better education and higher status in their occupa-
tions. In 2004, Bayasgalan et al. determined the clinical patterns and major causes
of 430 infertile couples attending an infertility clinic in Mongolia [19]. Male fac-
tor infertility was present in 25.6% of cases. Obstructive azoospermia (8.4%) and
acquired testicular damage (5.4%) showed higher prevalence compared to other
causes. In India, an estimated 15-20 million couples suffered from infertility in
2009 [20].

More accurate infertility rates can be observed in developed countries, such as
Australia, Europe and North America, compared to developing countries. These
countries have organizations, such as the National Survey of Family Growth [21],
Australian Institute for Health and Welfare [22] and European Association of
Urology (EAU) [23], that provide the most detailed reporting of data available in
infertility problems. Despite the figures, it is very difficult to determine an unbiased
prevalence of male infertility within the global, regional or national populations due
to the low methodological quality of evidence [24].
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General Epidemiology of Genetic Infertility

Complex and multifactorial conditions can cause male infertility, and aetiologies of
male infertility can be either acquired or congenital. Despite all exhaustive efforts to
determine the exact nature of the causes of male infertility, many are still diagnosed
with idiopathic male infertility. A number of these causes can be explained by
genetic abnormalities [25]. The search for “hidden” genetic factors was widely inef-
ficacious in detecting recurrent genetic factors with potential clinical applica-
tions [26].

Genetic anomalies, including numerical and structural chromosomal abnormali-
ties, have been linked with unexplained oligozoospermia and azoospermia [27]. The
prevalence of chromosomal abnormalities is indirectly proportional to sperm con-
centration [28]. These are seen less in men with normal sperm concentrations (<1%)
compared to men with oligozoospermia (5%) or azoospermia (10-15%).

Azoospermia can be identified in 15% of men with poor reproductive potential
[29]. This can be classified as obstructive azoospermia (OA) and non-obstructive
azoospermia (NOA). Forty percent of azoospermic men present as OA, while the
remaining 60% are NOA, and the latter is frequently associated with testicular fail-
ure. Some of the causes of NOA remain unknown. This might be secondary to
genetic abnormalities. Genetic anomalies causing azoospermia can be grouped into
two large categories comprised of chromosomal and non-chromosomal [30].
Chromosomal anomalies can be further subdivided into structural abnormalities,
including chromosomal inversions and translocations and Y chromosome microde-
letions (YCMD), and numerical abnormalities (aneuploidy). Non-chromosomal
anomalies include sperm mitochondrial genome defects and epigenetic alterations
of the genome. A higher incidence of aneuploidy can be observed in men with
NOA. In a chromosome analysis of azoospermic men undergoing ICSI, the overall
aneuploidy rate of 11.4% (p = 0.0001) in men with NOA was significantly higher
than the 1.8% rate demonstrated in epididymal sperm from men with OA and the
1.5% rate detected in ejaculated sperm [31]. Cytogenetic analysis is significant in
male infertility, as suggested by the frequency of chromosomal abnormalities in
these infertile men, especially if the couple will undergo ART [32].

Some epidemiological studies are available on the genetic basis leading to the
poor reproductive potential of male infertility. In an earlier review of pooled data
from 11 surveys of 9766 men with severe oligozoospermia and azoospermia, the
incidence of chromosomal abnormalities was 5.8% [33]. Autosomal abnormalities
were detected in 1.5% of this combined population of men. On the other hand, sex
chromosome anomalies were higher in azoospermic and infertile men, with an inci-
dence of 4.2%. In another series of studies of 94,465 newborn male infants, chro-
mosomal abnormalities were detected in 0.38% (n=366) compared to phenotypically
normal newborns. Of those with anomalies, 0.25% (n = 232) were diagnosed with
autosomal defects, while 0.14% had sex chromosomal abnormalities (n = 131). In
another study, a cytogenetic investigation in France was performed in infertile men
with low sperm concentration over a period of 25 years [34]. In total, 13,154 men
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were clinically examined and biologically investigated to determine the genetic
abnormalities of their poor reproductive outcomes. Somatic cytogenetic abnormali-
ties were detected in 7.7% of these infertile men. The highest abnormalities were
observed in men with NOA (16.7%, n = 108), followed by men with sperm counts
<5 x 10%ml (9.7%, n = 63), 5-10 x 10%ml (4.3%, n = 27) and > 10-20 x 10%ml
(0.5%, n = 3). Sex chromosomal abnormalities were demonstrated more often in
patients with NOA (77.1%, p < 0.001) compared to men with oligozoospermia and
obstructive azoospermia. Nagvenkar et al. determined the chromosomal constitu-
tion of 88 infertile Indian men, comprising 42 azoospermic men and 46 severe oli-
gozoospermic men undergoing ICSI [35]. Overall, 10.2% had chromosomal
abnormalities; higher rates were observed in men with azoospermia (14.3%) com-
pared to men with severe oligozoospermia (6.5%). Robertsonian translocation was
detected in one patient. In a study by Samli et al., 819 men with azoospermia
(n =383) and oligozoospermia (n = 436) were evaluated for genetic factor as their
cause of their infertility [28]. Chromosomal abnormalities were diagnosed in 12%
(n =47) of azoospermic men and 4% (n = 20) of oligozoospermic men. In the azo-
ospermia group, 19% (n =9) of the chromosomal anomalies were due to autosomal
abnormalities, while 80% (n = 38) were secondary to gonosomal abnormalities.
Among 2710 infertile couples who were candidates for ART in Italy, 74 aberrant
karyotypes were found [36]. This corresponded to 1.5% (n = 40) in men. Most of
the observed chromosomal abnormalities (2.2%) were from men whose partners
underwent ICSI; this was higher compared to men whose partners underwent intra-
uterine insemination (IUI) (0.3%) and IVF (1.1%). In another study in Brazil, Mafra
et al. made a retrospective genetic assessment of 143 infertile men composed of 100
men with severe oligozoospermia and 43 men with NOA [37]. Genetic abnormali-
ties were detected in 18.8% of all infertile men. Nine men had chromosomal abnor-
malities, of which four were from the azoospermia group and five from the
oligozoospermia group. YCMD was found in 4.2% of men, all of which were
detected in the azoospermia and oligozoospermia groups. A study in the Middle
East showed a 9.59% incidence of chromosomal abnormalities in 511 patients [38].
Nineteen (10.6%) of 179 Qatari men had chromosomal abnormalities, while 30
(9.04%) of 332 non-Qatari men were similarly diagnosed. Chromosomal abnor-
malities were diagnosed in 10.78% of azoospermic men, while they were detected
in 7.5% of oligozoospermic men. Overall, the most common chromosomal abnor-
mality was Klinefelter syndrome, which was present in 19 men. This was followed
by 13 men with YCMD [azoospermia factor (AZF)a=1; AZFb and ¢ =5; AZFc =T7].
Both Robertsonian translocation and reciprocal translocation were demonstrated in
six men in each abnormality. Five men had other chromosomal aberrations. Punab
et al. conducted a 9-year monocentre, prospective, clinical-epidemiological study of
8518 infertile men from Estonia with reduced total sperm count (<39 million per
ejaculate) in at least 2 consecutive semen analyses [39]. Among these male partners
of infertile couples, 20.4% (n = 1737) had severe male factor infertility. In 40 per
cent (n = 695) of cases, the primary cause of infertility was determined, but 60%
(n=1042) remained idiopathic. In patients with known genetic aetiologies (n = 135),
87.4% had extreme infertility comprised of azoospermia, cryptozoospermia and
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aspermia. The prevalence of congenital abnormalities was not clearly associated
with the severity of deranged spermatogenesis. In Eastern China, Xie et al. reviewed
the cytogenetic results from 912 men with NOA (n = 534) and severe oligozoosper-
mia (n = 378), while 215 normozoospermic men served as the control group [40].
Genetic anomalies were detected in 22.6% (n = 206) of cases. Among these, 27.35%
(n = 146) of azoospermic men and 15.9% (n = 60) of oligozoospermic men had
genetic abnormalities. Four (1.9%) men from the control group and 138 (25.8%)
men from the NOA group had chromosomal abnormalities. The NOA group had a
higher frequency of the 47,XXY karyotype compared to the oligozoospermic group
(8% vs 1.1%, respectively). Likewise, a higher incidence of YCMD was observed in
the NOA group (17.8% vs 13.2%, respectively).

The main genetic variants leading to male infertility are chromosomal altera-
tions, inversions, translocation, Y chromosome microdeletions and gene muta-
tions [41].

Epidemiology of Specific Genetic Abnormalities

Klinefelter Syndrome

Klinefelter syndrome (KS) is considered the most common chromosomal aneu-
ploidy in infertile men with testicular failure [42]. This is more frequently seen in
men with azoospermia, with a prevalence of 10%, and severe oligozoospermia, with
a prevalence of 0.7%. Only 12% of patients with KS are detected prenatally, while
diagnosis during their childhood and adolescence is approximately 25%; more than
half of them will be left undiagnosed during their lifetime [43]. The classic form
47,XXY constitutes 80-90% of all cases of KS [44]. Of the other variants of KS,
48,XXYY occurs more frequently in 1:18,000—1:40,000 male births [45] compared
to other forms, such as 48, XXXY and 49, XXXXY [46], which appear in 1:50,000
and 1:85,000-1:100,000 male births, respectively.

In Denmark, all cytogenetic examinations have been registered in the central
registry since 1961 [47]. Of 76,526 prenatal examinations, 163 foetuses were
detected with the KS karyotype. This resulted in a prevalence of 213 per 100,000
males. Among 2,480,858 males born between 1931 and 2000, postnatal diagnosis of
KS was described in 696 boys and men. Among boys aged 10-14 years, the preva-
lence of diagnosed KS was 14.2 per 100,000 males, while a prevalence of 35—40 per
100,000 was observed in males aged 25-54 years. In America, a newborn screening
for methylated FMR1 DNA to test for KS was performed in 36,124 newborn males
[48]. In total, 57 were diagnosed with KS, showing an incidence of 1 in 633 new-
born males. Of 16,252 samples from white males, 27 had KS. Of 10,979 samples
from African Americans, 20 had KS. Three newborn males out of 5396 samples
from Hispanic males and 847 Asian males were diagnosed with KS. In the Middle
East, KS was diagnosed in 19 of 511 men [38]. The frequency of these genetic
abnormalities increases with the severity of the spermatogenic defect.
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A meta-analysis on sperm recovery and ICSI outcomes on men with KS was
performed by Corona et al. in 37 trials comprising 1248 patients. An overall 44%
sperm retrieval rate was detected per TESE cycle [49]. Similar results were observed
for the biochemical pregnancy rate (43%) and live birth rate (43%).

Y Chromosome Microdeletions

YCMD is the second most common genetic cause of male factor infertility after KS
[50]. The Y chromosome contains different genes that are important for the develop-
ment of testis and spermatogenesis in humans [51]. The long arm of the Y chromo-
some (Yq) is susceptible to intrachromosomal deletions, and AZF microdeletions
occur in infertile men. YCMD can occur in distinct variations, including AZFa,
AZFb and AZFc. In the general population, Yq microdeletions are estimated to
occur in 1:4000 men. However, in infertile men, their frequency is 1:12. The world-
wide prevalence of AZF microdeletions in infertile men is 7% based on an analysis
of more than 30,000 chromosomes.

YCMD is usually seen in men with severe oligozoospermia and azoospermia. In
a meta-analysis by Yousefi-Razin et al. among Iranian infertile men, the frequency
of Yq microdeletions was 12.1%, particularly among those with severe oligozoo-
spermia and azoospermia [52]. Johnson et al. determined the threshold sperm con-
centration for genetic analysis of YCMD in 1473 infertile men in a multi-ethnic
urban population in the United Kingdom [53]. In this study, the prevalence of
microdeletions was 4%. Among men with AZF microdeletions, none of them had a
sperm concentration more than 0.5 x 10%ml. Using this lowered sperm concentra-
tion threshold, a high sensitivity of 100% and increased specificity of 31% were
observed.

Various AZF loci microdeletions differ among various populations according to
global estimates. Chellat et al. determined the frequency of YCMD among 80
Algerian infertile men with azoospermia (n = 49) and oligoasthenoteratozoosper-
mia (n =31) and compared them to 20 fertile control men [54]. Only one man from
the azoospermia group had AZFc microdeletions, suggesting an overall AZF dele-
tion rate of 1.3% among this group of men. Among 1306 infertile Korean men who
underwent molecular screening for YCMD, microdeletions were detected in 7.7%
(n = 101) of cases [55]. AZFc microdeletions (54.4%) were the most commonly
detected deletions, followed by AZFb (7.9%) and AZFa (5.0%). Among men with
AZFc microdeletions, 38.4% had azoospermia, and 96.4% had oligozoospermia
(<1 x 10% sperm/ml, 85.2%; 1-5 x 10° sperm/ml, 11.1%; 5-20 x 10% sperm/ml,
3.7%). Out of 146 Tunisian infertile men with sperm counts <5 x 10%ml (azoosper-
mic =76; oligospermic = 70), 6.85% (n = 10) had AZF deletions [56]. Among azo-
ospermic men, 11.84% (n = 9) had microdeletions. AZFc microdeletions were
detected in eight azoospermic men and one oligozoospermic man. Three azoosper-
mic men demonstrated AZFa, AZFB and AZFc microdeletions. In a study by Sen
et al. in Indian populations, 3.4% (n = 56) of 1636 infertile men had Yq microdele-
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tions [57]. This increased to 5.8% (n = 215) when additional data from published
studies in the Indian population were included, constituting a total of 3647 cases.
AZFc microdeletions (46.6%) were the most commonly observed, particularly in
azoospermic men. Compared to Western populations, the Indian population had a
lower frequency of Yq microdeletions.

AZFc is the most commonly deleted locus in male infertility, accounting for
60-70% of cases. This is followed by microdeletions of AZFa (0.5-4%), AZFb
(1-5%) and AZFb+c (1-3%) [58]. Bansal et al. studied the AZFc region of the Y
chromosome for complete (b2/b4) and partial microdeletions (gr/gr, b1/b3, b2/b3)
[59]. This involved 822 infertile men and 255 proven fertile men. Higher cases of
partial AZFc microdeletions were observed compared to complete deletions (6.20%
vs 0.97%). gr/gr (5.84%) was most commonly seen in partial deletions. Although no
significant difference was observed, men with gr/gr deletions had lower sperm
counts compared to those without the deletions (54.20 + 57.45 million/ml vs
72.49 + 60.06 million/ml, p = 0.071). In addition, men with gr/gr deletions were at
significantly higher risk of poor reproductive potential (OR = 1.821, 95%
CI=1.39-2.37, p = 0.000).

In men with severe testicular histopathology, including hypospermatogenesis,
maturation arrest and Sertoli cell-only syndrome, 22-55% may harbour these
microdeletions [59].

Congenital Bilateral Absence of Vas Deferens

Cystic fibrosis (CF) is the most commonly occurring autosomal recessive disorder
in 1:1600 individuals from Northern European descent/non-Hispanic white popula-
tions [60]. Anomalies in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene, which controls the elevation of sweat sodium chloride concentrations
through the adenosine monophosphate (AMP) pathway and regulation of the exo-
crine epithelial cell tubal secretion consistency, can result in CF. The Cystic Fibrosis
Mutation Database has identified more than 2000 CFTR mutations [61].
Congenital bilateral absence of the vas deferens (CBAVD) is strongly related to
cystic fibrosis (CF) [62]. The CFTR gene, which is located on chromosome 7, is
mutated in 60-90% of men with CBAVD [8, 63]. Men with this type of abnormality
can either have two mild mutations in the CFTR gene or a combination of mild and
severe mutations [8]. F50del is considered the most severe CFTR gene mutation,
occurring in 60-70% of men with CBAVD [8]. Mutations of the CFTR gene may
still be undetectable in 25% of men with CBAVD despite the completeness of CFTR
gene screening. However, using comprehensive and rapid genotyping of mutations
and haplotypes combined with searches for rare large realignments, 87.9% of CFTR
defects can be detected in men with CBAVD [64]. CBAVD can be observed in
4-7% of azoospermic men and 25% of men with obstructive azoospermia [65].
Among the 27,177 cystic fibrosis chromosomal analyses from 29 European
countries and 3 countries from North Africa, Estivill et al. studied the geographic
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distribution of 272 cystic fibrosis mutations [66]. The most common severe muta-
tion encountered was delta F508, comprising 66.8% of the cases. Individuals from
Denmark had the highest frequency of delta F508 mutations, while individuals from
Algeria had the lowest (26.3%). Overall, 217 mutations were uncommon, with less
than 1% frequency, while 55 mutations were common in 1 or more areas of Europe.
On the other hand, the 5 T variant in intron 8 is the most common mild mutation in
CBAVD [67].

In earlier studies by Kuligowska et al., transrectal ultrasound was performed in
276 infertile men with low semen volume and azoospermia [68]. There was an
absence of anatomic abnormalities in 25.4% (n = 70) of cases. CBAVD was detected
in 34.1% (n = 94) of men, while 11.2% (n = 31) were diagnosed with unilateral
absence of the vas deferens.

Congenital unilateral absence of the vas deferens (CUAVD) is a different disease
entity compared to CBAVD that results from embryologic Wolffian duct aberrancy
[69]. Renal agenesis is usually seen in men with CUAVD. There is a 20% rate of
CUAVD among men with unilateral renal genesis. On the other hand, men with
CUAVD show a 79% rate of unilateral renal agenesis [62, 70]. If unilateral renal
agenesis appears in CBAVD, this might be secondary to abnormal development of
the entire mesonephric duct at a very early stage in the development of the embryo
rather than a CF mutation [71].

47, XYY

Another chromosomal aneuploidy is XYY, which occurs in approximately 1:1000
live male newborns [72]. This happens due to nondisjunction at meiosis II, produc-
ing an extra Y chromosome. Men with 47, XYY syndrome have a wide variety of
clinical presentations. These men are noted to have decreased fertility potential.
Kim et al. presented three men with 47,XYY syndrome with varying degrees of
oligozoospermia [73]. Most of these men had a normal phenotype; however, they
were at greater risk for behavioural difficulties, learning disability, delayed develop-
ment in speech and language and tall physical makeup [74].

In the Danish Cytogenetic Central Registry, 208 men were identified with
47,XYY from 1968 to 2008 [75]. The average prevalence was 14.2 per 100,000,
and their median age at the time of diagnosis was 17.1 years. Shorter lifespans
were also observed compared to men with normal karyotypes. The median age of
survival was statistically less by approximately 10.4 years compared to the control
group (67.5 years vs 77.9 years, respectively, p < 0.0001). In Iran, 37 cases of
infertile men with 47, XYY were identified in a retrospective study [76].
Mosaicism was observed in 13 men, while 24 men had non-mosaicism. Among
men with non-mosaic patterns, 9 had azoospermia, and 15 had oligozoospermia.
Secondary infertility was demonstrated in two of the non-mosaic and three of the
mosaic men.
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Since this can be missed easily due to its wide spectrum of clinical presentations,
accurate detection of this constitutional karyotype will help clinicians to correctly
manage these men who undergo fertility evaluations [77].

46, XX

46,XX is a sex development disorder affecting 1:20,000 male newborns [78]. These
individuals are phenotypically male and also display psychosexual identification as
male. Their gonads are of a testicular pattern without evidence of ovarian tissues
either grossly or microscopically. In addition, they have no female genital organs.
The sex-determining region Y (SRY) is translocated to either end of the X chromo-
some or to an autosome [79].

In a review of records of patients evaluated for male fertility at two different
institutions, six were identified to have 46,XX karyotypes. The mean age at diagno-
sis was 34.3 + 4.5 years, and primary infertility was observed in all men. Semen
analysis showed normal-volume azoospermia. Hormonal profiles of these men were
consistent with hypergonadotropic hypogonadism. A literature search was done by
Majzoub et al. that included 29 papers comprising 49 men with 46,XX [80]. Men
with this disorder presented with sexual dysfunction (21%), reduced hair distribu-
tion (26.6%) and gynaecomastia (40%). In 83.7% of patients, the SRY gene was
detected. The majority of these were translocated to a sex chromosome (95%) rather
than an autosome (5%). In Turkey, ten men with 46,XX were identified upon evalu-
ation in an infertility clinic between 2004 and 2015 [81]. The majority of cases
(n = 8) had deletions of AZFa, AZFb and AZFc regions. Since most of them pre-
sented with hypergonadotropic hypogonadism, a negative effect of replacement
therapies should be carefully observed. Lashkari et al. reported the genetic compo-
nents of 8144 azoospermic and severe oligozoospermic Iranian men [82]. Among
these men, 57 men were identified with 46,XX male sex reversal syndrome. Sixteen
men presented with testosterone deficiencies, while 15 men were SRY-positive. In a
recent publication from China of 144 males with 46,XX, hypergonadotropic hypo-
gonadism was the main presentation of these men regardless of the availability of
SRY [83]. Treatment options offered were limited to ART using donor sperm.

Kallmann Syndrome

Kallmann syndrome is one of the most common causes of hypogonadotropic hypo-
gonadism. Mutations of the KAL1 gene are responsible for 30-70% of Kallmann
syndrome cases. More than 25-50 genes were reported to cause idiopathic hypogo-
nadotropic hypogonadism. Fifty per cent of all hereditary cases were mutations
from these genes [84—86]. Hallmarks of this genetic disorder are anosmia and hypo-
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gonadotropic hypogonadism [87]. Fifty per cent of patients with this disorder result
from incomplete embryonic migration of gonadotropin-releasing hormone (GnRH)
synthesizing neutrons. Approximately 10-20% of men will demonstrate spontane-
ous reproductive function recovery despite lifelong treatment [86].

Over a period of 5 years, 32 individuals (male = 26; female = 6) from 12 Jordanian
and Palestinian families were evaluated for Kallmann syndrome [88]. Nineteen
patients had olfactory tract agenesis discovered on magnetic resonance imaging
(MRI). Anosmia was found in 27 patients, while 5 patients were hyposmic. Among
the men affected with Kallmann syndrome, 73% had cryptorchidism, while 65%
had microphallus. All other male patients demonstrated delayed puberty, hypogo-
nadism and infertility.

Even though the genetic understanding of this syndrome is mostly unknown,
mutations were identified in 5-10% of men with this condition [89]. Mutations in
the KAL gene and AHC gene may lead to X-linked recessive hypogonadotropic
hypogonadism.

Translocations

In men with severe male factor infertility, chromosomal translocations are the most
commonly observed autosomal structural aberration [39]. Reciprocal translocation
and Robertsonian translocation comprise this type of chromosomal anomaly. The
carriers of Robertsonian translocation have a fusion of the long arms of two acro-
centric chromosomes [90]. This rearrangement occurs when there is fusion of the
complete long arms of two homologous or non-homologous acrocentric chromo-
somes [13-15, 21, 22, and] and a loss of the short arms of the translocated chromo-
somes [91]. The most commonly observed aberrations are t(13q;14q) and t(14q;21q).
In earlier studies on populations of infertile men, approximately 0.8% were noted to
be carriers of Robertsonian translocations, which was nine times higher than the
general population. This rearrangement is found in 1:1000 newborns [42, 92].
Reciprocal translocation is a mutual exchange of chromosomal materials and seg-
ments between non-homologous chromosomes. This occurs in 0.7% of severely
oligozoospermic and azoospermic men [93, 94].

There are stronger alterations of semen quality in men with Robertsonian trans-
locations compared to reciprocal translocations. Both reciprocal and Robertsonian
translocations are associated with a high rate of sperm aneuploidy.

Mayeur et al. performed a retrospective observational study over a period of
10 years on the association of these chromosomal translocations with sperm defects
[91]. One hundred and five fertile men were compared to 81 men carrying reciprocal
translocations and 63 men carrying Robertsonian translocations. Men with
Robertsonian translocations (14.3%) were less frequently observed with normozoo-
spermia compared to men with reciprocal translocations (39.5%). Men with
Robertsonian translocations (10.8 + 14.0 x 10%ml; 14.6 + 12.7) had statistically lower
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sperm concentrations and motility compared to the fertile group (90.8 + 58.7 x 10/
ml; 33.2 + 6.6%) and reciprocal translocations (49.0 £ 50.1 x 10%ml; 22.1 + 12.5%).
Kim et al. reported a cytogenetic analysis of Korean patients suspected for chromo-
somal anomalies [95]. Among 4117 cases, 17.5% (n =721) had chromosomal abnor-
malities. Aberrations in the structural chromosome of autosomes were found in 73%
(n =527) of cases. Translocations (43.6%) were the most frequent among this set of
aberrations.

Inversions

Chromosomal inversions occur following two breaks in a chromosome and a subse-
quent 180° rotation of the segment before reinsertion [96]. In the general population,
approximately 1-3% of individuals can demonstrate inversion, although the exact
number remains unknown [95, 97, 98]. Carriers of this abnormality are at risk of
infertility due to abnormal gamete production if there are an odd number of cross-
overs between the normal homologous chromosome and the inverted segment [96];
this will result in duplication or deletion. Chromosomal inversion can lead to infertil-
ity due to spermatogenic disturbances. These arise by the loops or eccentric frag-
ments formed during meiosis. Suboptimal semen parameters can be observed in men
with inversion carriers due to disrupted meiotic behaviour [99]. The risk of having a
live birth with an unbalanced chromosomal karyotype is 1-10% [100]. A high degree
of structural variability has been observed in human chromosome 9 [101].

The most common type of inversion is the pericentric inversion of chromosome
9, with an overall incidence of 1.98%, which is more frequently observed among
those of African-American descent [102]. Male factor infertility is observed in 12%
of patients with pericentric inversion [103].

Dana et al. performed a cytogenetic investigation of 900 infertile couples from
Romania, of which 430 men had azoospermia and 76 oligozoospermia [104].
Among the individuals studied, 24 men (2.73%) had an inversion of chromosome
9. Mozdarani et al. studied 600 Iranian couples attending an infertility clinic.
Fourteen men (4.69%) carrying a chromosome 9 inversion were detected [105].
During a 10-year period, Ait-Allah et al. reviewed the results of 652 cytogenetic
studies on mid-trimester amniocentesis [102]. Pericentric inversion of chromo-
some 9 was detected in 27 cases. In this study, the incidence of inversion was 4.1%.
In a Syrian population, 1 patient had an inversion out of 162 infertile men who
underwent cytogenetic testing [106]. Pericentric inversion can present a variety of
abnormal sperm parameters. In a study by Sasagawa et al. in six infertile men with
pericentric inversion of chromosome 9 [107], semen analysis showed normozoo-
spermia (n = 1), asthenozoospermia (n = 3), oligozoospermia (n = 1) and azoosper-
mia (n=1).

More reports and studies of chromosomal inversions are needed to assess their
frequency and outcomes [98].
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Significance and Difficulties in Epidemiological Studies
in Genetic Male Infertility

Male infertility is a complex disease with a fundamental genetic basis. Due to the
advent of ART, research on genetic aetiologies of male infertility has promptly
expanded [108]. Genetic testing is now offered to infertile men to achieve appropri-
ate diagnosis and treatment, including prognostic assessment. The detection of
genetic factors in infertile men has become good practice for the applicable man-
agement of infertile partners.

A comprehensive male evaluation for all partners of infertile couples should be
performed in order to uncover possible significant and treatable medical conditions
before pursuing therapies with ART [109]. The difference of outcome of children
born by ART and natural conception may be hampered by the genetic risks of infer-
tile couples. Compared to the general neonatal population, ICSI foetal genetic test-
ing showed an increase in de novo sex chromosomal aneuploidy (from 0.2% to
0.6%) and structural autosomal abnormalities (from 0.07% to 0.4%) and an increase
in the number of inherited structural anomalies, mostly from the infertile male part-
ner [110].

With the advancement of molecular genetic techniques, improvements in the
diagnosis and treatment of male infertility have been observed. Clinical studies,
karyotype investigation and biomarker research will equip clinicians to better and
more deeply understand the aetiologies of male infertility. In an earlier retrospective
study in 2 university-based male infertility clinics, 13 (1.1%) of 1236 patients had
significant pathology [111]. One patient presented with azoospermia and bilateral
small testis. Karyotyping revealed evidence of KS. The authors recommended that
a comprehensive evaluation of the male partner by a male infertility specialist be
provided for all couples presenting with fertility problems, including appropriate
laboratory testing, such as genetic testing. Significant medical conditions are not
frequently discovered during routine fertility assessments of the male partner. Since
semen analysis can be easily performed in any laboratory, and no effective treatment
exists for male factor infertility, comprehensive male factor infertility evaluations
are usually bypassed, and most couples proceed directly to ART. This practice
results in significant delays and even non-diagnosis of serious underlying medical
conditions of men labelled as “infertile” and their potential children. In another
study, Kolettis et al. determined the incidence of significant medical pathologies
determined during a male infertility evaluation of 536 patients at 2 academic infer-
tility practices [112]. Six per cent (n = 33) of men were identified as having signifi-
cant anomalies. Genetic abnormalities were detected in 27 patients. Of these, 24
men had CF mutations, while the remaining 3 men had karyotypic abnormalities.
Other pathologies discovered were testicular cancer (n = 1), prostate cancer (n = 10),
diabetes mellitus (n = 3) and hypothyroidism (n = 1). Some doubt the usefulness of
male infertility evaluations because good reproductive outcomes can be achieved
even without this evaluation and testing. This practice may lead to significant under-
lying medical problems or genetic abnormalities being overlooked. Unfortunately,
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bypassing male factor infertility evaluations and going straight to ART will not
provide the exact aetiology of infertility. As a result, appropriate management is not
offered to these infertile men.

Genetic testing is fundamental for clinical decision-making in the treatment of
infertile men. It can spare one from unnecessary medical or surgical treatment
[61]. However, there is a lack of national and international rules for the genetic
approach to evaluate infertile couples [36]. According to the available guidelines
on male infertility, karyotyping and Y chromosome microdeletion are requested if
there is azoospermia or severe oligozoospermia [sperm count <5 million/ ml [113]
or <10 million/ml [23]]. Despite the availability and proper clinical use of the
proven genetic assays for male factor infertility, these can diagnose only 20% of
cases [114].

The widespread utilization of sperm chromosome aneuploidy testing has been
impeded by the technical nature of the procedure and the cost associated with fluo-
rescence in situ hybridization (FISH) probes [114]. In addition, these analysis tech-
niques are available at a limited number of reference laboratories. Genetic testing
remains an underutilized assay that might be beneficial for infertile men and their
partners [115]. Because of the financial burden of genetic testing, Khurana et al.
developed a nomogramme using sperm concentration and motility, serum testoster-
one level and testicular volume to predict the probability of advising genetic testing
[116]. They also performed a cost analysis using this model. Utilization of this
nomogramme missed 15.4% of genetic anomalies. Using the optimal cut-off value
of 13.8%, a direct cost savings of 45% were observed.

In 2006, the Human Genetics section of World Health Organization (WHO)
released the implications of genetic testing services in developing countries [117].
Some of the reasons they cited as preventing its full implementation and develop-
ment were poverty, few trained health professionals, less priority from policy mak-
ers given to genetic services and cultural and religious factors. There is also a lack
of epidemiological data from genetic diseases. Thong et al. reported on the chal-
lenges of medical genetics in developing low- and middle-income countries in the
Asia Pacific regions [118]. Due to limited birth defects or rare disease registries in
this region from a lack of accurate data on genetic conditions, the development of
necessary genetic services is hampered [119].

Overall, the epidemiology of male infertility is a challenging study for well-
described reasons. Winter et al. narrated the problems encountered in this type of
study [120]. Male infertility is not a reportable disease, and the majority of individu-
als who undergo treatment are predominantly on an outpatient basis. Paying out of
pocket and a lack of insurance coverage impede these infertile couples from seeking
medical help for their problems. There is an underestimation of the outcomes based
on the nature of men’s fecundity. The true statistical numbers have been weakly
estimated in the available heterogeneous studies. A wide variety of influencing fac-
tors are hindering these studies to better characterize the true nature of male infertil-
ity and its global and regional incidence. These include race, country, geography
and unique at-risk groups that are needed to arrive at the true value for this epide-
miologic research.
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Many infertile men are not being evaluated for infertility. This reflects a potential
implication to reproductive goals and men’s health. Comprehensive male factor
infertility evaluation is crucial because correct male evaluation and genetic testing
can discover conditions that impose a threat to the health of these infertile men and
their potential children.

Conclusion

The inability to father a child is a global health concern. Genetic disorders are more
frequently seen in idiopathic infertile men with severe oligozoospermia and azo-
ospermia. Careful screening of these patients and referrals to infertility specialists
for long-term follow-up and surveillance are warranted. The percentage of each
type of male infertility varies in different geographic populations and in different
available bodies of literature. The prevalence and patterns of aetiologies of infertil-
ity are diverse in all societies worldwide. Genetic testing can identify specific
genetic conditions that could be transferred to the offspring through ART and can
impact the ability to acquire sperm by different sperm retrieval techniques. Further
genetic studies will continue to advance our knowledge in the clinical and biologi-
cal domains. However, some uncommon genetic causes have heterogeneous pheno-
types, and a potential lack of symptoms specific for a particular disorder may hinder
diagnosis and treatment. As we continue to discover more about the genetics of
male infertility, we will arrive at a better evaluation and subsequent appropriate
management of these men with poor reproductive potential. Large-scale, prospec-
tive, epidemiological studies may enhance our understanding of the genetic disor-
ders of male infertility.

Review Criteria

An extensive search of studies examining the epidemiology of genetic disor-
ders in male infertility was performed using search engines, such as
ScienceDirect, OVID, Google Scholar, PubMed and MEDLINE. The overall
strategy for study identification and data extraction was based on the follow-
ing keywords: “epidemiology”, “male infertility”, “genetic abnormalities”,
“chromosomal abnormalities”, “azoospermia”, ‘“severe oligozoospermia”,
“Klinefelter syndrome”, “Y chromosome microdeletions”, “47,XYY”,
“46,XX”, “congenital bilateral absence of vas deferens”, “Kallmann syn-

drome”, “Robertsonian translocation”, “reciprocal translocation” and “inver-
sion”. Articles published in languages other than English were not considered.
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