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Azoospermia, defined as the absence of sperm in the ejaculate after examination of the
centrifuged specimens, affects about 1% of the male population and 10–15% of infertile men.
In about two-thirds of cases, this is caused by severe spermatogenic dysfunction [1], and
it is commonly termed “nonobstructive azoospermia” (NOA) to differentiate it from the
less severe form of azoospermia caused by the obstruction of the seminal tract (obstructive
azoospermia—OA); the latter affects the remaining one-third of cases. Managing patients
with NOA is challenging due to the severity of spermatogenic dysfunction and the lack
of medical treatments, with surgical retrieval of testicular sperm being the only way of
enabling some of these patients to father their own biological children. In-depth clinical
knowledge is key for supporting clinical reasoning and decision making when counselling
patients with NOA, and surgical skill is required to maximize the outcome of surgical
procedures that aim to retrieve testicular sperm. Therefore, the present Special Issue was
designed to provide young reproductive urologists and endocrinologists with an update of
the scientific evidence in the field, together with surgical tips.

The differential diagnosis between OA and NOA is mandatory for the correct man-
agement of patients; men with OA have intact spermatogenesis, so that sperm may be
surgically retrieved in the vast majority of cases by means of minimally invasive tech-
niques [2]. Sperm retrieval is successful in no more than 58% of men with NOA, provided
that the most effective surgical technique, namely, microdissection testicular sperm extrac-
tion (mTESE), is used [3]. In the first article of the present Special Issue, Danilo L. Andrade,
Marina C. Viana and Sandro C. Esteves showed that the differential diagnosis between OA
and NOA may be effectively accomplished in most patients by means of a standardized
male infertility workup, which should include a detailed medical history, a careful physical
examination with a focus on secondary sexual characteristics, a semen analysis obtained on
at least two occasions and assessed according to the World Health Organization, hormonal
evaluation (serum FSH, LH, prolactin and testosterone levels), genetic tests (karyotype
and Y chromosome microdeletion analysis, screening for cystic fibrosis transmembrane
conductance regulator gene mutations), and a scrotal and transrectal ultrasound, with testis
biopsy being reserved only for the cases of doubt [4].

Genetic tests are useful for diagnostic and prognostic purposes in men with NOA.
Csilla Krausz and Francesca Cioppi reviewed the most common genetic abnormalities
found in men with NOA and illustrated their possible consequences on their general and
reproductive health, as well as on their children’s health. They also dedicated a chapter
to the conflicting evidence regarding health issues in offspring conceived by ICSI with
testicular sperm retrieved in patients with NOA, and highlighted the potential diagnostic
utility of performing whole-exome sequencing in men with NOA due to meiotic arrest [5].

Management of men with NOA would undoubtedly benefit from the identification of
clinical and laboratory markers of spermatogenesis able to individuate those patients really
suited for mTESE. The evidence from the literature in this field, reviewed by our group for
this Special Issue [6], clearly shows that, although few factors, including complete AZFc
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deletion or history of cryptorchidism, were associated with better chances of successful
sperm retrieval (SSR), no clinical or laboratory marker is able to predict the outcome
of mTESE, due to the anatomic singularity of the testes of men with NOA, which may
hide few loci of spermatogenesis. Moreover, the great impact of the surgeon’s skill and
experience, together with the time and efforts dedicated to the search for sperm in the
testicular specimens, may have an impact on mTESE outcome. Promising results arising
from studies investigating the predictive ability of molecular markers expressed in the
seminal plasma should be confirmed by further studies.

Azoospermia due to spermatogenic dysfunction is an untreatable condition, apart
from the rare cases of patients with hypogonadotropic hypogonadism. Nonetheless, a role
for the hormonal stimulation of spermatogenesis to improve sperm retrieval rates in these
patients was proposed by some authors. As summarized in our review paper, while the
optimization of serum testosterone level seems to be justifiable in men with hypogonadism,
the available evidence is insufficient for recommending hormonal treatment before surgery
in men with NOA [7].

The introduction of mTESE in 1999 greatly improved the chance of retrieving testicular
sperm in patients with NOA, by enabling the identification of foci of spermatogenesis
at high magnification even in patients with nearly atrophic testes. In the two review
papers coauthored with Nahid Punjani and Caroline Kang, the pioneer of this surgical
technique, Prof. Peter N. Schlegel, illustrates how to manage patients with NOA and
optimize the success of mTESE [8], and sheds light on the reproductive chances of men
with NOA according to the underlying etiologies (Klinefelter syndrome, Y chromosome
microdeletions, chemotherapy-associated NOA, cryptorchidism) [9]. Both papers are a
must read for reproductive urologists.

A learning curve is required to improve the outcome of mTESE. A detailed description
of mTESE surgical procedures, accompanied by an extensive iconography, is provided by a
review authored by our group, in view of the vast surgical experience in this field of our
leading urologist [10].

The outcome of mTESE is greatly affected by the accuracy in testicular sperm process-
ing techniques. Kaan Aydos and Oya Sena Aydos reviewed the available sperm selection
procedures, as well as the different approaches to testicular sperm cryopreservation, provid-
ing valuable suggestions for embryologists and clinicians about how to effectively handle
testicular specimens and testicular sperm to maximize the outcome of mTESE [11].

The laboratory techniques used for testicular sperm processing are highly labor-
intensive and subject to inter-laboratory and intra-laboratory variability. In view of his
pioneering studies in the field of microfluidic technology applied to gamete and embryo
isolation and culture, Gary D. Smith, joined by Clementina Cantatore and Dana A. Ohl,
analyzed the potential utility, benefits, and shortcomings of such a technology to the
isolation of non-motile sperm from retrieved NOA testicular samples [12].

Testicular surgery is not devoid of complications. Testicular damage is often a compli-
cation of conventional testicular sperm extraction (cTESE), as well as of testicular aspiration,
while mTESE may be a more conservative surgical strategy, since it enables the identi-
fication of subalbuginal vessels and possibly avoids residual bleeding inside the tunica
albuginea, which often results in testicular tissue damage. Still, both cTESE and mTESE
may result in transient or, less frequent, permanent hypogonadism due to Leydig cells
dysfunction. Evangelia Billa, George A Kanakis and Dimitrios G Goulis reviewed this in-
teresting topic, explaining how hypogonadism may depend upon the underlying histology,
the number of previous testicular surgeries, the etiology of NOA, and the size of the testes;
in some patients, e.g., those with Klinefelter syndrome, the decrease in testosterone levels
may be more profound and of longer duration [13].
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Abstract: The differential diagnosis between obstructive and nonobstructive azoospermia is the first
step in the clinical management of azoospermic patients with infertility. It includes a detailed medical
history and physical examination, semen analysis, hormonal assessment, genetic tests, and imaging
studies. A testicular biopsy is reserved for the cases of doubt, mainly in patients whose history,
physical examination, and endocrine analysis are inconclusive. The latter should be combined with
sperm extraction for possible sperm cryopreservation. We present a detailed analysis on how to make
the azoospermia differential diagnosis and discuss three clinical cases where the differential diagnosis
was challenging. A coordinated effort involving reproductive urologists/andrologists, geneticists,
pathologists, and embryologists will offer the best diagnostic path for men with azoospermia.

Keywords: azoospermia; diagnosis; male infertility; nonobstructive azoospermia; spermatogenic
failure; testis biopsy; sperm retrieval; genetic testing; endocrine evaluation; review

1. Introduction

Azoospermia (a-, without + –zoo– » Greek zôion, animal + –spermia– » Greek sperma,
sperm/seed) is defined by the absence of sperm in the ejaculate. Although the term
does not imply an underlying etiology, azoospermia inevitably provokes infertility [1].
According to global estimates, 1 out of 100 men at reproductive age and up to 10% of men
with infertility are azoospermic [2–4].

Azoospermia is broadly classified into obstructive and nonobstructive. This differ-
entiation is clinically meaningful because it affects patient management and treatment
outcomes [4]. Notably, nonobstructive azoospermia (NOA) relates to an intrinsic testicular
defect caused by various conditions that ultimately affect sperm production profoundly.

The severe spermatogenic deficiency observed in NOA patients is often a consequence
of primary testicular failure affecting mainly spermatogenic cells (spermatogenic failure
(STF)) or related to a dysfunction of the hypothalamus-pituitary-gonadal axis (hypog-
onadotropic hypogonadism (HH)). From this point on, the acronyms STF and HH will
distinguish these types of NOA, as appropriate [5]. The above-proposed terminology might
be more intuitive for the clinician. It not only indicates the site of the problem (central or
local) explicitly, but also makes it clear that the testicular disorder refers primarily to a
spermatogenic defect, unlike the indistinct term ‘testicular failure’ that may relate to an
isolated spermatogenic defect or such a defect combined with Leydig cell failure.

The differential diagnosis between STF and HH is also essential because the former is
linked with severe and untreatable conditions, whereas the latter can be effectively treated
with gonadotropin therapy [5,6]. By contrast, obstructive azoospermia (OA) originates from
a mechanical block along the reproductive tract, namely, vas deferens, epididymis, or ejac-
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ulatory duct [7,8]. Unlike NOA, spermatogenesis is preserved, and both reconstructive
procedures and sperm retrieval are typically highly successful in OA patients [7–10].

Nonobstructive azoospermia can be distinguished from OA using history, phys-
ical examination, semen analysis, hormonal assessment, and genetic testing in most
patients [4,5,11]. However, in some instances, this distinction is not straightforward, and
a testis biopsy is required. In this article, we first provide readers an overview of the
azoospermia differential diagnosis. Secondly, we discuss the differential diagnosis in cases
of doubt, including a workable clinical algorithm. Lastly, we present exemplary clinical
cases to illustrate a difficult diagnosis and its outcomes.

2. Azoospermia Differential Diagnosis: An Overview

The primary goals of the differential diagnosis are the identification of:

• Potentially correctable forms of azoospermia (e.g., by surgery or medication).
• Irreversible types of azoospermia suitable for sperm retrieval and intracytoplasmic

sperm injection (ICSI), using own sperm.
• Types of azoospermia in which donor insemination or adoption are the only possibilities.
• Health-threatening illness associated with azoospermia requiring medical attention.
• Genetic causes of azoospermia that may affect the patient or offspring’s health, mainly

if assisted reproductive technology is used.

It is critical to evaluate the azoospermic patient using a standardized workup to
achieve these goals, as discussed in the next sections.

2.1. Medical History

A thorough medical history is pivotal to help determine the type of azoospermia. It
must cover eight critical elements (Table 1), which are:

1. Infertility history
2. Sexual history
3. Childhood and development history
4. Personal medical history
5. Previous surgery/treatments
6. Gonadotoxic exposure
7. Family history
8. Current health status and lifestyle

The history may reveal the presence of congenital abnormalities, such as cryptorchidism,
which could result in NOA-STF. Testicular infections (e.g., mumps orchitis), testicular
trauma, testicular torsion, gonadotoxin exposure (e.g., radiotherapy/chemotherapy, an-
abolic steroid use, testosterone replacement therapy), or a history of brain surgery are
informative to help establish a possible etiologic factor for NOA [5]. Hypogonadotropic hy-
pogonadism is caused by congenital (e.g., Kallmann syndrome) or acquired conditions (e.g.,
prolactinomas, pituitary surgery, or testosterone replacement therapy) [6,12,13]. Notably,
testosterone injections—commonly prescribed nowadays to men at reproductive age with
signs of hypogonadism—suppress the hypothalamic-pituitary-gonadal axis. Consequently,
intratesticular testosterone levels—critical for normal spermatogenesis—remain very low
and, therefore, unable to sustain spermatogenesis [14].

On the other hand, a history of hernia repair, scrotal surgery, pelvic surgery, endoscopic
urethral instrumentation, or genitourinary infection (e.g., epididymitis) may cause OA.
Along these lines, a previous vasectomy is a typical OA etiology [8]. However, in many
cases, the etiology cannot be determined, and additional tests are required, as explained in
the following sections.

6
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Table 1. Medical history outline. Adapted from Esteves et al. [11], Clinics 66, 691–700, 2011.

Elements Components

(1) Infertility History

• Age of partners, length of time the couple has been attempting to conceive
• Contraceptive methods/duration
• Previous pregnancy/miscarriage (current partner/partner/another partner)
• Previous treatments
• Treatments/evaluations of female partner

(2) Sexual History • Potency, libido, lubricant use
• Ejaculation, timed intercourse, frequency of masturbation

(3) Childhood and Development • Cryptorchidism, hernia, testicular trauma, testicular torsion, infection (e.g., mumps)
• Sexual development, puberty onset

(4) Personal History
• Systemic diseases (e.g., diabetes, cirrhosis, hypertension)
• Sexually transmitted diseases, tuberculosis, viral infections, genital and systemic

bacterial infections, history of fever

(5) Previous Surgery/Treatment

• Orchidopexy, herniorrhaphy, orchiectomy (e.g., testicular cancer, torsion)
• Retroperitoneal and pelvic surgery
• Other inguinal, scrotal, or perineal surgery
• Bariatric surgery, bladder neck surgery, transurethral resection of the prostate

(6) Gonadotoxin Exposure

• Pesticides, alcohol, cocaine, marijuana
• Medication (e.g., chemotherapy agents, cimetidine, sulfasalazine, nitrofurantoin,

allopurinol, colchicine, thiazide, α- and β-blockers, calcium blockers, finasteride)
• Organic solvents, heavy metals
• Anabolic steroids, tobacco use
• High temperatures, electromagnetic energy
• Radiation (e.g., therapeutic, nuclear power plant workers)

(7) Family History • Cystic fibrosis, endocrine diseases
• Infertility

(8) Current Health Status/Lifestyle
• Respiratory infection, anosmia
• Galactorrhea, visual disturbances
• Obesity, metabolic syndrome

2.2. Physical Examination

The physical exam is critical in the assessment of men presenting with azoospermia. It
starts with the appraisal of the overall body characteristics, with a focus on secondary sexual
characteristics. Abnormal body hair distribution and gynecomastia may be indicative of
hypogonadism or hormonal disturbances [5,11]. Examination of inguinal and genital
areas may unveil scars from previous surgeries that could have injured testicular blood
supply and the vas deferens. Other physical defects, such as abnormalities of the penis
(e.g., hypospadias, epispadias, short frenulum, phimosis, fibrotic nodules), should also
be evaluated.

Testicular size, texture, and consistency should be assessed. In routine practice,
testicular volume is estimated using the Prader’s orchidometer. The mean testicular volume
measured using the Prader’s orchidometer in the general population is 20.0 ± 5.0 mL [15].

Testes of men with OA have a firm texture. About 85% of testicular parenchyma is
implicated in spermatogenesis. By contrast, men with NOA usually have small testicles
(<15 mL or ≤4.6 cm long axis) [16]. However, it should be noted that there is no threshold
for testicular size to completely exclude the possibility of harvesting sperm on a retrieval
attempt [17]. Moreover, both patients with OA and NOA-STF due to maturation arrest have
normal-sized testicles [18]. Therefore, testicular size may not necessarily be informative for
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the differential diagnosis. Palpable abnormalities of the testis should be further evaluated
with imaging studies because azoospermic men, particularly those with NOA-STF, have
increased risks of developing testis malignancy [19].

The presence of the vas deferens and the epididymis’ characteristics should always be
determined. A normal and healthy epididymis is firm, whereas an obstructed epididymis
is ingurgitated (soft) [11]. Patients with NOA typically have palpable vasa deferentia and
flat epididymides [5].

The vas deferens is easily palpable inside the spermatic cord as a firm, round, “spaghetti-
like” structure. The vas can be absent at both sides, indicating a congenital abnormal-
ity [5,11]. Congenital bilateral absence of vas deferens (CBAVD) is associated with OA,
and approximately 10% of these men have concurrent unilateral renal agenesis and should
undergo an ultrasound scan to uncover this potentially health-threatening condition. By
contrast, most patients (~60%) with congenital unilateral absence of vas deferens (CUAVD)
are non-azoospermic [20]. A gene mutation associated with cystic fibrosis causes bilateral
vas agenesis; therefore, genetic screening is advisable for the affected couples planning
assisted reproductive technology (ART) [11,12]. Mutations affecting the cystic fibrosis
transmembrane conductance regulator (CFTR) gene have also been identified in about 10%
of men with CUAVD and normal kidneys, and it has been suggested that these patients
should undergo CFTR testing as recommended for CBAVD patients.

Assessment of the spermatic cord is mandatory as a varicocele may be found [5,11,21].
Varicocele is a prevalent congenital abnormality linked to infertility, impaired testicular
growth, and hypogonadism [22–25]. Although varicocele is not uncommon in azoospermic
men [24], it is debatable whether the vein dilation is coincident or contributory to sper-
matogenesis disruption in such patients [25]. Nonetheless, spermatogonia, spermatocytes,
and spermatids are highly exposed to heat stress caused by varicocele. Furthermore, it was
shown that varicocelectomy might ameliorate spermatogenesis and androgen production
in azoospermic patients with spermatogenic failure [24–26].

The varicocele diagnosis is primarily made by a physical examination in a warm room
with the patient standing. Palpable varicoceles are graded as (i) small (Grade 1): palpable
during Valsalva maneuver, (ii) moderate size (Grade 2): palpable at rest, and (iii) large
(Grade 3): visible and palpable at rest [22]. Scrotal Doppler ultrasound is indicated if a
physical examination is inconclusive [11]. A maximum venous diameter of >3 mm in the
upright position and during the Valsalva maneuver and venous reflux with a duration >2 s
usually correlate with the presence of a palpable varicocele [27].

2.3. Semen Analysis

The term azoospermia essentially refers to a semen analysis result. The assessment
of an azoospermic ejaculate with normal volume (i.e., >1.5 mL) should be followed by
examining the pelleted semen after centrifugation to rule out cryptozoospermia, defined by
the presence of rare sperm [5,28]. Centrifugation should be carried out at 3000× g for 15 min
or longer [29]. The finding of live sperm may allow ICSI to be carried out with ejaculated
sperm, obviating surgical sperm harvesting. Azoospermia must be confirmed in at least two
consecutive semen analyses because temporary azoospermia due to toxic, environmental,
infectious, fever, or iatrogenic conditions can take place [30,31]. Assessment of azoospermic
ejaculates on more than one occasion is also essential given the biological variability of the
same individuals’ specimens. However, a limit of semen analyses (e.g., 2–3) might be set
from a practical standpoint, although the exact number is difficult to ascertain. An interval
between analyses is also advisable (e.g., one month apart) [32], albeit the optimal interval
between examinations has not been established.

The state-of-art on how human semen should be assessed in the laboratory is set
out by the World Health Organization (WHO), which periodically issues manuals that
include standard operating procedures and reference values [29,31]. The lower reference
limits (5th centile) for semen characteristics according to the 2010 WHO manual are as
follows: (i) Semen volume: 1.5 mL, (ii) Total sperm number: 39 million/mL, (iii) Sperm
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concentration: 15 million/mL, (iv) Total motility: 40%, (v) Progressive motility: 32%,
(vi) Vitality: 58% alive, and (vii) Sperm morphology: 4% normal forms [29].

Ejaculates of men with NOA-STF usually exhibit normal volume and pH (>7.2),
indicating functional seminal vesicles and patent ejaculatory ducts [5]. By contrast, hy-
pospermia (ejaculate volume < 1.5 mL) is typical in patients with HH-NOA [5,6]. A
combination of a low volume (<1.5 mL), acidic ejaculate (pH < 7.2), with low fructose
(e.g., <13 μmol per ejaculate) indicates seminal vesicle hypoplasia or obstruction [11]. Both
conditions are associated with OA; the former with CBAVD and the latter with ejaculatory
duct obstruction [33,34]. Seminal neutral alpha-glucosidase levels can also be determined
as they reflect the epididymal function [29]. It was reported that seminal α-glucosidase
levels < 18 mU/ejaculate is a reliable indicator of congenital bilateral absence of the vas
deferens [4].

2.4. Hormonal Evaluation

Assessment of reproductive hormones’ serum levels may add relevant information
to establish azoospermia type. Follicle-stimulating hormone (FSH) and testosterone are
the essential hormones driving spermatogenesis [5,11]. Testosterone is produced by the
Leydig cells under luteinizing hormone (LH) stimulation. Adequate levels of intratesticular
testosterone are critical for sperm maturation [35]. By contrast, FSH is mainly responsible
for increasing sperm production, and it collaborates with intratesticular testosterone to
promote cell proliferation [36].

In general, there is an inverse relationship between FSH levels and spermatogonia
quantity [37,38]. When spermatogonia number is absent or remarkably reduced, FSH levels
increase; when spermatogonia number is normal, FSH levels are within normal ranges.
FSH levels also relate to the proportion of seminiferous tubules exhibiting Sertoli cell-only
on testicular biopsies [39]. Nevertheless, for patients subjected to sperm retrieval, FSH
levels do not precisely predict whether spermatogenesis is present [40]. It is, therefore,
possible to find focal sperm-producing areas in the testes of men with NOA-STF and
elevated FSH levels during testicular sperm extraction [5,40–43].

Low FSH levels (e.g., <1.5 mIU/mL), combined with low LH (e.g., <1.5 mIU/mL),
and low testosterone levels (e.g., <300 ng/dL) indicate primary or secondary HH [5,11]. In
such cases, azoospermia is the result of an absence of testicular stimulation by pituitary
gonadotropins. Pharmacotherapy using exogenous gonadotropins is highly effective
in inducing sperm production in patients with congenital or acquired HH forms, with
reported pregnancy rates of up to 65%, which are achieved naturally or with medically
assisted reproduction [6,44].

Typically, patients with NOA-STF present with elevated FSH (>7.6 mIU/mL) and low
testosterone (<300 ng/dL) levels, whereas those with OA show normal FSH and testos-
terone levels. Other hormones can also be assessed, including inhibin B, prolactin, estradiol,
17-hydroxyprogesterone, and sex hormone-binding globulin (SHBG) [11]. In particular,
prolactin levels should be measured in patients with HH because prolactinoma may be
the causative factor [11]. Inhibin-B levels reflect Sertoli cell integrity and spermatogenesis
status [45]. However, its diagnostic value seems to be no better than that of FSH, and its
use in clinical practice for azoospermia differentiation or sperm retrieval success prediction
has not been broadly advocated [30,40].

2.5. Genetic Analysis

Azoospermia may have a genetic origin. The frequency of numerical autosomal
and sex chromosome abnormalities, single-gene mutations, and partial or complete mi-
crodeletions of the Y-chromosome is increased in azoospermic patients [12,46]. Indeed, the
incidence of genetic abnormalities increases as the sperm output decreases [47,48]. For
instance, approximately 15% of men with NOA present with chromosomal anomalies, in
contrast to ~5% of those with sperm concentration between 1 and 10 million/mL and <1%
of men with >19 million/mL [49].
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As a general rule, azoospermic men should undergo karyotype and Y chromosome
microdeletion studies [5]. Exceptions apply to conditions in which azoospermia has an
evident obstructive origin (e.g., vasectomy, ejaculatory duct obstruction) or a non-genetic-
related etiology (e.g., post-chemotherapy/radiotherapy, post-orchitis). Karyotype and Y
chromosome microdeletion tests are broadly available and are based on the screening of
genomic deoxyribonucleic acid (DNA) taken mainly from peripheral blood samples.

The most common abnormal karyotypic finding in azoospermic men is Klinefelter
syndrome (KS), detected in ~10% of cases [12]. Azoospermia in KS men is associated with
reduced testicular growth, pre-pubertal degeneration of primordial germ cells, or sper-
matogenic maturation arrest. For this reason, all azoospermic KS men have NOA-STF.
Two karyotypic patterns are typically noticed: non-mosaic (47,XXY; ~85% of cases) and
mosaic (47,XXY/46,X; ~15% of cases) [12]. Residual foci of active spermatogenesis is
found on microdissection testicular sperm extraction (micro-TESE) in about 30–50% of
KS men [12,40,50]. The retrieved sperm may be used for ICSI and generate a healthy
child [28,40]. However, KS patients seem to be at an increased risk of having aneuploid
gametes, which might increase the chance of producing offspring with a chromosomal
abnormality [48]. Although the finding of an extra X chromosome is confirmatory, KS
is suspected during the initial workup stages. These patients classically present with
extremely small (1–8 mL) testes, gynecomastia (~40% of cases), and hypogonadism (e.g.,
scanty facial and pubic hair, poor libido, and erectile dysfunction) [5,11,12]. Reduced
testosterone levels are commonly noticed (~80% of cases) and are attributed to decreased
Leydig cell population due to the small testicular size.

Microdeletions in the long arm of the Y chromosome are the second most common
genetic cause of azoospermia [12]. This region aggregates 26 genes involved in spermatoge-
nesis regulation, located in an interval named “AZF” (azoospermia factor); microdeletions
at this interval are usually associated with azoospermia [38]. The AZF interval has three
subregions, named AZFa, AZFb, and AZFc, each enclosing vital genes for spermatogenesis
control. Approximately 10% of men with NOA-STF have microdeletions within the AZF
interval that justify their condition [12,51].

The Y chromosome microdeletion study is based on a multiplex polymerase chain
reaction (PCR), which amplifies Y chromosome sequences using specific sequence-tagged
site primers [51]. Y-chromosome microdeletion testing allows detecting almost all clini-
cally significant deletions. Hence, it helps identify the male infertility etiology, but it also
provides information about treatment prognosis. Sperm retrieval success is determined
by the type of Y microdeletion detected. Among men with AZFc deletions, sperm may be
occasionally found in the ejaculate, or through testicular sperm extraction in at least 50%
of individuals [5,51]. By contrast, patients with complete AZFa and/or AZFb microdele-
tions are not eligible for surgical sperm retrieval because large deletions involving these
subregions are virtually incompatible with any residual spermatogenesis [5].

Notwithstanding the observations above, case reports showed sperm in the ejaculate
of men with partial AZFb deletions [52,53]. While the AZFa region is relatively small and
contains only two single-copy genes (USP9Y and DDX3Y), the AZFb and AZFc regions
span over several megabase pairs and contain multiple relevant genes [51]. Notably,
deletions usually remove more than one gene, but testing as currently performed only
determines the presence or absence of a set of primers rather than gene-specific deletions.

Azoospermic patients with AZFc microdeletions in whom testicular sperm are suc-
cessfully retrieved can father a child through ICSI [5,40,54]. The probability of biological
parenthood by ICSI appears to be not affected by the microdeletion. However, the male
offspring of such fathers will inherit the genetic defect and, consequently, be infertile [54].
Genetic counseling is, therefore, recommended before sperm retrieval. Preimplantation
genetic testing may be proposed for embryo sex selection to couples undergoing ICSI with
testicular sperm retrieved from patients with AZFc microdeletions to avoid transmitting
this form of infertility to the offspring.
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Cystic fibrosis transmembrane conductance regulator gene mutations usually result
in CBAVD and, consequently, the affected patients have OA [12,55]. Over 2000 mutations
have been discovered in the CFTR gene [56]. About eight out of ten patients with CBAVD
harbor two CFTR mutations, usually in compound heterozygosity [57]. CFTR mutations
were also implicated in bilateral epididymal obstruction in patients with palpable vasa.
According to the 2020 European Association of Urology (EAU) guidelines on sexual and
reproductive health, testing for CFTR gene mutations should be recommended for men
with infertility and anatomical abnormalities of the vas deferens (unilateral or bilateral
vas agenesis) when associated with normal kidneys [30]. In such cases, testing should
be carried out in both partners of an infertile couple and has to include common point
mutations (e.g., deltaF508, R117H, W1282X) and the 5T allele.

Screening for CFTR mutations is carried out in clinical molecular genetics laboratories.
Methods for CFTR testing typically apply semiquantitative PCR analysis (e.g., multiplex
ligation-dependent probe amplification) or quantitative fluorescent multiplex PCR [57].
The test report should be interpreted with prudence as not all mutations are implicated in
disease. However, findings of mutations with clinical relevance confirm a genetic cause of
OA [12]. In such patients, spermatogenesis is preserved, and therefore, sperm are easily
retrieved from the testis or epididymis [8,33]. The retrieved sperm have to be used for ICSI,
which results in adequate success rates [8,33]. The female partners should be screened for
clinically relevant CFTR mutations. If the partner carries a CFTR mutation, the couple has
up to a 50% risk of having a child with cystic fibrosis or CBAVD, depending on the parents’
type of mutation [11,30]. Preimplantation genetic testing may be offered for embryo sex
selection or to identify non-affected embryos.

Given the solid genetic background of NOA, additional genetic analysis beyond
karyotyping and screening for Y-chromosome microdeletions has been investigated. Gene
panels using whole-exome sequencing have been proposed as a way to detect genetic
variants possibly explaining NOA [56,58]. At present, however, these advanced genetic
assessments are not entirely validated and therefore not yet suitable for inclusion in the
routine investigation.

2.6. Imaging Studies

Imaging studies may add information to help determine the type and cause
of azoospermia.

Scrotal ultrasound (US) is useful to detect signs of testicular dysgenesis (e.g., mi-
crolithiasis, heterogeneous testis architecture) which are often related to NOA-STF [5]. As
a general rule, men with suspected NOA-STF should undergo scrotal ultrasonography
because these patients have an increased chance of testicular cancer [30]. A scrotal scan
may also help to determine testis volume, epididymis characteristics, and presence of a
varicocele if a physical examination is inconclusive (e.g., large hydrocele, inguinal testis,
obesity) [11,21]. Additionally, indirect signs of obstruction might be seen during a scrotal
US examination, including a dilated rete testis, enlarged epididymis, or absent/partially
absent epididymis in patients with CBAVD [59]. Scrotal color Doppler US findings obtained
from healthy fertile men provide reference ranges for clinicians [59,60]. For example, the
lowest reference limit for testes volume (measured according to the ellipsoid formula) was
about 12 mL, and thresholds for epididymis heal, tail, and vas deferens were 12, 6, and
4.5 mm [59].

Transrectal ultrasound (TRUS) is indicated in azoospermic patients with hypospermia
(ejaculate volume < 1.5 mL) and seminal acidic pH if an obstruction is suspected [34].
Using TRUS, seminal vesicle abnormalities and prostatic cysts may be detected [34,59].
These lesions can obstruct the ejaculatory ducts and result in azoospermia [61]. Moreover,
the presence of seminal vesical cysts should alert the clinician for possible concomitant
genitourinary anomalies, including renal agenesis, dysgenesis, and autosomal dominant
polycystic kidney disease [62,63]. Treatment to relieve the obstruction can be offered for
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these patients [8]. Besides, TRUS can help confirm CBAVD as the seminal vesicles of these
patients are either absent or hypoplasic [11,28].

Magnetic resonance may also be used, and it is helpful to assess the distal parts of
the seminal tract, the presence of prolactinomas, and an intra-abdominal location of an
undescended testis [11]. Lastly, renal imaging studies should be performed in men with
anatomical vas deferens abnormalities and no evidence of CFTR mutations. The unilateral
absence of the vas deferens is usually associated with an ipsilateral absence of the kidney.
Moreover, renal abnormalities (e.g., pelvic kidney) may be found in patients with bilateral
absence of vas deferens without CFTR mutations [64].

3. Differential Diagnosis in Cases of Doubt: Testis Biopsy

Testis biopsy findings ultimately determine the type of azoospermia. However, from a
practical standpoint, the differentiation is made in over 90% of cases using a detailed medi-
cal history, physical examination, semen analysis, hormonal assessment, and genetic and
imaging studies [5,11,16]. Nevertheless, there are cases of doubt in which the differential
diagnosis between OA and NOA remains undetermined unless a testis biopsy followed by
histopathological analysis is carried out.

Congenital intratesticular obstruction and congenital epididymal obstruction—unrelated
to anatomic vas deferens abnormalities—cause OA, and these conditions are not easily
recognizable [65]. Equally challenging to recognize is the functional obstruction of the
distal parts of ejaculatory ducts [34,66]. Additionally, patients with idiopathic NOA might
have normal FSH levels and normal testicular size (e.g., maturation arrest) because FSH
levels correlate primarily with the number of spermatogonia [18,37]. A prediction model
for testis histology in men with NOA showed that FSH levels could not correctly identify
patients with maturation arrest [67].

A diagnostic testicular biopsy is the gold-standard method to discriminate OA from
NOA in men with normal FSH, normal testicular size, and no apparent obstruction signs
found in history, physical examination, semen analysis, and imaging studies. The biopsy
should be ideally made using an open approach [30]. However, our experience with
percutaneous biopsies—using a large needle (18 G) and a Cameco syringe holder—has been
reassuring in the clinical scenario described above, as confirmed by the adequate amount
of tissue extracted and the number of seminiferous tubules’ cross-sections examined. The
extracted specimen is placed in a fixative solution, like Bouin’s, Zenker’s, or glutaraldehyde.
Notably, formalin should not be used as a fixative because it disrupts tissue architecture.

Histopathology results will inform if spermatogenesis impairment exists. Histopathol-
ogy findings include (i) absent germ cells in seminiferous tubules (Sertoli cell-only),
(ii) spermatogenic maturation arrest (incomplete spermatogenesis), (iii) presence of all
spermatogenic stages, including spermatozoa, but with an evident impairment in germ
cell number (hypospermatogenesis), (iv) tubular hyalinization, and (v) normal spermato-
genesis [68,69]. Sertoli cell-only, maturation arrest, hypospermatogenesis, and tubular
hyalinization are indicative of NOA. These patterns come alone or in combination (mixed
pattern). By contrast, normal spermatogenesis is indicative of OA.

Furthermore, intratubular germ cell neoplasia in situ (GCNIS) might be revealed
in biopsy specimens taken from men with NOA-STF, mainly those with a history of
cryptorchidism and/or multiple foci of testicular microlithiasis [30,70,71]. In general,
GCNIS precedes the development of seminomas and non-seminoma tumors, and the risk
of testicular cancer is increased in men with NOA [72].

Notably, diagnostic biopsies might harm the testis; therefore, they should be limited
to very selected cases. Its routine use as a diagnostic tool to establish the azoospermia
type is not recommended by relevant guidelines [30,32]. In our settings, one or more
specimens are extracted and examined fresh in the in vitro fertilization (IVF) laboratory
during a diagnostic biopsy [68,69,73]. In the presence of viable sperm, cryopreservation is
offered [73–76]. Our approach is consistent with the EAU guidelines recommendations [30],
stating that a biopsy should be combined with testicular sperm extraction (TESE) for
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possible sperm cryopreservation. Cryopreservation is carried out using isolated sperm
suspensions or tissue fragments [74,75,77].

Along these lines, a formal scrotal exploration might be applied to identify an obstruc-
tion at the epididymis or proximal vas deferens level that could be ultimately treatable
using microsurgery (e.g., vasoepididymostomy) at the same operative time [9]. In the above
scenario, a testis biopsy should be taken and examined fresh to confirm the presence of
active spermatogenesis. Moreover, even if signs of obstruction are evident and a reconstruc-
tive procedure is carried out, a testis specimen should be sent for formal histopathology
examination as good clinical practice.

In cases of untreatable epididymal obstructions, microsurgical epididymal sperm
aspiration may be applied to harvest sperm for cryopreservation [7,9,10,78,79]. By con-
trast, a testicular sperm retrieval technique (e.g., conventional TESE or microdissection
TESE) should be carried out in the same operative time if no signs of obstruction are
seen [10]. During the sperm extraction, a specimen should also be taken for histopathology
examination to confirm the type of azoospermia.

A clinical algorithm to help distinguish OA from NOA related to HH or STF is
provided in Figure 1.

Figure 1. Algorithm for azoospermia differential diagnosis.
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4. Clinical Cases: Difficult Differential Diagnosis

4.1. Case 1

A 36-year-old man presented for evaluation with a 7-year infertility history and
azoospermia confirmed on multiple semen analyses. His wife was 27 years old and
had no obvious female factor (e.g., eumenorrheic, patent tubes, normal-sized ovaries,
normal ovarian reserve (Anti-Müllerian Hormone level of 2.5 ng/mL), no previous surgery,
no medical comorbidities).

His childhood and adolescent history were unremarkable. In the sexual history, the
patient complained of decreased libido and mild erectile dysfunction, which resulted in
an irregular intercourse routine. He denied previous or current gonadotoxic exposure,
medication use, or sexually transmitted diseases. However, he reported a history of a
right-sided hernia repair at age 26 and noticed that the size of the right testis decreased
after the operation.

Physical examination revealed a normal virilized man with no gynecomastia, a body
mass index (BMI) of 30.1 kg/m2, and a right inguinal scar from previous hernia repair.
His right testis was atrophic (Prader orchidometry of 2 mL), whereas his left testis had
a normal size (Prader orchidometry between 15 and 20 mL). The right epididymis was
reduced in size, and the left epididymis was normal on palpation. Both vas deferens were
palpable, and we did not detect varicocele on physical examination. Fasting blood tests
taken in the morning (~10:00 a.m.) revealed a serum FSH level of 6.1 mIU/mL (reference:
1.4–8.1), LH level of 5.6 mIU/mL (reference: 1.5–9.3), estradiol level of 30.3 pg/mL (refer-
ence: <39.8 pg/mL), thyroid-stimulating hormone level (TSH) of 2.6 μIU/mL (reference
range: 0.48–5.60 μIU/mL), thyroxin (T4) level of 0.99 ng/dL (reference: 0.85–1.50 ng/dL),
prolactin level of 7.1 ng/mL (reference range: 2.1–17.7 ng/mL), total testosterone level of
266 ng/dL (reference range: 241–827 ng/dL), free testosterone level of 5 ng/dL (reference
range: 3.03–14.8 ng/dL), and vitamin D of 52 ng/mL (reference: >20 ng/mL). Two addi-
tional semen analyses performed in the fertility clinic’s andrology laboratory confirmed
the presence of azoospermia after the examination of the centrifuged pellet, and these ejac-
ulates had normal volume (4 and 3 mL) and pH (8.0 and 7.8). Genetic tests were ordered,
which reported a normal (46,XY) karyotype and no Yq chromosome microdeletions.

Although the diagnosis of right testicular atrophy secondary to iatrogenic vascular
damage during hernia repair was established, the type of azoospermia on the left testis
was more equivocal. Therefore, a percutaneous testicular biopsy was undertaken on the
left testis at the fertility center’s operating theater and sent for both fresh and histopathol-
ogy examinations (Figure 2). The fresh specimen contained abundant germ cells but no
mature sperm or elongated spermatid (Figure 2B). The histopathology specimen revealed
maturation arrest at the spermatocyte stage in all tubules examined (120 cross-sections)
(Figure 2C).

With the diagnosis of NOA due to maturation arrest on the left testis, we recommended
sperm retrieval. However, the patient was advised to undergo an off-label hormonal
modulation, which seems justified in selected NOA cases, particularly those associated with
hypogonadism [5,80,81]. He was started on human chorionic gonadotropin (recombinant
hCG, 125 mcg twice weekly). After two months of treatment, his total testosterone levels
improved to 476 ng/dL, his FSH levels dropped to <1.5 mIU/L, and his estradiol levels
raised to 55 pg/mL. He was then started on FSH (recombinant FSH 150 IU twice weekly)
and anastrozole 1 mg/day. Therapy lasted for six months, and during treatment, no sperm
were found on the follow-up semen analysis.
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Figure 2. Photomicrographs illustrating: (A) intact seminiferous tubule (diameter 270 micrometers),
(B) cell suspension obtained after mechanical tubule mincing, and (C) corresponding histopathology
(hematoxylin/eosin) specimen revealing germ cell maturation arrest (MA). Images A and B obtained
at 400× magnification using an inverted optical microscope (Nikon Eclipse Diaphot 300, Nikon,
Japan, with phase contrast (Hoffman)).
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He was then subjected to micro-TESE on the left side. At the time of surgery, his
hormone levels were: FSH of 3.2 mIU/L, total testosterone of 578 ng/dL, and estradiol
of 39 pg/mL. During the operation, we were able to harvest viable sperm with apparent
adequate morphology from the seminiferous tubules, which were cryopreserved using con-
ventional and vitrification methods [73,74]. A specimen taken for histopathology showed
germ cell maturation arrest with focal areas of normal spermatogenesis. Subsequently,
sperm injections were performed with frozen-thawed testicular sperm. At oocyte pick-up,
seven metaphase-II oocytes were retrieved, five of which fertilized, and three developed
until the blastocyst stage. A single embryo transfer was performed, which resulted in a
term delivery of a baby boy at term. Two blastocysts remain cryopreserved.

4.2. Case 2

A 35-year-old man presented for evaluation with an 8-year infertility history and
azoospermia confirmed on multiple semen analyses. His partner was 32 years old, eumen-
orrheic, with no evident female factor or medical co-morbidities, despite an ovarian reserve
in the lower normal limits (Anti-Müllerian Hormone level of 1.2 ng/mL).

The couple’s sexual history was unremarkable, as was the patient’s childhood and
adolescent medical history. He denied previous or current gonadotoxic exposure, medica-
tion use, or sexually transmitted diseases. The patient had a history of bilateral varicocele
repair at age 27, with no apparent complications.

Physical examination revealed a normal virilized man with no gynecomastia, a BMI
of 32.5 kg/m2, and a bilateral inguinal scar from the previous varicocelectomy. His testes
were found to have normal volume (Prader orchidometry of 15 cc). The epididymides were
normal, and the vas deferens was palpable on both sides. Fasting blood tests taken in the
morning (~10:00 a.m.) revealed a serum FSH level of 4.4 mIU/mL (reference range: 1.4–8.1),
LH level of 3.8 mIU/mL (nl: 1.5–9.3), estradiol level of 28 pg/mL (reference: <39.8 pg/mL),
TSH of 1.2 μIU/mL (reference range: 0.48–5.60 μIU/mL), T4 level of 1.1 ng/dL (reference:
0.85–1.50 ng/dL), prolactin level of 5.8 ng/mL (reference range: 2.1–17.7 ng/mL), total
testosterone level of 360 ng/dL (reference range: 241–827 ng/dL), and free testosterone
level of 8.8 ng/dL (reference range: 3.03–14.8 ng/dL).

Two semen analyses carried out in the fertility center’s andrology laboratory con-
firmed the presence of azoospermia after the examination of the centrifuged specimens,
and these ejaculates had normal volume (>1.5 mL) and pH (>7.2). The genetic analysis
revealed a normal (46,XY) karyotype and absence of Yq chromosome microdeletions.

The differential diagnosis remained equivocal, and therefore the patient had a scrotal
exploration, which revealed no signs of obstruction. A right micro-TESE was carried out
in the same operative procedure. The examination of the seminiferous tubules showed
a homogeneous pattern of healthy tubules. Random micro-biopsies were taken for fresh
examination, which revealed abundant germ cells, typical of maturation arrest, and no
mature sperm or elongated spermatid. We decided to terminate the operation without
exploring the contralateral testis. A specimen was taken and sent for histopathology, which
confirmed maturation arrest at the primary spermatocyte stage.

Four weeks postoperatively, the patient was started on human chorionic gonadotropin
(recombinant hCG 125 mcg twice weekly) and FSH (recombinant FSH 150 IU twice weekly).
His hormone levels were monitored monthly and medication adjusted whenever needed,
with the goal to keep testosterone levels between 500 and 800 ng/dL and FSH levels
within normal levels. Semen analyses were also performed from the third month of therapy
onwards, and after five months of therapy, occasional motile sperm were found, all of which
were morphologically abnormal (mainly globozoospermic sperm). Sperm cryopreservation
was carried on several occasions, and the couple had an ICSI cycle performed with frozen-
thawed ejaculated testicular sperm. Sperm injections were carried out in 7 metaphase II
oocytes, two of which fertilized, and one day-3 embryo was replaced into the uterus, but
implantation did not occur. The embryologists informed that the quality of sperm was
unsuitable for ICSI.
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We opted to continue with medication and proceed to micro-TESE on the left testis,
which was carried out after 12 months of gonadotropin therapy. At the time of micro-TESE,
his hormone levels were: FSH of 5.6 mIU/L, total testosterone of 738 ng/dL, and estradiol
of 46 pg/mL. Mature sperm were found intraoperatively; however, all harvested sperm
exhibited abnormal morphology, as seen in the cryptozoospermic semen analyses. ICSI
was performed in five metaphase-II oocytes, two of which fertilized with fresh testicular
sperm isolated from the micro-TESE procedure. These zygotes developed into embryos,
which were replaced in the partner’s uterus on the third day of development. Again,
no pregnancy was obtained. The couple declined the offer to carry on with donor sperm
insemination. To our knowledge, at the time of writing, the couple remained childless.

4.3. Case 3

A 40-year-old man presented to the fertility clinic with a 4-year infertility history and
azoospermia confirmed on repeated semen analyses. His wife was 29 years old and had
adequate ovarian reserve markers, patent tubes, and normal gynecological investigations.

The couple’s sexual history was mostly unremarkable, although the patient com-
plained of occasional perineal discomfort after ejaculation. His childhood and adolescent
medical history were also not significant. He had previous chickenpox at age 12 but denied
a history suggestive of mumps orchitis. The patient underwent typical pubertal changes
and denied sexually transmitted diseases, previous/current medication use, or gonadotoxic
exposure, except cigarette smoking since age 19. He also denied previous surgeries. The
only possible relevant finding was his habit of equestrian sports, which he practiced at
least twice a week since age 16.

Physical examination revealed a normal virilized man with no gynecomastia, BMI of
29.4 kg/m2, no inguinal /scrotal scars, and normal-sized testicles (Prader orchidometry of
20 cc). The epididymides had normal characteristics, the vasa deferentia were palpable,
and the spermatic cords had no signs of varicocele; however, a small hydrocele was noted
on both hemiscrotum. Fasting blood tests taken in the morning revealed a serum FSH level
of 6.2 mIU/mL (reference range: 1.4–8.1), LH level of 3.6 mIU/mL (nl: 1.5–9.3), estradiol
level of 23 pg/mL (reference: <39.8 pg/mL), TSH level of 2.1 μIU/mL (reference range:
0.48–5.60 μIU/mL), T4 level of 1.2 ng/dL (reference: 0.85–1.50 ng/dL), prolactin level
of 13.5 ng/mL (reference range: 2.1–17.7 ng/mL), total testosterone level of 418 ng/dL
(reference range: 241–827 ng/dL), and free testosterone level of 11.5 ng/dL (reference
range: 3.03–14.8 ng/dL).

Semen analysis was carried out in the fertility center’s andrology laboratory, which
confirmed azoospermia after examining the centrifuged specimen. The ejaculate had a
normal pH (8.0), but its volume was at the lower normal limits (1.5 mL). A TRUS was
ordered to evaluate the complaint of perineal discomfort and borderline semen volume
further, but its results were not suggestive of any signs of obstruction. A post-ejaculation
urinalysis was also performed to check for retrograde ejaculation, yet no sperm were
found. Additionally, a scrotum ultrasound confirmed the physical exam findings, but it did
not add any relevant information to ascertain whether the azoospermia was obstructive
or nonobstructive. The genetic analysis revealed a normal (46,XY) karyotype and no Yq
chromosome microdeletions.

The patient had a scrotal exploration that revealed bilateral epididymal obstruction
signs, possibly idiopathic or post-traumatic (equestrian sports). The testicles and the vasa
deferentia were normal, and small-volume hydroceles were indeed present. A healthy
epididymal tubule was isolated and incised using a microsurgical technique. Subsequently,
the fluid was collected and sent to the laboratory for examination, revealing abundant
motile sperm. The harvested epididymal sperm were cryopreserved. A microsurgical
vasoepididymostomy was carried out using the intussusception technique applying three
double-arm sutures in a triangular fashion [9]. The procedure was repeated on the contralat-
eral side. Testicular specimens taken for histopathology showed normal spermatogenesis.
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Follow-up semen analyses at 6 and 9 months postoperatively revealed a sperm con-
centration of 7 and 12 million/mL, 29% and 38% progressive motility, 4% and 7% strict
morphology, and 4.7 and 9.2 million total motile sperm count, respectively. The couple
achieved natural pregnancy one year postoperatively, which resulted in the delivery of a
healthy baby girl at 38 gestational weeks.

5. Discussion

The clinical assessment and management of infertile men with azoospermia should
consider the (i) differential diagnosis of azoospermia, (ii) identification of patients eligible
for reconstructive procedures (e.g., OA), gonadotropin therapy (e.g., NOA-HH), or sperm
retrieval, (iii) identification of patients with NOA-STF that might benefit from interventions
(e.g., varicocele repair, hormonal modulation) before a sperm retrieval attempt, (iv) use
of an optimal surgical method to harvest sperm, and (v) utilization of state-of-the-art IVF
techniques when applicable. A detailed discussion of these aspects is outside the scope of
this article and can be found elsewhere [5,9,10].

Nevertheless, the most challenging azoospermic patient to manage clinically is proba-
bly that with NOA-STF. Table 2 outlines the essential aspects to be considered under this
scenario. Among several critical factors, a sensitive matter relates to hormonal modulation
for men with NOA, as briefly described in clinical cases 1 and 2. The reason stems from the
fact that it is generally believed that empirical medical treatment for men with NOA-STF is
ineffective because gonadotropins’ plasma levels are usually high. Yet, many patients with
NOA-STF present with hypogonadism and might thus lack adequate levels of intratestic-
ular testosterone, which are essential for spermatogenesis in combination with adequate
Sertoli cell stimulation by FSH [80–82]. Furthermore, gonadotropin action is determined
by the frequency, amplitude, and duration of its secretory pulses. Due to the high baseline
levels of endogenous gonadotropins commonly seen in patient with NOA-STF, the relative
amplitudes of FSH and LH are low, leading to a paradoxically weak stimulation of Leydig
and Sertoli cells [35,83]. Therefore, there may be a potential role for pharmacotherapy in
men with NOA [84,85].

Table 2. Interventions and recommended actions in the clinical management of azoospermic men with nonobstructive
azoospermia seeking fertility.

Clinical
Management

Step
Intervention Action Interpretation

Differential
diagnosis

Medical history, physical examination,
endocrine profile (FSH and testosterone

levels at a minimum; LH, prolactin,
thyroid hormones,

17-hydroxiprogesterone and estradiol
are added as needed), and examination
of pelleted semen on multiple occasions.
Testicular biopsy could be considered in
selected cases in which the differential

diagnosis could not be determined.

Confirm that azoospermia is due
to spermatogenic failure, and

identify men with severely
impaired spermatogenesis having

few sperm in the ejaculate
(cryptozoospermia).

A differential diagnosis between
obstructive azoospermia,

hypogonadotropic hypogonadism, and
spermatogenic failure should be

established as management varies
according to the type of azoospermia.

Determination
of proper

candidates for
sperm

retrieval

Y chromosome microdeletion screening
using multiplex PCR blood test.

The basic set of PCR primers
recommended by the EAA/EMQN for

the diagnosis of Yq microdeletion
includes: sY14 (SRY), ZFX/ZFY, sY84

and sY86 (AZFa), sY127 and sY134
(AZFb), sY254, and sY255 (AZFc).

Deselect men with microdeletions
involving subregions AZFa,

AZFb, and AZFb+c.

Approximately 10% of men with
NOA-STF harbor microdeletions within

the AZF region.
SR success in men with YCMD

involving the subregions AZFa, AZFb,
and AZFb+c are virtually nil, and such

patients should be counseled
accordingly.

SR success in men with AZFc deletions
range from 50% to 70%.

Genetic counseling should be offered to
men with AZFc deletions because

testicular spermatozoa used for ICSI
will invariably transmit the deletion

from father to son.
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Table 2. Cont.

Clinical
Management

Step
Intervention Action Interpretation

Identification
of patients
who could

benefit from
medical

therapy or
varicocele

repair before
sperm

retrieval

Serum levels of FSH, total testosterone
and estradiol.

Consider medical treatment with
gonadotropins, aromatase

inhibitors, or selective estrogen
receptor modulators for
NOA-STF patients with

hypogonadism (TT < 300 ng/dL)
or T/E ratio < 10.

FSH therapy might be needed if
FSH drop to below 1.5 mIU/mL

during hCG treatment.

Patients should be informed that the
evidence of a positive effect of medical

treatment remains equivocal.

Physical examination to identify the
presence of clinical varicocele and

analysis of testicular biopsy results (if
available)

Consider microsurgical repair of
clinical varicocele.

Microsurgical varicocele repair is
associated with better outcomes

concerning recurrence and
postoperative complications.

Patients with testicular histopathology
indicating Sertoli cell-only are unlikely

to benefit from varicocele repair.
Evidence of a positive effect of

varicocele repair is limited, and patients
should be counseled accordingly.

Selection of
the most
effective
surgical

method for
testicular

sperm
acquisition

Analysis of testicular biopsy results (if
available) and of whether sperm have
been obtained in previous treatment

and by which method.

Microdissection testicular sperm
extraction.

Conventional testicular sperm
extraction may be considered in
cases of previous success with

TESE, particularly when testicular
histopathology indicates
hypospermatogenesis.

Micro-TESE in NOA-STF is associated
with higher SR success than

conventional TESE.
The lower tissue removal facilitates

sperm processing and lessens testicular
damage.

State-of-the-
art laboratory
techniques to

handle
surgically
extracted
testicular

spermatozoa

Extraction of a minimum volume of
tissue by micro-TESE facilitates tissue

processing and search for sperm.
Testicular tissue preparation techniques

include mechanical and enzymatic
mincing and erythrocyte lysis.

Sterile techniques, stable pH and
temperature, and high laboratory
air quality conditions are helpful
to optimize micromanipulation
efficiency and safety assurance.
Excess sperm not used for ICSI

should be cryopreserved for
future attempts.

Spermatozoa collected from NOA-STF
men are often compromised in quality
and are more fragile than ejaculated

counterparts.
The reproductive potential of such

gametes used for ICSI is differentially
affected by NOA-STF.

EAA: European Association of Andrology; EMQN: European Molecular Genetics Quality Network; AZF: azoospermia factor; FSH:
Follicle-stimulating hormone; ICSI: intracytoplasmic sperm injection; LH: luteinizing hormone; micro-TESE: microdissection testicular
sperm extraction; NOA-STF: nonobstructive azoospermia due to spermatogenic failure; PCR: polymerase chain reaction; SR: sperm
retrieval; T/E: testosterone to estradiol ratio; TESE: testicular sperm extraction; TT: total testosterone; YCMD: Y-chromosome microdeletions.
Adapted from Esteves [5], Asian J. Androl. 17, 459–470, 2015, an Open Access article distributed under the terms of the Creative Commons
Attribution Non-Commercial License.

Selective estrogen receptor modulators, aromatase inhibitors, human chorionic go-
nadotropin (hCG), and FSH have been used off-label to manipulate male reproductive
hormones and optimize intratesticular testosterone production [5,84,86–88]. The goals
are to induce recovery of sperm to the ejaculate or improve surgical sperm retrieval rates.
Case series and a few cohort studies suggested that these treatments might increase sperm
retrieval rates, and in some cases, treatment was associated with the return of minimal
numbers of sperm to the ejaculate [5,84–88]. Despite that, no randomized controlled trial
exists, making it difficult to make clear recommendations on this matter.

Notwithstanding these observations, limited data indicate that treatment with hCG
and recombinant FSH could lead to 10–15% higher sperm retrieval rates than sperm
retrieval with no previous treatment [35]. Furthermore, hCG treatment was shown to
improve intratesticular testosterone production remarkably in men with NOA [89]. Based
on these concepts and with the goals of inducing return of sperm to the ejaculate or
improving surgical sperm retrieval rates, we have used hCG alone or in combination with
recombinant FSH off-label to optimize intratesticular testosterone production and FSH
action, as previously described [5]. Our treatment protocol, utilized in clinical cases 1
and 2, relies primarily on hCG to boost intratesticular production. Additionally, hCG
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treatment was shown to decrease FSH levels, which are typically elevated in most of these
patients [51]. Based on limited data from animal and human studies, it has been speculated
that FSH reset to normal levels might reduce Sertoli cell desensitization caused by excessive
circulating endogenous gonadotropins [90–95]. Consequently, an increased Sertoli cell
function and expression of FSH receptors could be obtained. Our patients are followed
with a monthly hormonal assessment, and we add an aromatase inhibitor in the course
of treatment when the testosterone (ng/dL) to estradiol (pg/mL) ratio becomes less than
10. We also prescribe recombinant FSH when, after hCG treatment, the FSH levels drop
below 1.5 IU/L [4,51]. The ultimate goal is to increase intratesticular testosterone to optimal
levels through hCG stimulation while securing adequate FSH levels within normal ranges.
Although we need more data in this area, hormone stimulation for men with NOA may be
worth considering in selected cases.

6. Conclusions

The differential diagnosis between OA and the two forms of NOA, namely NOA-STF
and NOA-HH, can be effectively established in most patients based on a standardized
male infertility workup. This is the first and critical step in the clinical decision-making
process, and it will guide the physician on how to optimally manage these patients, thus
providing the couples with an optimal path for parenthood.

A testicular biopsy should be reserved for the cases of doubt, mainly in patients whose
history, physical examination, semen analysis, hormonal evaluation, genetic tests, and
imaging studies are inconclusive. Histopathology findings will indicate if spermatogenesis
is preserved or disrupted, confirming whether azoospermia is obstructive or nonobstructive.
Besides providing specimens for a formal histopathology examination, a diagnostic testis
biopsy allows for a concomitant fresh examination of one or more extracted specimens; in
the presence of viable sperm, cryopreservation should be offered. Alternatively, a formal
surgical scrotal exploration may be utilized in cases of doubt, provided the surgeon is
prepared to fix an obstruction at the level of epididymis or vas deferens or perform
epididymal or testicular sperm retrieval as appropriate. Therefore, these procedures should
be carried out at properly equipped facilities.

A coordinated multidisciplinary effort involving reproductive urologists/andrologists,
reproductive gynecologists, geneticists, and embryologists is vital to offer infertility patients
with azoospermia the best chance of achieving biological parenthood.
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E.C.; Verze, P. European Association of Urology Guidelines on Sexual and Reproductive Health; European Association of Urology, 2020.
Available online: https://uroweb.org/wp-content/uploads/EAU-Guidelines-on-Sexual-and-Reproductive-Health-2020.pdf
(accessed on 15 May 2021).

31. Esteves, S.C. Clinical relevance of routine semen analysis and controversies surrounding the 2010 World Health Organization
criteria for semen examination. Int. Braz. J. Urol. 2014, 40, 443–453. [CrossRef] [PubMed]

32. Schlegel, P.N.; Sigman, M.; Collura, B.; De Jonge, C.J.; Eisenberg, M.L.; Lamb, D.J.; Mulhall, J.P.; Niederberger, C.; Sandlow, J.I.;
Sokol, R.Z.; et al. Diagnosis and treatment of infertility in men: AUA/ASRM guideline part I. Fertil. Steril. 2021, 115, 54–61.
[CrossRef] [PubMed]

33. Esteves, S.C. Percutaneous epididymal sperm aspiration as a method for sperm retrieval in men with obstructive azoospermia
seeking fertility: Operative and laboratory aspects. Int. Braz. J. Urol. 2015, 41, 817–818. [CrossRef]

34. Achermann, A.P.P.; Esteves, S.C. Diagnosis and management of infertility due to ejaculatory duct obstruction: Summary evidence.
Int. Braz. J. Urol. 2021, 47, 868–881. [CrossRef]

35. Shiraishi, K.; Ohmi, C.; Shimabukuro, T.; Matsuyama, H. Human chorionic gonadotrophin treatment prior to microdissection
testicular sperm extraction in non-obstructive azoospermia. Hum. Reprod. 2012, 27, 331–339. [CrossRef]

36. Oduwole, O.O.; Peltoketo, H.; Huhtaniemi, I.T. Role of Follicle-Stimulating Hormone in Spermatogenesis. Front. Endocrinol. 2018,
9, 763. [CrossRef]

37. Ishikawa, T.; Fujioka, H.; Fujisawa, M. Clinical and hormonal findings in testicular maturation arrest. BJU Int. 2004, 94, 1314–1316.
[CrossRef]

38. Martin-du-Pan, R.C.; Bischof, P. Increased follicle stimulating hormone in infertile men. Is increased plasma FSH always due to
damaged germinal epithelium? Hum. Reprod. 1995, 10, 1940–1945. [CrossRef]

39. Bergmann, M.; Behre, H.M.; Nieschlag, E. Serum FSH and testicular morphology in male infertility. Clin. Endocrinol. 1994, 40,
133–136. [CrossRef] [PubMed]

40. Arshad, M.A.; Majzoub, A.; Esteves, S.C. Predictors of surgical sperm retrieval in non-obstructive azoospermia: Summary of
current literature. Int. Urol. Nephrol. 2020, 52, 2015–2038. [CrossRef] [PubMed]

41. Esteves, S.C. Microdissection testicular sperm extraction (micro-TESE) as a sperm acquisition method for men with nonobstructive
azoospermia seeking fertility: Operative and laboratory aspects. Int. Braz. J. Urol. 2013, 39, 440–441. [CrossRef]

42. Esteves, S.C.; Agarwal, A. Reproductive outcomes, including neonatal data, following sperm injection in men with obstructive
and nonobstructive azoospermia: Case series and systematic review. Clinics 2013, 68 (Suppl. 1), 141–150. [CrossRef]

43. Esteves, S.C.; Ramasamy, R.; Colpi, G.M.; Carvalho, J.F.; Schlegel, P.N. Sperm retrieval rates by micro-TESE versus conventional
TESE in men with non-obstructive azoospermia-the assumption of independence in effect sizes might lead to misleading
conclusions. Hum. Reprod. Update 2020, 26, 603–605. [CrossRef] [PubMed]

44. Behre, H.M. Clinical Use of FSH in Male Infertility. Front. Endocrinol. 2019, 10, 322. [CrossRef]
45. Adamopoulos, D.A.; Koukkou, E.G. ‘Value of FSH and inhibin-B measurements in the diagnosis of azoospermia’—A clinician’s

overview. Int. J. Androl. 2010, 33, e109–e113. [CrossRef] [PubMed]
46. Krausz, C.; Riera-Escamilla, A. Genetics of male infertility. Nat. Rev. Urol. 2018, 15, 369–384. [CrossRef] [PubMed]
47. Kohn, T.P.; Kohn, J.R.; Owen, R.C.; Coward, R.M. The Prevalence of Y-chromosome Microdeletions in Oligozoospermic Men:

A Systematic Review and Meta-analysis of European and North American Studies. Eur. Urol. 2019, 76, 626–636. [CrossRef]
[PubMed]

48. Peña, V.N.; Kohn, T.P.; Herati, A.S. Genetic mutations contributing to non-obstructive azoospermia. Best Pract. Res. Clin.
Endocrinol. Metab. 2020, 34, 101479. [CrossRef] [PubMed]

49. Liu, J.L.; Peña, V.; Fletcher, S.A.; Kohn, T.P. Genetic testing in male infertility—Reassessing screening thresholds. Curr. Opin. Urol.
2020, 30, 317–323. [CrossRef] [PubMed]

50. Corona, G.; Minhas, S.; Giwercman, A.; Bettocchi, C.; Dinkelman-Smit, M.; Dohle, G.; Fusco, F.; Kadioglou, A.; Kliesch, S.; Kopa,
Z.; et al. Sperm recovery and ICSI outcomes in men with non-obstructive azoospermia: A systematic review and meta-analysis.
Hum. Reprod. Update 2019, 25, 733–757. [CrossRef] [PubMed]

51. Krausz, C.; Hoefsloot, L.; Simoni, M.; Tüttelmann, F. European Academy of Andrology; European Molecular Genetics Quality
Network. EAA/EMQN best practice guidelines for molecular diagnosis of Y-chromosomal microdeletions: State-of-the-art 2013.
Andrology 2014, 2, 5–19. [CrossRef]

52. Kleiman, S.E.; Yogev, L.; Lehavi, O.; Hauser, R.; Botchan, A.; Paz, G.; Yavetz, H.; Gamzu, R. The likelihood of finding mature
sperm cells in men with AZFb or AZFb-c deletions: Six new cases and a review of the literature (1994–2010). Fertil. Steril. 2011,
95, 2005–2012.e4. [CrossRef]

53. Stouffs, K.; Vloeberghs, V.; Gheldof, A.; Tournaye, H.; Seneca, S. Are AZFb deletions always incompatible with sperm production?
Andrology 2017, 5, 691–694. [CrossRef]

54. Simoni, M.; Tuüttelmann, F.; Gromoll, J.; Nieschlag, E. Clinical consequences of microdeletions of the Y chromosome: The
extended Muünster experience. Reprod. Biomed. Online 2008, 16, 289–303. [CrossRef]

55. Bieniek, J.M.; Lapin, C.D.; Jarvi, K.A. Genetics of CFTR and male infertility. Transl. Androl. Urol. 2021, 10, 1391–1400. [CrossRef]
56. Cioppi, F.; Rosta, V.; Krausz, C. Genetics of Azoospermia. Int. J. Mol. Sci. 2021, 22, 3264. [CrossRef] [PubMed]

22



J. Clin. Med. 2021, 10, 3144

57. Dequeker, E.; Stuhrmann, M.; Morris, M.A.; Casals, T.; Castellani, C.; Claustres, M.; Cuppens, H.; des Georges, M.; Ferec, C.;
Macek, M.; et al. Best practice guidelines for molecular genetic diagnosis of cystic fibrosis and CFTR-related disorders–updated
European recommendations. Eur. J. Hum. Genet. 2009, 17, 51–65. [CrossRef]

58. Fakhro, K.A.; Elbardisi, H.; Arafa, M.; Robay, A.; Rodriguez-Flores, J.L.; Al-Shakaki, A.; Syed, N.; Mezey, J.G.; Abi Khalil, C.;
Malek, J.A.; et al. Point-of-care whole-exome sequencing of idiopathic male infertility. Genet. Med. 2018, 20, 1365–1373. [CrossRef]
[PubMed]

59. Lotti, F.; Frizza, F.; Balercia, G.; Barbonetti, A.; Behre, H.M.; Calogero, A.E.; Cremers, J.F.; Francavilla, F.; Isidori, A.M.; Kliesch, S.;
et al. The European Academy of Andrology (EAA) ultrasound study on healthy, fertile men: Scrotal ultrasound reference ranges
and associations with clinical, seminal, and biochemical characteristics. Andrology 2021, 9, 559–576. [CrossRef] [PubMed]

60. Lotti, F.; Maggi, M. Ultrasound of the male genital tract in relation to male reproductive health. Hum. Reprod. Update 2015, 21,
56–83. [CrossRef]

61. Netto, N.R., Jr.; Esteves, S.C.; Neves, P.A. Transurethral resection of partially obstructed ejaculatory ducts: Seminal parameters
and pregnancy outcomes according to the etiology of obstruction. J. Urol. 1998, 159, 2048–2053. [CrossRef]

62. Kim, B.; Kawashima, A.; Ryu, J.A.; Takahashi, N.; Hartman, R.P.; King, B.F., Jr. Imaging of the seminal vesicle and vas deferens.
Radiographics 2009, 29, 1105–1121. [CrossRef]

63. Danaci, M.; Akpolat, T.; Baştemir, M.; Sarikaya, S.; Akan, H.; Selçuk, M.B.; Cengiz, K. The prevalence of seminal vesicle cysts in
autosomal dominant polycystic kidney disease. Nephrol. Dial. Transplant. 1998, 13, 2825–2828. [CrossRef]

64. Kolettis, P.N.; Sandlow, J.I. Clinical and genetic features of patients with congenital unilateral absence of the vas deferens. Urology
2002, 60, 1073–1076. [CrossRef]

65. Peng, J.; Yuan, Y.; Cui, W.; Zhang, Z.; Gao, B.; Song, W.; Xin, Z. Causes of suspected epididymal obstruction in Chinese men.
Urology 2012, 80, 1258–1261. [CrossRef] [PubMed]

66. Font, M.D.; Pastuszak, A.W.; Case, J.R.; Lipshultz, L.I. An infertile male with dilated seminal vesicles due to functional obstruction.
Asian J. Androl. 2017, 19, 256–257.

67. Caroppo, E.; Colpi, E.M.; D’Amato, G.; Gazzano, G.; Colpi, G.M. Prediction model for testis histology in men with non-obstructive
azoospermia: Evidence for a limited predictive role of serum follicle-stimulating hormone. J. Assist. Reprod. Genet. 2019, 36,
2575–2582. [CrossRef]

68. Esteves, S.C.; Prudencio, C.; Seol, B.; Verza, S.; Knoedler, C.; Agarwal, A. Comparison of sperm retrieval and reproductive
outcome in azoospermic men with testicular failure and obstructive azoospermia treated for infertility. Asian J. Androl. 2014, 16,
602–606. [CrossRef]

69. Esteves, S.C.; Agarwal, A. Re: Sperm retrieval rates and intracytoplasmic sperm injection outcomes for men with non-obstructive
azoospermia and the health of resulting offspring. Asian J. Androl. 2014, 16, 642. [CrossRef]

70. Barbonetti, A.; Martorella, A.; Minaldi, E.; D’Andrea, S.; Bardhi, D.; Castellini, C.; Francavilla, F.; Francavilla, S. Testicular Cancer
in Infertile Men With and Without Testicular Microlithiasis: A Systematic Review and Meta-Analysis of Case-Control Studies.
Front. Endocrinol. 2019, 10, 164. [CrossRef]

71. van Casteren, N.J.; Looijenga, L.H.; Dohle, G.R. Testicular microlithiasis and carcinoma in situ overview and proposed clinical
guideline. Int. J. Androl. 2009, 32, 279–287. [CrossRef]

72. Montironi, R. Intratubular germ cell neoplasia of the testis: Testicular intraepithelial neoplasia. Eur. Urol. 2002, 41, 651–654.
[CrossRef]

73. Esteves, S.C.; Varghese, A.C. Laboratory handling of epididymal and testicular spermatozoa: What can be done to improve
sperm injections outcome. J. Hum. Reprod. Sci. 2012, 5, 233–243. [CrossRef] [PubMed]

74. Esteves, S.C. Novel concepts in male factor infertility: Clinical and laboratory perspectives. J. Assist. Reprod. Genet. 2016, 33,
1319–1335. [CrossRef] [PubMed]

75. Yovich, J.L.; Esteves, S.C. Storage of sperm samples from males with azoospermia. Reprod. Biomed. Online 2018, 37, 509–510.
[CrossRef] [PubMed]

76. Esteves, S.C.; Lombardo, F.; Garrido, N.; Alvarez, J.; Zini, A.; Colpi, G.M.; Kirkman-Brown, J.; Lewis, S.E.M.; Björndahl, L.;
Majzoub, A.; et al. SARS-CoV-2 pandemic and repercussions for male infertility patients: A proposal for the individualized
provision of andrological services. Andrology 2021, 9, 10–18. [CrossRef]

77. Salzbrunn, A.; Benson, D.M.; Holstein, A.F.; Schulze, W. A new concept for the extraction of testicular spermatozoa as a tool for
assisted fertilization (ICSI). Hum. Reprod. 1996, 11, 752–755. [CrossRef] [PubMed]

78. McBride, J.A.; Kohn, T.P.; Mazur, D.J.; Lipshultz, L.I.; Coward, R.M. Sperm retrieval and intracytoplasmic sperm injection
outcomes in men with cystic fibrosis disease versus congenital bilateral absence of the vas deferens. Asian J. Androl. 2021, 23,
140–145. [CrossRef] [PubMed]

79. Hayon, S.; Moustafa, S.; Boylan, C.; Kohn, T.P.; Peavey, M.; Coward, R.M. Surgically Extracted Epididymal Sperm from Men with
Obstructive Azoospermia Results in Similar In Vitro Fertilization/Intracytoplasmic Sperm Injection Outcomes Compared with
Normal Ejaculated Sperm. J. Urol. 2021, 205, 561–567. [CrossRef]

80. Sussman, E.M.; Chudnovsky, A.; Niederberger, C.S. Hormonal evaluation of the infertile male: Has it evolved? Urol. Clin. N. Am.
2008, 35, 147–155. [CrossRef] [PubMed]

81. Bobjer, J.; Naumovska, M.; Giwercman, Y.L.; Giwercman, A. High prevalence of androgen deficiency and abnormal lipid profile
in infertile men with non-obstructive azoospermia. Int. J. Androl. 2012, 35, 688–694. [CrossRef]

23



J. Clin. Med. 2021, 10, 3144

82. Ramaswamy, S.; Weinbauer, G.F. Endocrine control of spermatogenesis: Role of FSH and LH/testosterone. Spermatogenesis 2015,
4, e996025. [CrossRef]

83. Shiraishi, K.; Matsuyama, H. Gonadotoropin actions on spermatogenesis and hormonal therapies for spermatogenic disorders.
Endocr. J. 2017, 64, 123–131. [CrossRef]

84. Laursen, R.J.; Elbaek, H.O.; Povlsen, B.B.; Lykkegaard, J.; Jensen, K.B.S.; Esteves, S.C.; Humaidan, P. Hormonal stimulation of
spermatogenesis: A new way to treat the infertile male with non-obstructive azoospermia? Int. Urol. Nephrol. 2019, 51, 453–456.
[CrossRef]

85. Caroppo, E.; Colpi, G.M. Hormonal Treatment of Men with Nonobstructive Azoospermia: What Does the Evidence Suggest? J.
Clin. Med. 2021, 10, 387. [CrossRef] [PubMed]

86. Reifsnyder, J.E.; Ramasamy, R.; Husseini, J.; Schlegel, P.N. Role of optimizing testosterone before microdissection testicular sperm
extraction in men with nonobstructive azoospermia. J. Urol. 2012, 188, 532–536. [CrossRef] [PubMed]

87. Ramasamy, R.; Ricci, J.A.; Palermo, G.D.; Gosden, L.V.; Rosenwaks, Z.; Schlegel, P.N. Successful fertility treatment for Klinefelter’s
syndrome. J. Urol. 2009, 182, 1108–1113. [CrossRef] [PubMed]

88. Hussein, A.; Ozgok, Y.; Ross, L.; Rao, P.; Niederberger, C. Optimization of spermatogenesis-regulating hormones in patients with
non-obstructive azoospermia and its impact on sperm retrieval: A multicentre study. BJU Int. 2013, 111, E110–E114. [CrossRef]
[PubMed]

89. Shinjo, E.; Shiraishi, K.; Matsuyama, H. The effect of human chorionic gonadotropin-based hormonal therapy on intratesticular
testosterone levels and spermatogonial DNA synthesis in men with non-obstructive azoospermia. Andrology 2013, 1, 929–935.
[CrossRef]

90. Foresta, C.; Bettella, A.; Spolaore, D.; Merico, M.; Rossato, M.; Ferlin, A. Suppression of the high endogenous levels of plasma
FSH in infertile men are associated with improved Sertoli cell function as reflected by elevated levels of plasma inhibin B. Hum.
Reprod. 2004, 19, 1431–1437. [CrossRef]

91. Themmen, A.P.; Blok, L.J.; Post, M.; Baarends, W.M.; Hoogerbrugge, J.W.; Parmentier, M.; Vassart, G.; Grootegoed, J.A. Follitropin
receptor down-regulation involves a cAMP-dependent post-transcriptional decrease of receptor mRNA expression. Mol. Cell
Endocrinol. 1991, 78, R7–R13. [CrossRef]

92. Gnanaprakasam, M.S.; Chen, C.J.; Sutherland, J.G.; Bhalla, V.K. Receptor depletion and replenishment processes: In vivo
regulation of gonadotropin receptors by luteinizing hormone, follicle stimulating hormone and ethanol in rat testis. Biol. Reprod.
1979, 20, 991–1000. [CrossRef]

93. Namiki, M.; Nakamura, M.; Okuyama, A.; Sonoda, T.; Itatani, H.; Sugao, H.; Sakurai, T.; Nishimune, Y.; Matsumoto, K. Reduction
of human and rat testicular follicle stimulating hormone receptors by human menopausal gonadotrophin in vivo and in vitro.
Clin. Endocrinol. 1987, 26, 675–684. [CrossRef] [PubMed]

94. Namiki, M.; Okuyama, A.; Sonoda, T.; Miyake, A.; Aono, T.; Matsumoto, K. Down-regulation of testicular follicle-stimulating
hormone receptors by human menopausal gonadotropin in infertile men. Fertil. Steril. 1985, 44, 710–712. [CrossRef]

95. Zhang, S.; Li, W.; Zhu, C.; Wang, X.; Li, Z.; Zhang, J.; Zhao, J.; Hu, J.; Li, T.; Zhang, Y. Sertoli cell-specific expression of metastasis-
associated protein 2 (MTA2) is required for transcriptional regulation of the follicle-stimulating hormone receptor (FSHR) gene
during spermatogenesis. J. Biol. Chem. 2012, 287, 40471–40483. [CrossRef] [PubMed]

24



Journal of

Clinical Medicine

Review

Genetic Factors of Non-Obstructive Azoospermia:
Consequences on Patients’ and Offspring Health

Csilla Krausz * and Francesca Cioppi

Citation: Krausz, C.; Cioppi, F.

Genetic Factors of Non-Obstructive

Azoospermia: Consequences on

Patients’ and Offspring Health. J.

Clin. Med. 2021, 10, 4009. https://

doi.org/10.3390/jcm10174009

Academic Editor: Giovanni M. Colpi

Received: 30 July 2021

Accepted: 31 August 2021

Published: 5 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Experimental and Clinical Sciences “Mario Serio”, University of Florence, 50139 Florence, Italy;
francesca.cioppi@unifi.it
* Correspondence: csilla.krausz@unifi.it

Abstract: Non-Obstructive Azoospermia (NOA) affects about 1% of men in the general population
and is characterized by clinical heterogeneity implying the involvement of several different acquired
and genetic factors. NOA men are at higher risk to be carriers of known genetic anomalies such as
karyotype abnormalities and Y-chromosome microdeletions in respect to oligo-normozoospermic
men. In recent years, a growing number of novel monogenic causes have been identified through
Whole Exome Sequencing (WES). Genetic testing is useful for diagnostic and pre-TESE prognostic
purposes as well as for its potential relevance for general health. Several epidemiological observations
show a link between azoospermia and higher morbidity and mortality rate, suggesting a common
etiology for NOA and some chronic diseases, including cancer. Since on average 50% of NOA
patients has a positive TESE outcome, the identification of genetic factors in NOA patients has
relevance also to the offspring’s health. Although still debated, the observed increased risk of certain
neurodevelopmental disorders, as well as impaired cardiometabolic and reproductive health profile
in children conceived with ICSI from NOA fathers may indicate the involvement of transmissible
genetic factors. This review provides an update on the reproductive and general health consequences
of known genetic factors causing NOA, including offspring’s health.

Keywords: azoospermia; infertility; genetics; exome; WES; Y chromosome; cancer; NOA; genes;
general health; ICSI; offspring health

1. Introduction

Azoospermia (absence of spermatozoa in the ejaculate) is a relatively frequent cause
of infertility occurring in about 1–2% of men in the general population. Its origin can be
congenital or acquired and can be divided into: (i) hypothalamic–pituitary axis dysfunction,
(ii) primary quantitative spermatogenic disturbances, and (iii) urogenital duct obstruc-
tion causing obstructive azoospermia (OA), including anatomic and genetic (e.g., CFTR
mutation causes) [1]. While central hypogonadism is a rare etiology of Non-Obstructive
Azoospermia (NOA), accounting for approximately 5% of cases, primary testicular failure
is responsible for the large majority of azoospermia (>75%) [2].

NOA is a symptom which can be the consequence of different types of testicular
failure such as: (i) Sertoli-Cell-Only Syndrome (SCOS), (ii) Maturation Arrest (MA) at
different stages of germ cell maturation (such as Spermatogonial and Spermatocyte Arrest
(SGA, SCA)), (iii) hypospermatogenesis; (iv) mixed forms. Similar to histology, follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) levels, testis volume, and degree
of androgenization can vary among NOA men. This intrinsic clinical heterogeneity implies
the involvement of several different acquired and congenital genetic factors. The known
genetic factors underlying the NOA phenotype account for almost 30% of cases and
include primarily chromosomal abnormalities (such as 47, XXY Klinefelter syndrome and
46, XX male), followed by Y-chromosome microdeletions and monogenic defects. Three
comprehensive reviews on this topic were recently published providing a complete list of
NOA-related genetic factors [3–5]. NOA is receiving a growing attention, not only because
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it is the most severe infertility phenotype but also because epidemiological observations
show a link between azoospermia and a higher incidence of morbidity and lower life
expectancy [6–14] (Table 1).

Table 1. List of studies reporting increased mortality and/or morbidity in azoospermic men.

Increased Mortality Rate
(HR)

Increased Morbidity Rate
(Yes/No)

Reference

n.a. Yes * [8]

2.29, 95% CI: 1.12–4.65 n.a. [9]

n.a. Yes ** [11]

3.66, 95% CI: 2.18–6.16 n.a. [13]

2.01, 95% CI: 1.60–2.53 n.a. [14]
HR: Hazard Ratio; n.a.: not available; * Cancer risk (HR = 2.9, 95% CI:1.4–5.4); ** The top three related-conditions
are: (i) renal disease (HR = 2.26, 95% CI:1.20–4.27), (ii) alcohol abuse (HR = 1.94, 95% CI:1.11–3.39), (iii) depression
(HR = 1.45, 95% CI:1.13–1.85).

It is worth noting that a 10-fold increased risk of hypogonadism among azoospermic
men has been reported [15], which by itself can be linked to adverse health outcomes, i.e.,
higher risks of metabolic syndrome [16], cardiovascular disease [17], rheumatic autoim-
mune diseases [18] and overall mortality [16]. In addition, a significantly increased risk of
developing testis cancer in infertile men has been well-documented [19,20]. In particular,
men with azoospermia present a 2.9 times higher risk to develop cancer in respect to the
general population [8].

Following the above observations, semen phenotype has been proposed as a biomarker
of general health [12,13,19,21]. Since on average 50% of NOA patients will have a posi-
tive Testicular Sperm Extraction (TESE) outcome, the routine testing for known genetic
anomalies has relevance not only for the carrier but also for his future child. Elucidating
the genetic causes underlying azoospermia would allow improving the management of pa-
tients, identifying those azoospermic men who are unlikely to have testicular spermatozoa,
those who are at higher risk for general health problems and would also have an impact
on the health of their descendants (Figure 1).

Figure 1. Clinical relevance of genetic testing in azoospermic men.
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This review focuses on the reproductive and general health consequences of known
genetic factors causing NOA including offspring’s health.

2. Consequences of Chromosomal Anomalies

2.1. Klinefelter Syndrome (47,XXY)

Is the most common genetic disorder causing NOA, which is characterized by the
presence of an extra X chromosome. Its prevalence is 0.1–0.2% in newborn male infants,
and it increases in relation to the age of diagnosis. Its frequency has been estimated as 3–4%
among infertile males and 10–12% in azoospermic subjects [22,23]. The severity of the
clinical phenotype of KS males may vary, and testosterone level, number of CAG repeats
in the androgen receptor and/or supernumerary X chromosome could be involved in the
clinical signs/symptoms of KS [24].

Reproductive consequences: the sex chromosome aneuploidy leads to a progressive
deterioration of the testicular tissue and both the germinal epithelium and testosterone-
producing Leydig cells are affected. There is a progressive deposition of ialine, which
is responsible for the typical hard consistency of the testes. Azoospermia is present
in about 95% of KS patients [25]. However, very rarely, non-mosaic KS patients can
have spermatozoa in their ejaculate, leading to spontaneous pregnancy. The success rate
for the recovery of spermatozoa through microsurgical TESE (m-TESE) in KS men is
34–44% [26]. As for other NOA patients, also in this case, the fertility status of the female
partner is essential for achieving pregnancy through Intracytoplasmic Sperm Injection
(ICSI). A growing number of KS patients are diagnosed during their fetal life, through
pre-natal genetic diagnosis. This novel trend raises the issue about the correct management
of these patients during their transition period from childhood to adulthood [23]. There are
still debated questions such as the right timing for testosterone replacement therapy (for its
potential interference with residual spermatogenesis) and m-TESE in young post-pubertal
KS boys [27,28].

General health consequences: besides azoospermia, a wide spectrum of clinical man-
ifestations including several comorbidities are present, i.e., metabolic syndrome, type 2
diabetes mellitus, anaemia, cardiovascular diseases (ischemic heart disease, deep vein
thrombosis, lung embolism), osteopenia/osteoporosis, breast cancer, extra-gonadal germ
cell tumours, non-Hodgkin lymphoma, haematological cancers and some autoimmune
diseases and psychiatric disorders [23,25,29,30]. Part of the above pathological conditions
are the consequence of impaired testosterone production (e.g., metabolic syndrome, os-
teopenia/osteoporosis), others may be due to X-linked gene dosage effect or epigenetic
factors [3]. Given the complexity of this disease, patients care in dedicated multidisciplinary
centres is advocated [23,31].

Consequences on offspring’s health: it is expected that spermatozoa from KS subjects
are likely to be originated from euploid spermatogonia, i.e., the testis shows a mosaic
condition where the majority of tubules contains 46,XXY spermatogonia while in a few of
them spermatogonia carry a normal chromosomal asset (46,XY) [32]. Accordingly, data in
the literature do not show an increased risk of having a KS child compared to infertile men
with normal karyotype [32]. In fact, more than 200 healthy offspring were born worldwide
from KS fathers and only a few cases of 47,XXY fetus/newborns were reported [33–35].
Despite the encouraging data that KS offspring seem not to be affected by the genetic
disease of the father, it remains still an open question whether Preimplantation Genetic
Diagnosis (PGD) or pre-natal genetic analyses should be recommended [23].

2.2. 46,XX Testicular/ovo-Testicular Disorder of Sex Development (DSD)

Also known as 46,XX male, referring to a rare, heterogeneous clinical condition with
an incidence of about 1:20,000–25,000 male newborns [36,37]. The phenotype is largely
dependent on the presence or absence of the master gene of male sex determination (SRY),
mapping to the short arm of Y chromosome.
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Reproductive consequences: due to the lack of Y chromosome linked AZF regions,
which are essential for physiological spermatogenesis, all patients with this genetic anomaly
are azoospermic. In addition, the gonadal development may be affected.

General health: apart from NOA, additional features characterize these patients. Testos-
terone levels may range from normal to low with increased FSH and LH levels leading to
the progressive development of hypogonadism [37,38]. Short stature, due to the absence of
growth-regulation genes on the Y chromosome, is also a relatively common finding.

Consequences on offspring’s health: the chance to find spermatozoa in the testes of a
46,XX male with sperm harvesting methods is zero. If the couple desires to have children,
sperm donation is the only viable option, or adoption.

3. Consequences of Y-Chromosome Microdeletions

The loss of specific chromosomal sequences on the long arm of the Y (Yq) is a the
most frequent molecular genetic cause of NOA [39]. The so called AZoospermia Factor
(AZF) regions [40,41] contain genes involved in spermatogenesis and their removal causes
different reproductive phenotypes. Many AZF genes are multicopy genes and most of
them are involved in post-transcriptional and post-translational control in germ cells [42].
The AZF regions are surrounded by highly homologous repeated sequences with the same
direction, representing an optimal substrate for Non-Allelic Homologous Recombination
(NAHR) leading to deletions. The frequency of AZF deletions in the general population
is 1:4000 but in NOA patients it can be as high as 7–10% [39,43]. The most frequently
affected region is the AZFc region accounting for >60% of deletions. Due to the peculiar
structure of this region, with many potential NAHR substrates, partial deletions with
different breakpoints may occur at a relatively high frequency [44]. Among them, the gr/gr
deletion, removing half of the AZFc gene content, is considered a proven genetic risk factor
for oligozoospermia [45].

Reproductive consequences: depending on which type of AZF regions is removed,
the semen phenotype can be azoospermia or severe oligozoospermia [39]. The complete
removal of the AZFa region (approximately 792 kb) causes SCOS, whereas the complete
removal of the AZFb deletion (with the extension marker sY1192 absent) leads to meiotic
arrest [46]. In both conditions the probability of finding testicular spermatozoa through
TESE is virtually zero. The complete removal of the AZFc is associated with a highly
variable phenotype, ranging from the complete absence of germ cells in the testis (SCOS)
to severe oligozoospermia. The TESE success rate in these patients is around 50%, but it is
highly variable in different reports.

General health: haploinsufficiency of the SHOX gene, located in the pseudoautosomal
region PAR1 of the Y chromosome, has been reported by Jorgez and colleagues in men with
AZF microdeletion and normal karyotype [47]. The authors proposed that AZF deletion
carriers are at higher risk for incurring SHOX-haploinsufficiency, which is responsible
for short stature and skeletal anomalies. This alarming finding was not confirmed in a
subsequent large, multicentre study [48]. In accordance with this latter study, Castro and
colleagues reported PAR abnormalities only in those AZF deletion carriers who presented
concomitant karyotype anomalies (isochromosome Yp and/ or Y nullisomy) [49]. In
addition to PAR abnormalities, 5/7 patients with terminal AZFbc deletion and abnormal
karyotype presented neuropsychiatric disorders. The authors hypothesize that CNVs in
the pseudoautosomal regions (PARs) and/or the removal of MSY genes (some of them are
expressed also in the brain) may play a role in the observed neuropsychiatric disorders [49].
However, the association between neuropsychiatric disorders and terminal AZFbc deletions
needs further confirmation especially in view of the lack of such neurodevelopmental
disorders in 46,XX males [37].

Consequences on offspring’s health: complete AZFc and partial AZFa or AZFb dele-
tions are compatible with the presence of spermatozoa in the ejaculate or in the testis,
therefore these patients will obligatorily transmit the deletion to their male descendants.
Recent meta-analysis reported a reduced fertilization rate, but a similar clinical pregnancy
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rate, miscarriage rate, live birth rate and baby boy rate to those couple where the male
partner did not carry AZF deletions [50]. It is expected that the semen phenotype of the
son will be either azoospermia or oligozoospermia, however the exact semen phenotype
is not predictable, since the genetic background and exposure to environmental factors
may modulate the phenotypic expression of AZFc deletions. Some studies reported an
association between Yq microdeletions and an overall Y-chromosomal instability, which
might result in the formation of 45,X0 bearing spermatozoa [51,52]. This finding is in
accordance with the relatively high incidence of AZF deletion in patients bearing a mosaic
46,XY/45,X0 karyotype with sexual ambiguity and/or Turner stigmata [53–56]. The PGD
has been performed by two groups with conflicting data about the risk of monosomy X in
embryos [57,58]. The limited data on children born from AZF deletion carriers show that
they are apparently healthy [59].

4. Consequences of Monogenic Defects

Known monogenic anomalies with definitive clinical evidence are relatively rare in
NOA [3]. Among them two X-linked genes reached diagnostic relevance: the AR and the
TEX11 genes.

4.1. AR Gene

The androgen receptor (AR) is a DNA-binding transcription factor, which is criti-
cal for several biological functions including male sex development. Upon binding of
testosterone to the cytoplasmic AR, the complex translocates into the nucleus and binds
to the regulatory regions of specific chromosomal DNA sequences to activate androgen
dependent genes. Mutations in AR gene are responsible for the androgen insensivity syn-
drome (AIS), with an estimated prevalence of 1:20,000 to 1:64,000 live male births [60]. This
condition is associated with a high variety of phenotypes, ranging from complete androgen
insensitivity (CAIS) with a female phenotype (Morris syndrome) to milder degrees of
undervirilization (partial form or PAIS; Refenstein syndrome) or men with only infertility
(mild form or MAIS) [61]. Beside pathogenic mutations in the coding exons of the AR
causing AIS, a polymorphic CAG repeat in exon 1 has a functional effect on the receptor’s
activity. The number of the CAG repeats is inversely associated with the ligand-induced
transactivational activity of the receptor and, in physiological conditions, (CAG)n directly
correlates with serum testosterone levels [62]. This polymorphism has been associated
with various androgen-dependent conditions including impaired sperm production (for
review see [63]).

Reproductive consequences: in the PAIS/MAIS form of disease, patients may present
with quantitative spermatogenic disturbances, i.e., azoospermia or oligozoospermia. The
negative effect of longer (CAG)n on spermatogenesis is a debated issue. Although the
majority of studies report a higher than average (CAG)n in infertile patients, it is not
possible to define a cut-off value above which infertility risk is increased and to estimate
the effect size of such a risk [63].

General health: a positive correlation between CAG repeat number and depressed
mood, anxiety, and low bone mineral density with accelerated age-dependent bone loss
have been reported [64,65]. Smaller CAG repeat number is associated with benign pro-
static hypertrophy [66] and faster prostate growth during testosterone treatment [67]. The
polymorphic range in the general population is up to 39 CAG repeats, the expansion over
39 CAG is a pathological condition leading to the Kennedy disease [68]. Kennedy disease
is a rare form of X-linked spinal and bulbar muscular atrophy (SBMA), characterized
by progressive neuromuscular atrophy and ataxia [69] and a progressive set up of mild
androgen insensitivity associated to varying traits of hypogonadism, including gyneco-
mastia, testicular atrophy, disorders of spermatogenesis, elevated serum gonadotropins,
and diabetes mellitus [70].

Consequences on offspring’s health: AR mutations compatible with sperm produc-
tion will be obligatory transmitted to the female offspring with potential health conse-
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quences on her future male children. Concerning the (CAG)n repeats, it is worth noting
that repeat expansions are inherently dynamic, often changing size when transmitted to
the next generation [71]. This phenomenon, known as clinical anticipation, explains the
tendency for disease severity to increase in successive generations of a family. Patients
affected by Kennedy’s disease may conceive their own biological children and, similarly to
AR mutations, the expanded CAG repeats will be transmitted to the female child, who can
generate a male offspring affected by Kennedy disease. As far as the polymorphic range
of CAG repeats (up to 39 CAG) is concerned, the proposed relationship between longer
CAG tract and male infertility indicates a theoretical higher risk for oligozoospermic men
to conceive a female child presenting a pathological expansion of CAG repeats leading to a
future son with Kennedy disease [60,71].

4.2. TEX11 Gene

This gene belongs to the family of Testis Expressed genes, and it is crucial for chro-
mosome synapsis and formation of crossovers during meiosis. By using high-resolution
array-Comparative Genomic Hybridization (a-CGH) to screen men with NOA, a recurring
deletion of three exons of TEX11 in two patients has been identified [72]. Furthermore, by
sequencing TEX11 in larger groups of azoospermic men, more disease-causing mutations
were detected [72–75]. Overall, mutations in TEX11 were identified in more than 1% of
azoospermic men and in as many as 15% of patients with meiotic arrest.

Reproductive consequences: recessive mutations in this gene lead to NOA due to
MA [72–74]. Very recently, Krausz and colleagues demonstrated that defects in the human
gene showed a complete metaphase arrest, suggested by a residual spermatocytic develop-
ment together with the dramatic increase in the number of apoptotic metaphases [75].

General health: apart from NOA, no additional features have been reported in mu-
tated men.

Consequences on offspring’s health: the chance to find mature spermatozoa in the
testes of a man carrying loss of function TEX11 mutations is virtually zero. If the couple
desires to have children, sperm donation is the only viable option, or adoption.

4.3. Shared Genes between Spermatogenesis and Tumorigenesis

As stated in the introduction, an increased risk of various cancers has been docu-
mented in NOA patients which in part may be due to defects in biological pathways
regulating genomic integrity [8,21,76–80]. It is plausible that spermatogenesis and tu-
morigenesis may share common genetic factors, especially those involved in stem cell re-
newal/differentiation, mismatch repair mechanisms and apoptosis. Particularly, germline
alterations in DNA repair genes, which are fundamental for maintaining the genomic
integrity and stability in the early stages of the male germline, may confer hereditable
predisposition to impaired spermatogenesis and cancer.

Recent studies integrating omics and literature search revealed a significant genetic
overlap between male infertility and particular types of cancer, including urologic neo-
plasms/carcinomas and B cell lymphoma [81,82]. By using mouse model data such as
Mouse Genome Informatics (MGI) database, the integration of human orthologues to
mouse male factor infertility with a curated list of known cancer genes (COSMIC genes)
has identified 25 candidate genes that may confer risk of experiencing both conditions in
humans [21]. In particular, there is a five-fold enrichment of COSMIC genes in the MGI
male infertility list compared with genes that are not on the MGI list, suggesting that this
overlap is highly non-random [21].

Apart from the bioinformatics models and epidemiological observations, there is a
growing number of genes predisposing to cancer, which have been found mutated in men
affected by NOA.
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4.3.1. Rare Pathogenic Mutations

A recent example is related to FANCA mutations, which may cause both the classic
early onset and the rarely observed late-onset Fanconi Anaemia (FA). Both manifesta-
tions are characterized by genomic instability leading to progressive bone marrow failure,
congenital malformations and predisposition to typical cancers such as head and neck
squamous cell carcinoma and leukaemia [83]. By performing exome analysis in NOA
patients, Krausz and colleagues (2019), identified three subjects affected by SCOS with
biallelic FANCA mutations [79]. All three subjects were unaware about having Fanconi
anaemia, although two of them showed slightly abnormal blood cell count at the time of
the genetic diagnosis. This study was the first in the literature reporting the accidental
finding of Late onset FA (occult FA) in the absence of severe comorbidities of FA. In fact,
occult FA is usually diagnosed in subjects following the diagnosis of typical malignancies.
The three patients are now under surveillance by oncohematologists. This paper showed
the importance of checking blood count, especially in patients presenting idiopathic SCOS,
since the combined phenotype of SCOS with borderline low blood cell count indicates a
higher risk for occult FA. Given that the carrier frequency of FANCA defects is relatively
rare in the general population, pre-ICSI screening in the female partners of male carriers is
not recommended. However, in case of consanguinity in the couple PGD should be offered
given the severity of FA.

Fanconi anaemia and related malignancies can also be caused by recessive mutations
in the XRCC2 gene [84]. Interestingly, a homozygous XRCC2 mutation has been reported
in a consanguineous family causing isolated meiotic arrest without cancer predisposi-
tion [85]. This observation leads the authors to conclude that meiosis-specific mutations
may exist when the linker region of XRCC2, essential for protein–protein interactions, is
affected [85,86]. In support of this, knock-in mice carrying the same XRCC2 mutation
exhibited only meiotic arrest, leading to azoospermia in males and premature ovarian
failure in females [85].

Another member of the FA pathway, FANCM, involved in DNA double-strand breaks
(DSB) repair, was reported as the cause of NOA [78,80]. The FANCM gene is significantly
associated with hereditary breast and ovarian cancers [87], in line with published data on
female homozygous knock-out (KO) mice [88,89]. Recessive mutations in this gene seem to
cause a wide spectrum of seminal phenotypes, ranging from oligoasthenozoospermia to
azoospermia due to SCOS [78,80].

Biallelic mutations in two other DNA DBS repair genes, MCM8 and TEX15 were re-
ported in azoospermia and oligo/crypto/azoospermia, respectively [90–93]. Very recently,
germline mutations in the MCM8 gene following a recessive pattern of inheritance, were
detected in cancer patients [94]. One male patient affected by Lynch syndrome with fertility
problems and two patients affected by breast cancer were found to be carriers of biallelic
MCM8 mutations, suggesting a role of this gene in the germline predisposition to breast
cancer and hereditary colorectal cancer (CRC) [94]. Concerning TEX15, a rare heterozygous
mutation predicted as deleterious by four bioinformatics tools was found to be significantly
associated with prostate cancer risk [95].

Also the X-linked WNK3 gene, involved in cell signalling, survival and proliferation
has been linked both to NOA and cancer [96]. AWNK3 mutation has been found to co-
segregate with NOA due to SCOS in a family from Oman [97]. Concerning the role of
this gene in oncology, several WNK3 mutations in patient-derived xenografts of colorectal
cancer liver metastasis were predicted to be deleterious, which might contribute to the
initiation and progression of distant metastasis [98].

4.3.2. Genetic Polymorphisms

Besides rare mutations, common polymorphisms have been reported in a total of 8
mismatch repair genes, which could account for a shared aetiology between tumorigenesis
and quantitative spermatogenic failure [21].
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Homozygous or compound heterozygous mutations in the MLH1 gene have been
reported in the early-onset hereditary cancer disorder Lynch syndrome, as well as in
haematological malignancies and brain tumours [99], often associated with features of
neurofibromatosis type 1 (NF1) syndrome [100]. Besides its known carcinogenic role, an
intronic SNP in MLH1 seem to be a risk factor for the development of azoospermia or
oligozoospermia [101].

Germline MLH3 variants have been reported in hereditary Lynch syndrome-associated
brain tumours patients [102], and a common polymorphism (C2531T) in the 3’UTR of the
gene has been associated with clinical outcomes of colorectal cancer, in terms of increased
risks of relapse or metastasis in patients with heterozygous genotype [103]. Interestingly, Xu
and colleagues have observed an increased risk of azoospermia or severe oligozoospermia
associated with the above-mentioned polymorphism in 3′UTR of the MLH3 gene [104].

MSH5 has been reported as a pleiotropic susceptibility locus for lung, prostate, colorec-
tal and serous ovarian cancers [105,106], and several polymorphisms in this gene have been
associated with quantitative spermatogenic defects [101,104]. Further, one low-frequency
MSH5 variant associated with an increased risk of NOA has been reported in Han Chinese
men [107].

Biallelic germline mutations of the PMS2 gene cause the constitutional mismatch
repair deficiency, characterized by early-onset malignancies [108]. In addition, a founder
heterozygous frameshift mutation in the same gene is responsible for the Lynch syn-
drome [109]. Concerning the role of PMS2 gene in spermatogenesis, the presence of a
common polymorphism in the gene leads to a reduced interaction of MLH1 and PMS2
proteins, which may result in impaired sperm production [101].

Carriers of mutations in the ATM gene have been reported to have a higher mor-
tality rate and an earlier age at death from cancer and ischemic heart disease than non-
carriers [110]. Besides this finding, germline loss-of-function ATM mutations seem to be
enriched in men with prostate cancer and multiple primary malignancies [111]. Concerning
the role of this gene in spermatogenesis, both the homozygous and heterozygous genotypes
for a common variant in the ATM gene promoter were associated with an increased risk
for idiopathic NOA [112].

Two SNPs in the XRCC1 gene were associated with increased bladder cancer risk
among Asians [113], whilst another one, the R339Q, has been implicated in susceptibility
for both idiopathic azoospermia and different types of cancer, such as hepatocellular cancer
in Asians and breast cancer in Indians [114–118].

An identical SNP (C8092A) in 3′UTR of the ERCC1 gene has independently been
linked to both idiopathic azoospermia and various types of cancer, including breast carci-
noma, head and neck carcinoma, adult glioma [119–122].

In this context, the identification of shared genetic aetiologies between azoosper-
mia and cancer may have a significant clinical impact, for improving patient care and
genetic counselling.

5. Health Issues in ICSI Offspring from NOA Fathers

The introduction of ICSI among Assisted Reproductive Techniques (ART) has opened
an unforeseen perspective for fatherhood in NOA patients. NOA men may father their
own biological child by using non-ejaculated spermatozoa, retrieved by conventional or
micro-TESE with an average success rate of 50%. As stated above, it is well known that
NOA patients are at higher risk for genetic anomalies than he general population; therefore,
concerns were raised regarding offspring’s health.

Various parameters have been evaluated in ICSI children (from birth to young adult-
hood) born to fathers affected by spermatogenic disturbances.

Many reports describe a high frequency of chromosomal abnormalities in ICSI babies,
especially of the sex chromosomes, even when peripheral chromosome studies in the par-
ents are normal [123–125]. A possible explanation for this phenomenon could depend on
the testicular tubular alteration, which may determine abnormalities in the meiotic process
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leading to chromosomal anomalies in the spermatozoa [126]. Therefore, other forms of
chromosome diploidy beyond sex chromosomes should be expected as well [127,128].
Overall, the risk of having chromosomal abnormalities, particularly sexual chromosome
aneuploidy, is approximately 1% in children conceived through ICSI, which is higher than
that of naturally conceived children (~0.2%) and of those conceived with conventional
in vitro fertilization (IVF) (~0.7%) (see reference in [129]). In addition, children conceived
by IVF and/or ICSI are at significantly increased risk for birth defects, although no risk
difference between children conceived with the two ARTs has been observed [130]. A sys-
tematic review and meta-analysis showed that congenital malformations in ICSI-conceived
children when compared to naturally conceived children translates into an increased risk
of 7.1% of having a malformation for individuals born after ICSI versus 4.0% for naturally
conceived children [131]. The most commonly observed congenital malformation involves
the genitourinary tract which is significantly more frequent in ICSI children compared to
both naturally conceived children and IVF children [132,133].

Besides chromosomal and birth defects, cognitive and neurodevelopmental disorders
in offspring from an ICSI father have also been evaluated [134,135]. In one study a modestly
increased risk of mental retardation and autism was reported in ICSI derived children [136],
but this finding was not replicated in independent studies [137–139]. The largest of these
studies, involving 10,718 children conceived with ICSI, 19,445 children conceived with IVF
and 2,510,166 spontaneously conceived children, observed the greatest risk of mental retar-
dation in children conceived through ICSI (RR 2.35, 95%; CI = 1.03–2.09) [136]. Importantly,
treatment factors, i.e., ICSI and embryo cryopreservation, also appear to influence this
risk [136]. In addition, an increased risk of autism in children conceived with ICSI using
surgically extracted sperm (RR 4.60, 95%; CI = 2.14–9.88) was also observed [136]. This
finding was not confirmed by Kissin and colleagues in the group of children conceived
with ICSI for male factor infertility (HR 1.23, 95%; CI = 0.92–1.64) [139]. On the other hand,
the severity of male factor does not seem to influence the cognitive development in early
childhood [140–142].

In addition to neurodevelopmental aspects, other long-term outcomes of children
conceived via ICSI due to severe male factor have been evaluated, but findings are conflict-
ing and it is difficult to evaluate the impact of NOA on these disorders [135]. Among the
large population registry studies that have examined growth and cardiometabolic factors,
there is evidence that ICSI adolescents may be at risk of increased adiposity, especially
girls [143–147]. Very recently, in male ICSI adolescents significant higher estradiol and
lower testosterone/estradiol ratio, as well as a tendency towards lower inhibin B levels,
was found [148]. Concerning reproductive outcomes in men conceived with ICSI, there is
some evidence for impaired spermatogenesis [149–151]. In fact, a Belgian study, evaluating
young men in the age interval 18–22 years, found reduced semen parameters among men
conceived with ICSI, reporting a median sperm count and total motile sperm count being
half that of their spontaneously conceived peers [151]. In addition, ICSI men showed a ten-
dency to have lower inhibin B levels and higher FSH levels compared with spontaneously
conceived peers [151].

Despite the growing number of studies, several uncertainties remain about whether
any increases in risk are due to NOA or to the ICSI procedure itself [135]. To date, the global
number of babies born as a result of ART techniques, such as ICSI, is more than 8 million
(ESHRE: https://www.eshre.eu/ 31 August 2021), therefore it should be of paramount
importance to reach to a final conclusion on safety issues. It is expected that with the
extensive use of ICSI for non-male factor, a comparison of short and long-term outcomes
between ICSI children derived from male factor versus non-male factor will elucidate the
impact of azoospermia on the descendant’s health.

6. Conclusions

Azoospermia, the most severe form of infertility, may represent a biomarker of overall
health, serving as a harbinger for higher morbidity and mortality. As reported above, certain
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chromosomal anomalies and gene defects underlying azoospermia can be responsible for a
wide spectrum of health issues beside azoospermia, including metabolic/cardiovascular
disorders, autoimmune diseases, hypogonadism, syndromic conditions and cancers. After
the exclusion of all known acquired causes and after performing routine genetic testing, the
etiology remains unknown in a substantial proportion of patients and it could be related
to yet unidentified genetic/epigenetic factors [3]). The clinical impact of discovering such
“hidden” genetic factors is important to predict not only the fertility status but also the
general health of these men. For instance, by performing a-CGH analyses, a “CNV burden”
(especially deletions) in idiopathic infertile patients have been reported by three research
groups [152–154], suggesting a higher genomic instability potentially relevant also for
general health. CNV burden together with the above listed shared monogenic factors could
be one of the many possible explanations for the higher morbidity and lower life expectancy
observed in infertile men in respect to fertile men [6,7,19,152]. Similarly to monogenic
disorders, the inheritance of an unstable genome may also have clinical consequences on
the offspring’s health.

Thanks to the diffusion of Whole Exome Sequencing (WES) in the frame of fruitful
international collaborations, the number of genes involved in NOA is rapidly
increasing [3,5,155]. Exome analysis has proven to be very efficient in diagnosing the
cause of meiotic arrest [75], with potential implications for TESE prognosis. WES allowed
the identification of many novel genes, potentially relevant also for tumorigenesis. It can
be hypothesized that inherited genetic/epigenetic factors are responsible for the increased
risk of certain neurodevelopmental disorders, as well as impaired cardiometabolic and
reproductive health profile in children conceived with ICSI from NOA fathers. In this
context, the discovery of genetic cause underlying azoospermia would allow not only to
improve the management of NOA patients, but also to predict the clinical consequences on
the offspring inheriting the certain gene defect(s) (Figure 1).

While the list of genetic defects with potential impact on general health increases, it is
important to note that apart from a few exceptions, we are still missing a direct evidence for
a clear-cut genetic link between NOA and higher morbidity, especially in terms of cancer
predisposition. Multicentre efforts are needed in order to collect long-term follow-up data
on large groups of genetically well-characterized NOA patients. Apart from the routine
karyotype and Y chromosome deletion analysis, we hope that WES analysis will become
soon part of the genetic diagnostic work-up of NOA patients allowing diagnosis, TESE
prognosis and prevention for general health.
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Abstract: Several prediction models for successful sperm retrieval (SSR) in patients with azoosper-
mia due to spermatogenic dysfunction (also termed non-obstructive azoospermia—NOA) have
been developed and published in the past years, however their resulting prediction accuracy has
never been strong enough to translate their results in the clinical practice. This notwithstanding,
the number of prediction models being proposed in this field is growing. We have reviewed the
available evidence and found that, although patients with complete AZFc deletion or a history of
cryptorchidism may have better probability of SSR compared to those with idiopathic NOA, no
clinical or laboratory marker is able to determine whether a patient with NOA should or should not
undergo microdissection testicular sperm extraction (mTESE) to have his testicular sperm retrieved.
Further research is warranted to confirm the utility of evaluating the expression of noncoding RNAs
in the seminal plasma, to individuate patients with NOA with higher probability of SSR.

Keywords: non-obstructive azoospermia; sperm retrieval; male infertility; microTESE; predic-
tion model

1. Introduction

Prediction models are widely used in the clinic to estimate the risk (or probability) of
existing disease or outcome for an individual, determined by the possible values of one
or more predictors. In the case of patients with azoospermia due to spermatogenetic dys-
function (also termed non-obstructive azoospermia—NOA), the probability of surgically
retrieving sperm from one or both testes represents the outcome that needs to be estimated.
Since the ability to predict such an outcome would allow the urologist to individuate
those patients who are suited for microdissection testicular sperm extraction (mTESE),
several prediction models have been developed to date, however their resulting prediction
accuracy was never strong enough to translate their results to the clinical practice. Few
candidate predictors have been proposed to be associated with better chances of successful
sperm retrieval (SSR), but a consensus has not been reached about them. As a result,
actually no clinical or laboratory factor may be used to counsel patients with NOA about
their chances of mTESE success.

Indeed, there are some issues that may explain these findings. The most important
one is that, in patients with NOA, the testicular parenchyma is not rarely characterized by
a highly heterogeneous distribution of histologically and functionally distinct seminiferous
tubules (STs), so that the retrieval of sperm is mostly dependent upon the skill and experi-
ence of the urologist, his/her learning curve being strictly correlated with the outcome of
mTESE [1–3], rather than upon the severity of the spermatogenic dysfunction. In addition,
the definition of SSR is not homogeneous among groups: ideally, SSR is defined as the
retrieval of an adequate number and quality of sperm for intracytoplasmic sperm injection
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(ICSI); however, at least in some cases, the difference between successful (positive outcome)
and failed sperm retrieval (negative outcome) may not always be as sharp as it should be
to avoid the risk of misclassification.

This notwithstanding, the number of prediction models being evaluated in this field is
growing. To establish whether the current knowledge about prediction of mTESE success
may justify further studies, in the present article, we will review the evidence about the
predictive ability of the clinical and laboratory factors that have been previously proposed
as candidate predictors of mTESE outcome.

2. Clinical Factors

Some prediction models of successful sperm retrieval have evaluated the predictive
ability of clinical conditions that may be involved in the etiology of NOA (Klinefelter’s
syndrome, Y chromosome microdeletions, cryptorchidism, varicocele), or may represent
putative prognostic factors of mTESE success (testicular volume).

2.1. Klinefelter Syndrome

Klinefelter syndrome (KS) is the most common chromosomal abnormality in men,
and is found in about 3–4% of infertile men and in more than 10% of azoospermic men [4].
KS men have typically small, atrophic testes and hypergonadotropic hypogonadism, with
tubular hyalinization as the prevalent histopathological pattern. Their genetic profile
is characterized in 85–90% of cases by the presence of a supernumerary X chromosome
(47, XXY karyotype), while the remaining patients show a mosaic karyotype (46, XY/47,
XXY), or rarely, a super-numerous sex chromosome [5]. Despite the severe spermatogenic
dysfunction, 8% of patients may have sperm in the ejaculate [6], while testicular sperm
may be retrieved in 20–66% of KS men by means of mTESE (see Table 1). Such a wide
range of sperm retrieval rates (SRR) may be explained by the unique testicular architecture
found in men with KS, who may have sperm in focal enlargements of otherwise sclerotic
tubules, instead of having sperm throughout a uniformly dilated tubule [7], so that only
a meticulous search within these very small testes may be successful. In addition, as
summarized in Table 1, some studies suggest that SRRs may be affected by age (younger
patients have better SRRs) or preoperative testosterone level (normal testosterone level is
associated with better SRRs).

The predictive role of KS on SSR is still debated. A neural computational model
built on 1026 men with NOA demonstrated that KS significantly predicted SSR (OR 3.07
(1.84–5.03), p < 0.001) [8]. On the other hand, a meta-analysis evaluating 117 studies
enrolling 21,404 patients showed that SSR decreased as a function of the number of KS
subjects included in the population of NOA (S = −0.02(−0.04; −0.01); p < 0.01) [9]. Still,
different surgical methods of sperm retrievals, different surgeons and embryologists’ skill
and experience, and heterogeneities in patients’ characteristics may explain such conflicting
results. Further studies should clearly provide information about patients’ ages, as well as
surgeon’s learning curve, to allow the correct interpretation of data.

2.2. Y Chromosome Microdeletions

The global prevalence of AZF microdeletions in infertile men is estimated to be 7%
(95% CL 6.74–6.79) [10]. The most frequently deleted locus in infertile men is AZFc (60–
70%), followed by AZFa (0.5–4%), AZFb (1–5%) and AZFb+c (1–3%) deletion [10]. Men
with complete AZFa and AZFb deletions are azoospermic, and sperm cannot be surgically
retrieved [11]. A study reported that 3 out of 15 patients with AZFb deletions had sperm
on mTESE [12]; however, the Authors defined the AZFb deletions using sY127 and sY134
marker, while classically, the AZFb locus is proximally defined by sY108 and distally
characterized by sY134 or sY135; therefore, a partial AZFb deletion could not be excluded
in such cases. Men with complete AZFc deletions may have sperm in the ejaculate or
be azoospermic, but with good chances of SSR: a recent review reporting the results of
32 studies found that sperm could be retrieved in 13 to 100% of cases, particularly when
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mTESE was used [11]. Thus, AZFc deletion may confer better chances of SSR to patients
with NOA.

2.3. Cryptorchidism

Cryptorchidism is considered as a reliable predictor factor of SSR in patients with
NOA. A study utilizing an artificial neural network (ANN) to model the chance of SSR
of 1026 men with NOA (770 training set, 256 test set) undergoing microTESE found that
cryptorchidism was significant to the model [OR 2.29 (1.47–3.57), p < 0.0001] [8]. Sperm
retrieval rates vary from 52.6% to 75% [12–15]. There is no consensus about the predictive
ability of age at surgery, side (unilateral vs. bilateral) or testicular volume on SRR. Ozan
and coworkers evaluated 148 patients with NOA and history of cryptorchidism undergoing
mTESE, and found that SSR did not vary with age at surgery (65.1% vs. 55.4% in patients
undergoing orchidopexy before or after 10 years of age respectively) or side (62.9% vs.
59.3% in patients, with unilateral of bilateral cryptorchidism, respectively) [13]. Okada
et al. found that only testicular volume was predictive of SSR in a cohort of 36 formerly
cryptorchid patients with NOA (OR 1.328, 95% CI 1.089–1619, p = 0.045) [14], while Cayan
and collaborators evaluated a cohort of 327 azoospermic men with previous cryptorchidism,
and found that SRR was higher in patients with total testicular volume > 13.75 mL (65.3%
vs. 45.5%, p = 0.001), serum testosterone > 300.5 ng/dL (65.9% vs. 40.5%), serum FSH
level > 17.25 mIU/mL (72.7% vs. 44.3%, p < 0.0001), and age at surgery < 9.5 years (70.8%
vs. 42.1%, p < 0.0001) [15]. Well designed, multicentric studies are warranted to clarify the
impact of age at surgery on the chances of SSR of formerly cryptorchid patients with NOA.

2.4. Varicocele

Varicocele is found in 5–10% of men with NOA [16]. Although several pathophysio-
logical hypotheses have been proposed about the link between varicocele and NOA, no
definite conclusions can be drawn [17]. Despite this, varicocele repair has been proposed
to be beneficial in patients with NOA: a meta-analysis evaluating 16 studies for a total
cohort of 344 azoospermic men who had undergone varicocele repair reported that 43.9%
(151/344) of them had sperm in the ejaculate (sperm count was 1.82 ± 1.58 million/mL
(95% CI: 0.98–2.77 millions/mL), sperm motility was 22.9% ± 15.5% (95% CI: 12.5–33.2%)
4.5 to 11 months after surgery; testicular biopsies were obtained in 8 out of 16 studies,
histopathology demonstrating that the chance of having sperm in the ejaculate was signifi-
cantly higher in patients with hypospermatogenesis (HS) compared to maturation arrest
(MA) (OR: 2.35; 95% CI: 1.04–5.29; p = 0.04), and to Sertoli cell only syndrome (SCO) (OR:
12.0; 95% CI: 4.34–33.17; p < 0.001) [18]. However, since positive changes in the semen
parameters following varicocele repair may not last forever, sperm cryopreservation is
recommended [17]. The same meta-analysis reports the results of three studies evaluating
the SRR in patients with varicocele, which was significantly greater in men with prior
varicocele repair, compared to untreated patients (OR 2.65, 95% CI 1.69–4.14). Still, such
studies were not devoid of selection bias. On the other hand, Schlegel and Kaufmann
evaluated 138 patients with NOA and varicocele, 68 with a prior varicocelectomy, and 70
who did not undergo surgery: SRR was comparable in both groups (41/68 (60%) vs. 42/70
(60%), and did not vary with histopathological subcategories (26 vs. 38% in SCO, 53 vs.
47% in MA, and 96 vs. 96% in HS in patients with prior varicocelectomy or no treatment,
respectively) [19]. Similarly, a study evaluating 860 patients with NOA, of whom 169 had
prior history of varicocele repair, by means of a predictive model with varicocelectomy,
age, prior sperm retrieval, testis volume, FSH, LH, testosterone level and diagnosis of KS
as candidate predictors (all found to be predictive of SSR in univariate logistic regression),
found that prior varicocelectomy was not predictive of SSR in multivariate logistic regres-
sion [20]. Given the conflicting results as above, well-designed randomized clinical trials
are warranted to clarify whether varicocele repair may help in the management of patients
with NOA.
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2.5. Testis Volume

Since seminiferous tubules contribute to approximately 80% of testis volume, this
clinical parameter has been classically correlated with spermatogenesis. Indeed, a large
sample size study (2.672 patients) demonstrated that testis volume correlates with sperm
parameters and serum gonadotrophins levels [21], and men with testicular long axis 4.6 cm
or less have been found to be more likely to have azoospermia, due to spermatogenic
dysfunction [22]. Nevertheless, the correlation between testis volume and SSR in mTESE
is not as intuitive as one would expect. On one hand, sperm may be retrieved even in
patients with testis volume lower than 2 mL, with SRR being comparable to that of patients
with larger testes (sample size = 1127 patients) [23]; on the other hand, patients with NOA
due to early maturation arrest usually display normal testis volume, but have the worst
chance of sperm retrieval [24].

Still, a meta-analysis evaluating 117 studies enrolling 21,404 patients found that testis
volume significantly predicted SRR, specifically a mean volume higher than 12.5 mL
predicted a SRR > 60%, with an accuracy of 86.2 ± 0.01% (p < 0.0001) and a specificity and
sensitivity of 73% and 74% respectively; notably, the study design of the studies included
in the analysis was heterogeneous with regard to patients’ clinical characteristics and the
surgical procedure applied (cTESE or mTESE) [9]. Indeed, a meta-analysis that included
only studies evaluating patients with NOA who had undergone mTESE (5 studies with a
total of 1764 cases) found that testis volume had limited value in predicting positive sperm
retrieval in patients with NOA (AUC 0.63), mostly due to low specificity (sensitivity 80%,
95% CI: 0.78–0.83, specificity 35%, 95% CI: 0.32–0.39) [25]. It may be concluded, therefore,
that patients with NOA with small testes should not be discouraged from attempting
mTESE in the hand of skilled urologists.

Table 1. Comparison of sperm retrieval rates in patients with NOA with normal karyotype or Klinefelter syndrome.

Author Sample Size Sperm Retrieval Rate Predictive Factors

Ramasamy 2009 [26] 68 KS undergoing 91 mTESE 66%
Younger age associated with higher

SRRs; normal T levels associated with
better SRR (86%)

Bakircioglu 2011 [27] 106 KS vs. 379 nkNOA 47% in KS and 50% in nkNOA

Sabbaghian 2014 [28] 134 KS, 537 nkNOA 28.4 in KS, 22.2% in nkNOA T level significantly higher in patients
with successful sperm retrieval

Rohayem J 2015 [29] 50 adolescent KS (13–19 years)
and 85 adult KS (20–61 years) 45% in adolescent vs. 31% in adults. LH < 17.5 and T > 7.5 nmol/L

associated with the best SRR (54%)

Donker 2017 [30] 176 KS, 1423 nkNOA 28% in KS, 60% in nkNOA

Ozer 2018 [31] 110 KS 20%

Kizilcan 2019 [20] 81 KS, 231 nkNOA 19.7% in KS, 36.8% nkNOA (p = 0.006)

Chen 2019 [32] 66 KS, 529 nkNOA 45% in KS, 44.9% in nkNOA

Huang 2020 [33] 66 KS 36.4%

Guo F 2020 [34] 184 KS 43.5% Preoperative T levels affected the SRR;
134 out of 184 patients received hCG

Zhang 2021 [35] 284 KS, 485 nkNOA 44.7 in KS, 46.8% in nkNOA

Kocamanoglu F 2021 [36] 121 KS vs. 178 nkNOA 38% vs. 55.6% (p = 0.012) in KS and
nkNOA respectively

hCG, human chorionic gonadotropin, nkNOA, patients with NOA with normal karyotype, KS, patients with Klinefelter syndrome, SRR,
sperm retrieval rate, T, serum testosterone level.

3. Hormonal Parameters

Follicle-stimulating hormone (FSH) and testosterone (T) are both required to promote
full spermatogenesis; in addition, their serum levels reflect both the pituitary and testicular
function in physiological and pathological conditions. Indeed, the measurement of FSH
and T serum levels represents the minimal initial hormonal evaluation of the azoospermic
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men, to distinguish between primary and secondary testicular failure [37]. Their role as
predictors of spermatogenesis in patients with NOA is, however, questionable.

3.1. Follicle-Stimulating Hormone (FSH)

Elevated serum FSH levels are usually found in patients with non-obstructive azoosper-
mia; however, a normal or near-normal serum FSH concentration does not always guar-
antee normal spermatogenesis [37]. Indeed, patients with NOA due to early maturation
arrest may have low normal serum FSH level, despite having the worst chance of sperm
retrieval [24]. The poor predictive ability of FSH on the chance of sperm retrieval was
shown by a study on 792 men undergoing mTESE, which provided the counterintuitive
demonstration that higher FSH levels were associated with greater chances of SSR [38]; a
neural computational model built on 1026 men with NOA confirmed that relying on serum
FSH level to counsel patients with NOA is no more accurate than flipping a coin [8]. Other
studies challenged these results, but their sample size was not large enough to detect a
true association.

Since FSH level correlates with the number of spermatogonia and, to a lesser extent,
primary spermatocytes [39], relying on its serum levels to counsel patients with NOA about
their probability of SSR may be misleading: patients with MA and HS, as well as those with
SCO with or without foci of hypospermatogenesis (focal SCO), may have comparable FSH
levels, but their probability of SSR differs significantly. Indeed, a prediction model built on
a development (N = 558) and a validation set (N = 695) of patients with NOA demonstrated
that serum FSH level is unable to predict histopathological subcategories such as MA and
focal SCO, and has low sensitivity (40.9%) and specificity (46.8%) in predicting HS and
SCO, respectively [40]. These data reinforce older data against the use of basal FSH level
as a predictor of SSR in patients with NOA, and should discourage further evaluation of
serum FSH as marker of residual spermatogenesis in these patients.

3.2. Testosterone

Testosterone (T) signaling is required for spermatogenesis to proceed beyond meiosis.
Consequently, it has been postulated that patients with hypogonadism (serum T < 300 ng/dL)
may have lower chances of SSR compared to patients with normal serum T levels. Indeed,
a pooled estimate of six studies evaluating 2029 patients with NOA undergoing mTESE
demonstrated that patients with normal T levels had a significantly higher chance of SSR
compared to those with subnormal T levels (OR 1.63, 95% CI 1.08–2.45, p = 0.02) [41]. How-
ever, the available evidence has provided conflicting results. Reifsnyder et al. evaluated 736
men undergoing mTESE; 348 (47.3%) with baseline T level < 300 ng/dL and 388 (53%) with
baseline testosterone levels greater than 300 ng/dL. Among patients with hypogonadism,
88% received hormonal treatment. SRR did not vary among men with low vs. normal base-
line T levels; yet, the mean presurgical T level was normal in patients with previous low
baseline T levels as the effect of hormonal treatment. Moreover, 18% of patients receiving
hormonal treatment did not respond to treatment, but their SRR was comparable to that of
responders to treatment [42]. Enatsu et al. evaluated 329 patients, of whom 65 had KS, and
found that serum T levels did not differ among men with SSR (97) and SRF (232) (420 + 180
vs. 430 + 190 ng/dL; p = 0.42) [43]. Althakafi et al. evaluated 421 patients, of whom 181
had low baseline T levels, and found no difference in SRR between those with normal and
low T levels (SRR 38.6% vs. 40.3%, p = 0.718). Fifty patients received hormonal treatment
with clomiphene citrate (CC) or human chorionic gonadotropin (hCG) due to subnormal T
levels: their SRR was comparable to that of patients with normal baseline T levels (36% vs.
38%, p = 0.736) [44]. Kizilkan et al. evaluated 860 patients and found that T levels were
predictive of SSR in univariate, but not in multivariate, logistic regression [20]. On the other
hand, Mehmood et al. and Çayan et al., evaluating 264 and 327 patients respectively, found
that SRR was significantly lower in men with low baseline T levels compared to those
with normal baseline T levels (40.6 vs. 57.25, p = 0.0068, and 40.5% vs. 65.9%, p < 0.0001
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respectively) [15,45]. Accumulating evidence suggests that higher baseline T levels may be
associated with a higher probability of SSR in men with KS [26,34].

It has been suggested that intratesticular testosterone (ITT) measurement could repre-
sent a more reliable way of assessing the role of testosterone on the probability of SSR in men
with NOA. Due to the inherent risks of performing testicular aspiration to obtain a direct
assessment of ITT level, a measurement of the circulating levels of 17-hydroxyprogesterone
(17OHP) has been proposed as an indirect biomarker of ITT levels, since 17 OHP is likely
to be of testicular and not adrenal origin in men. Indeed, serum 17 OHP levels were found
to be undetectable in men receiving exogenous testosterone replacement therapy, and to
increase after CC and hCG treatment [46]. Studies evaluating the predictive ability of
serum 17 OHP on the probability of SSR in patients with NOA are needed to provide
evidence in support or against such a hypothesis.

4. Testis Histology

There is great consensus about the close relationship between different histopatho-
logical categories and mTESE outcome: patients with SCO have the lowest probability of
SSR (22.5–41%), while patients with HS have the best chances of sperm retrieval (73–100%),
and patients with late MA have better prognosis (SRR 27–86%) compared to those with
early MA (SRR 27–40%) [47]. Indeed, a meta-analysis evaluating 19 articles showed that
HS predicted SSR (pooled diagnostic odds ratio (DOR) 16.49, 95% CI: 9.63–28.23) with a
sensitivity of 30% and specificity of 98%, AUC 0.6758; SCO had a negative predictive ability
on SSR (AUC 0.27), while MA had a poor predictive accuracy (AUC 0.55) [25].

To obtain a realistic picture of the severity of spermatogenic dysfunction, the testicular
specimen sent to the pathologist should be representative of the overall appearance of the
testicular parenchyma. However, it is not uncommon for men with NOA to have more
than one histopathological report. Very recently, Punjani et al. demonstrated that these
patients may display up to four distinct histopathological subcategories, the increasing
histopathological variety being associated with a higher probability of SSR (SRR was 33%
in men with one histopathological subtype, compared to 94% in men with 4 subtypes) [48].

Testis histology has been found to be predictive of SRR also in men undergoing salvage
mTESE after a failed surgical attempt. Despite previous surgery possibly harming the
blood supply of the testis with a potential risk of testicular tissue damage, Tsujimura [49]
and Kalsi et al. [50] found comparable SRRs in patients undergoing salvage mTESE after
failed cTESE stratified according to testis histology (39% and 40% in SCO, 41.7% and 36%
in MA, and 100% and 75% in HS, respectively). Data from Xu et al. [51] confirmed that HS
associates with high SRR (85%) even in patients with previous sperm retrieval attempts, but
found lower SRR in patients with SCO (5.5%) and MA (25%) compared to previous reports.
Very recently, our group found that early and late MA were associated with the lowest
probability of SSR (8.7 and 11.1%, respectively), while sperm was retrieved in 85% of men
with HS; SRRs in patients with SCO differed significantly according to the presence (focal
SCO) or not (complete SCO) of residual areas of HS (SRR 100% vs. 24.4%, respectively) [52].

The obvious limit of testis histology is that it may be obtained only after surgery,
therefore it may be used to counsel patients about the probability of having their testicular
sperm retrieved in further surgical attempts. In occasional situations, however, testicular
histology may be available when a diagnostic testicular biopsy has been done prior to
microTESE, and there may be of help in the counselling of patients with NOA.

5. Molecular Markers Expression in the Seminal Plasma

Given the limited accuracy of hormonal and clinical parameters in predicting the
probability of SSR in patients with NOA prior to surgery, researchers have sought to
evaluate the feasibility of using the expression of some molecular markers in the seminal
plasma as markers of residual spermatogenesis in such patients.

The evaluation of germ cell-specific mRNAs as predictors of SSR in patients with
NOA has brought conflicting results. Following the demonstration that the testicular
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expression of ESX1, an X-linked homeobox gene, was restricted to germ cells, particularly
the spermatogonia/preleptotene spermatocytes and round spermatids, and correlated
with SSR [53], a group of researchers found that the seminal plasma levels of ESXI were
significantly lower in men with NOA compared to normozoospermic subjects (p < 0.0001),
and predicted SSR in men with NOA with a sensitivity of 84%, but with a specificity
of 28% [54]. However, in a further study, the seminal plasma of ESXI was found to be
comparable among men with NOA and normozoospermic men [55]; on the other hand, the
seminal plasma levels of protamine-1 (PRM1) were found to predict SSR with a sensitivity
of 89%, and a specificity of 90%. In another study, however, seminal plasma of PRM1,
together with PRM2, DAZ and AKAP4, although being undetectable in patients with SCO,
could not predict SSR [56]. Finally, several studies have evaluated the predictive ability
of seminal DDX4 mRNA expression on SSR, but again, with conflicting results [reviewed
in [57].

Seminal plasma also contains high concentrations of extracellular vesicles that are
consistent with exosomes, which originate from the male reproductive tract, and con-
tain coding and noncoding RNAs that vary according to their origin, enabling them to
(hypothetically) reflect the pathophysiological conditions of the organ of origin. Some
microRNAs (miRNAs) have been found to be preferentially expressed and localized to
spermatocytes and spermatids (miR-34b/c and miR-449) or late-stage male germ cells
(miR-122), and to be differentially expressed in testis biopsies of patients with and without
elongated spermatids (miR-449a, miR-34c-5p and miR-122) [58]. A study evaluated the
expression of exosomal miRNAs in the seminal plasma of infertile men with NOA or
obstructive azoospermia, demonstrating that three miRNAs, miR-31-5p, miR-539-5p and
miR-941, were downregulated in patients with obstructive azoospermia compared to men
with NOA. The further evaluation of 12 patients with NOA with (N = 8) or without (N = 4)
SSR showed that the association of the expression values of miR-539-5p and the miR-941
was predictive of SSR [59]. However, due to the very small sample size of such a study,
further studies are warranted to provide conclusive results. Indeed, another study found
that miR-539-5p was not predictive of SSR, nor could it discriminate normozoospermic,
oligozoospermic, and azoospermic men from each other [60].

Long noncoding RNAs (lncRNAs) have been found to play a critical role in sper-
matogenesis: specifically, they have been implicated in regulating protein-coding genes
at the epigenetic level, and it has been speculated that these germ-specific lncRNAs may
be involved in epigenetic regulation during spermatogenesis [61]. Many of them dis-
play restricted expression in the testis, thus enabling their use as noninvasive biomarkers
of spermatogenesis in men with NOA. A recent study investigated the predictive abil-
ity of extracellular vesicle long noncoding RNAs (exlncRNAs) in patients with NOA:
after having selected 16 exlncRNAs on the basis of their different expression in normo-
zoospermic and azoospermic patients, the Authors evaluated their diagnostic accuracy in
predicting SSR in 30 patients with NOA who had (N = 18) or not (N = 12) their testicular
sperm retrieved by mTESE. The Authors built a prediction model based on 9 exlncR-
NAs (LOC100505685, SPATA42, CCDC37-DT, GABRG3-AS1, LOC440934, LOC101929088,
LOC101929088, LINC00343 and LINC00301) and found that it predicted the probability of
SSR with a sensitivity of 88.9% and a specificity of 100%, AUC 0.986. The model was then
validated on 66 patients with NOA, with a resulting AUC of 0.960 [60]. Further studies
are, however, warranted to validate the findings of the present study, and to confirm or
challenge the predictive ability of other molecular markers expressed in the seminal plasma.

6. Conclusions

The available evidence suggests that no patient with NOA should be discouraged
from attempting mTESE, based on the clinical and laboratory parameters that have been
tested to date as candidate predictors of SSR. Azoospermic men with complete AZFc
deletions and history of cryptorchidism may have better chances of SSR compared to those
with idiopathic NOA, while the predictive role of KS on SSR is still debated. While serum
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FSH level and testis volume are hardly informative about the presence of residual foci of
spermatogenesis in patients with NOA, it could be interesting to assess the predictive role
of markers of intratesticular testosterone level (such as serum 17 OHP) on SSR. Future
studies are also required to evaluate the feasibility of molecular markers in the seminal
plasma, particularly non-coding RNAs, as markers of residual spermatogenesis in patients
with NOA.
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Abstract: Hormonal stimulation of spermatogenesis prior to surgery has been tested by some authors
to maximize the sperm retrieval yield in patients with nonobstructive azoospermia. Although
the rationale of such an approach is theoretically sound, studies have provided conflicting results,
and there are unmet questions that need to be addressed. In the present narrative review, we reviewed
the current knowledge about the hormonal control of spermatogenesis, the relationship between
presurgical serum hormones levels and sperm retrieval rates, and the results of studies investigating
the effect of hormonal treatments prior to microdissection testicular sperm extraction. We pooled
the available data about sperm retrieval rate in patients with low vs. normal testosterone levels,
and found that patients with normal testosterone levels had a significantly higher chance of successful
sperm retrieval compared to those with subnormal T levels (OR 1.63, 95% CI 1.08–2.45, p = 0.02).
These data suggest that hormonal treatment may be justified in patients with hypogonadism; on
the other hand, the available evidence is insufficient to recommend hormonal therapy as standard
clinical practice to improve the sperm retrieval rate in patients with nonobstructive azoospermia.

Keywords: nonobstructive azoospermia; micro-TESE; FSH treatment; hormonal treatment; testos-
terone level

1. Introduction

Azoospermia, defined as the absence of sperm in the ejaculate, affects about 10–15% of
infertile men, and in about two-third of cases is due to severe spermatogenic dysfunction [1]:
such a clinical condition is termed nonobstructive azoospermia (NOA) to differentiate it
from the less severe (in terms of spermatogenesis impairment) form of azoospermia due
to obstruction of the seminal tract. Men with NOA may still have residual focal areas
of spermatogenesis that could enable them to father children genetically of their own
if mature sperm are surgically retrieved and used for intracytoplasmic sperm injection
(ICSI): however, sperm retrieval is successful in up to 58% of cases, even when the most
effective surgical technique, namely, microdissection testicular sperm extraction (micro-
TESE), is used [2]. Among the strategies sought to maximize the sperm retrieval yield,
hormonal stimulation of spermatogenesis prior to surgery has been tested by several
authors. Although the rationale of such an approach is theoretically sound, studies in the
field have provided conflicting results, so that the beneficial effect of hormonal optimization
of spermatogenesis is yet to be demonstrated. The present narrative review is intended
to discuss the evidence in the field and to offer some points for reflection for further
studies. To provide unbiased results and avoid the possible impact of less effective surgical
procedure on the sperm retrieval rates, only studies evaluating patients undergoing the
gold-standard surgical technique for sperm retrieval (micro-TESE) [2] have been included
in the present review.
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2. Hormonal Control of Spermatogenesis

The role of follicle-stimulating hormone (FSH) in the modulation of spermatogenesis
has been a matter of debate since a study on five men with inactivating mutation of the FSH
receptor (FSHR) gene showed that none was azoospermic and that two had children [3].
This finding prompted some researchers to hypothesize that FSH was not necessary for
spermatogenesis, but the finding that men with inactivating mutations in FSH beta subunit
were completely azoospermic [4] challenged that hypothesis. Further studies clarified that
the mutant FSHR is not completely inactive [5], so that a residual FSH action could be able
to promote spermatogenesis and that mutations in the FSH gene are more severe than
those of the FSHR [6].

Studies in mice lacking FSH (FSHKO) or FSHR (FSHRKO) clearly demonstrated
that FSH is required to increase the number of spermatogonia and spermatocytes [7] and
that FSH treatment was found to increase spermatogonial and spermatocyte number in
hypophysectomized or gonadotropin-releasing hormone (GnRH)-immunized adult rats [8].
FSH acts also as a survival factor for spermatogonia, since acute FSH suppression induces
spermatogonial apoptosis [9] and is required to stimulate the prenatal and prepubertal
proliferation of Sertoli cell, an effect which is totally independent from luteinizing hormone
(LH) action, as demonstrated in hypogonadal LH receptor null mice [10], as well as
from testosterone action, as demonstrated in mice lacking Sertoli cell androgen receptor
(SCARKO) and FSHR, which had a Sertoli cell number comparable to that of FSHRKO
mice [7]. In the absence of FSH or FSHR, the Sertoli cell number is decreased by about
30–45% in comparison to normal testicular development: since the Sertoli cell is able
to support a certain number of germ cells, the number of Sertoli cells determines the
quantity of sperm produced. This may explain why FSHRKO mice present with complete
spermatogenesis, but the amount of germ cells is lower than in wild-type animals [7].

Studies in men with congenital hypogonadotropic hypogonadism suggest that pre-
treatment with FSH alone prior to combined gonadotropin treatment enhances spermato-
genesis [11]. However, FSH alone is not able to promote spermatogenesis beyond the
pachytene spermatocytes: a recent study on SCARKO mice demonstrated that Sertoli
cell androgen receptor (AR) signaling is required for the survival of meiotic prophase
spermatocytes, since SCARKO mice exhibited loss of meiotic germ cells and failure of
surviving spermatocytes to progress. Early meiotic prophase events are not dependent
upon androgen signaling, therefore, chromosome synapsis and recombination occurred
normally in surviving spermatocytes that entered meiotic prophase; however, SCARKO
pachytene spermatocytes were found to acquire aberrant transcriptomic attributes (lep-
totene or zygotene transcriptome state) and failed to progress to subsequent transcriptomic
signatures [12].

FSH alone has been also found to maintain spermatogenesis independently from
testosterone; this is the case of transgenic male mice with activating FSHR mutation
that enabled strong FSH activation (cAMP response > 10-fold above basal). Use of the
antiandrogen flutamide to interfere the binding of androgens to the AR had no effect on
spermatogenesis [13].

In normal conditions, however, testosterone signaling is required for spermatogenesis
to proceed beyond meiosis. Testosterone signaling contributes also to maintaining tight
junctions between adjacent Sertoli cells (essential for the blood-testis barrier) and a special-
ized environment for germ cells, mainly through its modulation of micro-RNAs that target
genes essential for cell junction restructuring and Sertoli-germ cell adhesion. The absence
of T results in disruption of blood–testis barrier, premature detachment of developing
spermatid germ cells from Sertoli cells, and block of the release of mature spermatozoa
from Sertoli cells, with consequent germ cells phagocytosis by Sertoli cells [14].

Testosterone (T) is produced by Leydig cells in response to LH, and mediates its effects
by the AR expressed by the Sertoli cells via classical and nonclassical pathways. In the clas-
sical (genomic) pathway, T diffuses through the plasma membrane and interacts with AR
and the complex T/AR translocates to the nucleus to bind to androgen response elements
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(AREs) in gene promoter regions and regulates gene transcription, while in the nonclas-
sical (nongenomic) pathway, T/AR rapidly phosphorylates the SRC kinase, resulting in
the stimulation of the epithelial growth factor (EGF) receptor and the fast (within 1 min)
activation of MAP-kinase cascade and the CREB transcription factor, with a resulting sus-
tained (for at least 12 h) increased protein phosphorylation and long-term gene expression
changes that are mediated by increased kinase activity [15]. Both pathways are essential
for spermatogenesis: a study performed on testis explants of male Sprague Dawley rats
containing intact seminiferous tubules and accompanying interstitial cells, using inhibitors
to specifically block each pathway in vitro, demonstrated that both pathways are able
to activate transcription of the Sertoli cell-specific Rhox5 mRNA, which is dramatically
upregulated in the presence of T in vivo, and that activation of either T signaling pathway
in Sertoli cells can differentially modulate germ cells gene expression [15].

It has been classically demonstrated that intratesticular testosterone (ITT) concentra-
tion are much higher (50–100-fold) than circulating levels, however, spermatogenesis may
be maintained by very low ITT concentration: mice with inactivation of the LH receptor
(LuRKO mice) had intact spermatogenesis despite very low ITT levels (2% of control level),
but administration of the antiandrogen flutamide halted sperm maturation at the round
spermatid stage [16]. In addition, a more recent study demonstrated that spermatogenesis
in LuRKO mice could be normalized with exogenous testosterone that achieved a serum T
concentration comparable to that of WT mice, but an ITT level less than 1.5% of the WT
concentration [17]. The relationship between serum and intratesticular T levels is, therefore,
far to have been clearly established, so that further studies are needed.

It has been proposed that testosterone alone could induce complete spermatogenesis
without the need of FSH action; indeed, subcutaneous testosterone supplementation in
male mice with hypogonadotropic hypogonadism due to Kiss1 knockout was able to
restore serum and intratesticular testosterone levels, promote testicular descent, and induce
complete spermatogenesis from spermatocytes to elongated spermatids, but the resultant
testicular weight reached only 40% of wild-type controls, similarly to what was found in
hypogonadal or GnRH KO mice treated with testosterone supplementation. [18]. Such a
quantitative deficit of spermatogenesis is likely to be due to the lack of FSH.

Both FSH and testosterone are, therefore, required to promote full spermatogenesis; in
addition, both hormones have synergistic effects upon spermatogenesis. FSH regulates
transcripts required for normal testicular function, including StAR gene, which is essential
for steroid synthesis [14], and stimulates the Sertoli cell production of androgen binding
globulin, which helps maintain a high T concentration within the testes. On the other
hand, testosterone is thought to modulate the oligosaccharide complexity of pituitary
FSH; castration induces changes in the oligosaccharide composition of pituitary FSH both
in prepubertal and adult animals, and administration of flutamide, able to interfere the
binding of androgens to the AR both peripherally and at hypothalamic-pituitary level,
lead to a predominance of circulating FSH glycosylation variants bearing incomplete
oligosaccharides [19]. Administration of testosterone enanthate to pubertal patients does
not modify the serum FSH levels, but lead to a significant increase in the proportion of FSH
bearing complex oligosaccharides [20].

3. Relationship between Serum Hormones Levels and Sperm Retrieval

It has been clearly established that preoperative FSH levels are poorly or not predictive
of successful sperm retrieval in men with NOA undergoing micro-TESE [21,22]. FSH serum
levels are usually high in men with NOA, and although lower levels can be found in those
patients who may theoretically benefit from hormonal treatment, such as those with
testis histology revealing hypospermatogenesis (HYPO) or maturation arrest (MA) [23],
they cannot be used to reliably predict these conditions before surgery [24]. Lower FSH
levels are not always predictive of intact spermatogenesis in patients with NOA; on the
contrary, micro-TESE has been found to be more successful in patients with higher serum
FSH (>15 mIU/mL) compared to those with lower serum FSH [25], and in the subset of
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NOA patients with MA, normal serum FSH level was associated with the lowest chance
of sperm retrieval [26]. Since basal FSH serum level is not related to spermatogenesis
nor to the chance of retrieving sperm in patients with NOA, it is unlikely that it may be
used to predict which patient with NOA could respond to hormonal treatment. High or
very high FSH serum levels should not prevent the use of exogenous FSH to stimulate
spermatogenesis; although it has been classically demonstrated that such a condition
could induce desensitization of the Sertoli cell signaling [27], a more recent in vitro study
using KK-1 mouse granulosa cells demonstrated that FSH receptor recycling promotes
the maintenance of cell surface receptors and preserves hormonal responsiveness during
exogenous FSH stimulation [28].

The situation is quite different for the predictive role of serum T on the chances of
sperm retrieval, since studies in the field have reported conflicting results. We were able
to individuate 14 studies [29–42] who clearly reported the relationship between serum T
levels and sperm retrieval rates (SRR) (Table 1). Studies differed for study design, inclusion
criteria, and patients’ characteristics. Some studies were designed to compare the SRRs
of conventional TESE vs. micro-TESE, while others were sought to assess presurgical
markers of sperm retrieval. In 8 out of 14 studies, the cohorts included patients with
Klinefelter syndrome (KS) (1.7–36.2% of the total sample), who have been found to have
better chances of successful sperm retrieval (SSR) when their presurgical T levels are
normal [43,44]. In 3 studies, patients received presurgical hormonal treatment (hCG,
clomiphene citrate—CC, or aromatase inhibitors—AI), while in other 3, no treatment was
used; in the remainders, it is not clear whether patients received any hormonal treatment
before micro-TESE.

Seven studies included patients with subnormal presurgical T levels, and six of
them [34,37,38,40–42] provided the sperm retrieval rates in patients with low vs. normal
T levels. We pooled these latter data to compute the resulting odds ratio (OR), using
random-effects models to comply with the high heterogeneity in study design, as detected
by I2 and by Cochran’s Q. Computations and forest plot were obtained using Review
Manager (RevMan, Version 5.3. Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration, 2014). The pooled estimate, as displayed in Figure 1, showed that patients
with normal T levels had a significantly higher chance of SSR compared to those with
subnormal T levels (OR 1.63, 95% CI 1.08–2.45, p = 0.02). Notably, in the study with the
largest sample size included in the analysis [34], 88% of patients with low T received
hormonal treatment, but their post-treatment T levels remained still below the normal cut-
off level of 300 ng/dL. However, as illustrated in the previous paragraph, the relationship
between serum and intratesticular T levels needs to be fully clarified.

Figure 1. Pooled estimation of the sperm retrieval rate in patients with subnormal vs. normal testosterone level.
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Table 1. Testosterone level and sperm retrieval in patients with nonobstructive azoospermia (NOA) undergoing microdis-
section testicular sperm extraction (micro-TESE).

Study
Patients

Characteristics
KS Subnormal T Levels Main Results

Hormonal
Treatment

[29] 74 patients
SRR 44.4%

Yes (11/74;
14.8%) Not shown

No relationship was found between serum T levels
and SSR.

Data about T serum level in patients with SSR and SRF are
not provided

NS

[30] 100 patients
SRR 41% No Not shown

T was significantly higher in men with SSR than in those
with SRF (410 ± 170 vs. 320 ± 110 ng/dL. p = 0.0036). On
multivariate logistic regression. T was predictive of SSR
(OR 1.57; 95% CI 1.02–2.42; p = 0.042). Patients with SRF
had also significantly higher FSH level and smaller testis

size compared to those with SSR

NS

[31] 100 patients SRR
41% No Not shown

T predicted SSR at univariate logistic analysis (p = 0.0008)
but not at multivariate logistic analysis.

Data about T serum level in patients with SSR and SRF are
not provided

NS

[32]

56 patients with
previous failed

TESA/TESE
SRR 57%

Yes (1/56;
1.7%)

13 patients (23%)
with T < 280 ng/dL

T was significantly higher in patients with SSR (32)
compared to those with SRF (24) (458.3 ± 254.2 vs. 378.5 ±

257.3; p = 0.021).
NS

[33] 65 patients.
SRR 56.9% No Not shown

T levels did not affect SSR (OR 1.06; 95% CI 0.84–1.33; p =
0.64). Data about T serum level in patients with SSR and

SRF are not provided
NS

[34] 736 patients
SRR 54.4%

Yes
(88/736;

12%)

348 patients (47%)
had low T levels

(<300 ng/dL) before
hormonal treatment.

Post-treatment T
levels are not

provided

SRR was 52% of patients with low T vs. 56% of patients
with normal T (p = 0.29).

No difference in terms of SSR in patients with low basal T
who did or did not receive hormonal treatment

post-treatment T levels are not displayed.

Yes (307/348
patients with
low basal T

levels)

[35] 191 patients
SRR 54.5%

Yes (7/191;
3%) Not shown

Testosterone level was significantly higher in men with
SSR compared to those with SRF (468 ± 263 vs. 367 ± 258;

p = 0.023). The testosterone serum cut-off-level of 400
ng/mL significantly predicted SSR with a sensitivity of

55.2 and a specificity of 60%. AUC 0.648

NS

[36] 329 patients
SRR 29.5%

Yes
(65/329;
19.7%)

Not shown T levels did not differ among men with SSR (97) and SRF
(232) (420 ± 180 vs. 430 ± 190 ng/dL; p = 0.42) NS

[37] 421 patients
SSR 39.4%

Yes
(13/431;

3%)

181 patients (43%)
had low T (≤9.9

nmol/L).

SRR did not differ in patients with low T (40.3%) compared
to those with normal T (38.6%) (p = 0.718); Mean serum T

was 11.51 ± 7.40 nmol/L in patients with SSR and 11.67 ±
6.42 nmol/L in patients with SRF

SRR did not differ between patients with normal T vs.
untreated low T (42%. p = 0.526) and normal vs. pretreated
low T normalized with hormonal treatment (36%; p = 0.736)

Yes (50/421)

[38] 143 patients
SRR 55.2%

Yes (6/143;
4.1%)

13 patients (9%) had
low T (300 ng/dL)

Testosterone serum level was significantly lower in
patients with SRF compared to those with SSR (380 vs. 422

ng/dL; p = 0.007).
Sperm retrieval was 23% in patients with low T and 58% in

those with normal T (p = 0.014). However. T was not
predictive of SSR in multivariate logistic analysis.

No

[39] 860 patients
SSR 45.8%

Yes
(312/860;

36.2%)
Not shown Testosterone level was predictive of SSR in univariate but

not in multivariate logistic regression
Yes

(54/860)

[40]

264 patients
89 (33.9%) had

previous surgery
SRR 48.86%

NS 133 with low T (<10
nmol/L = 288 ng/dL) SSR was 40.6 in low T vs. 57.25 in normal T (p = 0.0068) No

[41]

327 patients with
history of

cryptorchidism
SSR 52.6%

No
148 (45.2%) patients

had low T (<300
ng/dL)

SSR was 40.5% in low T and 65.9% in normal T (p < 0.0001). No

[42]
155 patients with
idiopathic NOA

SSR 20%
No 74 patients (48%) had

T < 9.9 nmol/L. SSR was 17.6 in low T and 22.2 in normal T (p = NS) NS

AUC, Area under curve; KS, Klinefelter syndrome; NS, not specified; SRR, sperm retrieval rate; SSR, successful sperm retrieval; SRF, sperm
retrieval failure; T, testosterone.
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This is the reason why it has been suggested that ITT measurement, more than serum
T level assay, could add to the evaluation of patients with NOA. Testicle aspiration is not
always feasible and advisable, due to the possible inherent risks of such a procedure (pain,
bleeding, infection, and testis injury), so that attempts have been made to individuate
serum biomarker able to identify men with insufficient ITT and to serve for ITT levels moni-
toring following hormonal treatment. Since most of the circulating 17-hydroxyprogesterone
(17OH-P) in men is likely of testicular and not adrenal origin, as demonstrated in orchiec-
tomized men [45], it has been postulated that serum 17 OHP may reflect the ITT levels.
Unfortunately, only a few studies tried to address this issue. Amory and coworkers evalu-
ated 29 healthy men who received testosterone enanthate to suppress endogenous secretion
before being randomly assigned to three hCG doses (125, 250, or 500 IU every other day
for 3 weeks) or placebo. ITT levels were assessed by fine needle aspiration of testicular
fluid; serum 17 OHP did not correlate with ITT at baseline, but following hCG treatment, a
strong relationship between ITT and 17 OHP was found in men who received 250 or 500 IU
hCG [46]. Very recently, Lima et al. evaluated the serum 17 OHP levels in 30 men receiving
CC and/or hCG, 21 men under exogenous testosterone replacement therapy, and 42 fertile
men with normal serum testosterone; despite serum T level was in the normal range in
all men, serum 17-OHP was undetectable in men who received exogenous testosterone
replacement therapy compared to the other two groups, and increased after CC and hCG
treatment [47].

A possible role for serum insulin-like factor 3 (INSL3) as marker of ITT has been
also postulated; gonadotropin suppression with exogenous testosterone and progestin
resulted in decline of serum INSL3 levels compared to baseline, which was partially
reversed by hCG or FSH plus hCG administration; following long-term gonadotropin
suppression, serum T recovered significantly better (80% baseline) compared to serum
INSL3 (38.9% baseline) [48]. In a subsequent randomized placebo-controlled clinical trial,
serum INSL3 concentrations in normal men were found to dramatically decrease following
acute gonadotropin suppression, and to increase in a dose–response relationship with
low-dose hCG stimulation, correlating highly with ITT and serum T concentration [49].

Although intriguing, the diagnostic accuracy of 17 OHP and/or INSL3 assay as
marker of ITT should be verified in larger sample studies before their introduction in the
clinical practice.

4. Hormonal Treatment before Micro-TESE

Administration of exogenous gonadotropins has been classically found to be effective
in restoring spermatogenesis in azoospermic men with hypogonadotropic hypogonadism.
Consequently, hormonal treatment in men with NOA has been pursued with the aim of
improving spermatogenesis before surgery, despite these patients may display high FSH
and LH levels. It has been demonstrated, in fact, that in these patients Leydig cells respond
to high dose hCG stimulation with increased amounts of testosterone production, even
under a hypergonadotropic condition [23]. The authors demonstrated that patients with
NOA display an altered gonadotrophin pulse amplitude and hypothesized that this weak
endogenous gonadotrophin activity could be due to the desensitization of target cells
(e.g., Sertoli and Leydig cells). Indeed, other studies demonstrated that men with NOA
display abnormalities in gonadotropins pulse frequency and amplitude [50], however,
these findings are presumably the consequence of an altered hypothalamus–pituitary–
gonadal axis due to reduced testosterone and inhibin B feedback signaling, rather than to
desensitization of target cells. As a matter of fact, it has demonstrated that desensitization
of Sertoli cells does not occur, but hormonal responsiveness during FSH treatment is
preserved, thanks to FSH receptor recycling [28]. Consequently, it may be hypothesized
that at least a subset of men with NOA, e.g., those with subnormal T serum levels and
inhibin B levels may have an altered endogenous gonadotropin secretion that justifies
the use of exogenous gonadotropins or selective estrogen receptors modulators (SERMs)
like CC.
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Indeed, Shinjo et al. [51] found that hCG treatment significantly increased the ITT
levels in patients with NOA; although ITT did not differ among those with SSR or sperm
retrieval failure (SRF), men with SSR had significantly lower basal ITT levels compared to
men who experienced SRF. This may reinforce the hypothesis that hormonal stimulation
is required for men with subnormal T levels to optimize the sperm recovery. However,
the administration of hCG alone, although being effective in improving SSR, may be not
sufficient to promote spermatogenesis in men with NOA; in the same study, only men who
received FSH had an increased spermatogonial proliferating cell nuclear antigen (PCNA)
expression, a protein involved in nucleotide excision repair mechanisms prominently
expressed in the nuclei of mitotic active spermatogonia, which has been proposed as a
marker of normally active spermatogonia [52]. Furthermore, it has been demonstrated that
the expression of AR on Sertoli cells increased following FSH plus hCG stimulation rather
than after hCG alone [53], supporting the previous demonstration about the role of FSH in
regulating Sertoli cell AR expression [54].

The results of the few studies available in this field, however, are not fully able to
demonstrate a beneficial effect of hormonal treatment on the SRR in men with NOA. As
displayed in Table 2, five studies [34,55–58] were carried in NOA men who underwent
micro-TESE for the first time, while four [23,51,53,59] enrolled men undergoing salvage
micro-TESE. The first two studies evaluated a well-selected cohort of patients, e.g., normog-
onadotropic men [55] and men with well-defined testis histology (MA and HYPO) [56],
therefore, their results have poor generalizability, while the results of Amer and cowork-
ers [58] are weakened by the relatively low overall SRR (32,2%), probably due to differences
in skill and experience among the 15 urologists who performed micro-TESE. The two
largest sample studies [34,57] provided conflicting results, i.e., in the study of Reifsnyder
et al. [34], SRR did not differed among men with subnormal T levels receiving hormonal
treatment (N = 307) or no treatment (N = 41), while in the study of Hussein et al. [57],
SRR was significantly higher in men receiving hormonal treatment (N = 496) compared
to those receiving no treatment (N = 112), and 10.9% of treated patients had sperm in the
ejaculate after treatment. It has to be remarked that the post-treatment T levels differed
significantly among studies, since in the study of Reifsnyder, 82% of treated patients re-
sponded to hormonal treatment with a serum T level of at least 250 ng, while in the study
of Hussein, treatment was titrated to reach a target T level of 600–800 ng/dL; still, the SRR
in the study of Reifsnyder in both treated and untreated patients (51 and 61%, respectively)
was comparable to that obtained by patients undergoing hormonal treatment in the study
of Hussein, while the SRR of untreated patients in this latter study was too low compared
to the average SRR reported by studies in the micro-TESE setting.

On the other hand, the two out of four studies evaluating the results of salvage
micro-TESE in treated vs. untreated patients [23,59] agreed in demonstrating the beneficial
effect of hormonal treatment on SRR, however, the small number of subjects (48 treated vs.
40 untreated overall) does not allow to draw firm conclusions about that.

Another indication to hormonal treatment in men with NOA has been proposed
to be their testicular histological pattern. Kato and coworkers observed that men with
early MA had a lower AR index compared to those with late MA [53]; indeed, SCARKO
mice have been found to display pachytene spermatocytes with aberrant transcriptomic
attributes (leptotene or zygotene transcriptome state) that fail to progress to subsequent
transcriptomic signatures [12]. Based on these results, Shiraishi hypothesized that only
patients with late MA may respond to hormonal treatment [23]. Indeed, Aydos and
coworkers did not observe improvements in SRR in patients with early MA undergoing
hormonal treatment [55]. Other groups demonstrated that men with MA or HYPO respond
to hormonal treatment with either the appearance of sperm in the ejaculate [57] or with
improved SSR [56] even in the case of salvage micro-TESE [51]. However, also in this case,
larger sample size studies are needed to confirm these findings.

The results of the available studies, although promising, are insufficient to recommend
the hormonal treatment for every patient with NOA before surgery. Therefore, as stated
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by the recent AUA/ASRM guidelines on the diagnosis and management of infertility in
men [60], patients with NOA should be informed of the limited data supporting phar-
macologic prior to surgical intervention (Conditional Recommendation; Evidence Level;
Grade C).

Table 2. Hormonal treatment and successful sperm retrieval (SSR) in patients with NOA undergoing micro-TESE.

Study Patients Characteristics Treatment Results

[55]

108 men. 16 with SCO. 36 with
focal SCO. 19 with MA. 37 with
HYPO. All had serum FSH level

below 8 mIU/mL

63 men received FSH 75 IU 3
times/week. 45 received no

treatment

SSR 64% (40/63) in FSH treated and 33%
(15/45) in controls (p < 0.01)

SCO 2/7 (28% controls) vs. 4/9 (44% treated)
p = NS

FSCO 4/16 (25%) vs. 13/20 (65% treated)
(p < 0.01)

MA 3/8 (37%) vs. 5/11 (45% treated) p = NS
HYPO 6/14 (42%) vs. 18/23 (78% treated)

p < 0.05

[56] 42 men with MA (42.9%) and
HYPO (57.1%)

CC 25–75 mg/day to achieve T
600–800 ng/dL (study target)

27/42 (64.3%) had sperm in the ejaculate;
SSR 100% (15/15)

[34]

348 out of 736 patients had
subnormal T.

307 out of 348 received hormonal
therapy. 41 (12%) received no

treatment

348 (47%) with low T (<300) and
388 with normal T (>300).

307 out of 348 (88%) were treated
with hormonal therapy. 41 (12%)

were not treated.

SSR in 52% of patients with low T and in 56%
of patients with normal T.

SSR 51% in treated vs. 61% in untreated

[23] 48 men with failed micro-TESE

28 hCG/hCG plus FSH if FSH
levels decreased during treatment.

20 received no treatment.
T did not differ among groups

Sperm retrieval 21% (treatment) vs. 0 (no
treatment).

[57] 608 men

496 received CC, then hCG, and,
eventually, hMG according to

their response to CC, while 112
received no treatment. Target T

level = 600–800 ng/dL

10.9% of patients had sperm in the ejaculate;
SSR was 57% in treated and 33% in controls

[51] 20 men with failed micro-TESE hCG followed by FSH if serum
FSH < 2

SSR 3/20 (15%). T did not differ among
patients with SSR and SRF

Spermatogonial PCNA expression increased
in patients receiving FSH

Patients with SSR had significantly lower
basal ITT compared to those with SRF.

Post-treatment ITT increased in all patients

[53] 22 men with failed micro-TESE

All received hCG 5000 3 times a
week; 12 patients received also
FSH 150 thrice/week since FSH

level dropped below 2

SSR 4/22 (18%). A significant increase in the
AR index was observed in 12 patients
receiving FSH + hCG. AR index was
significantly higher in men with SSR

compared to SRF. T levels did not correlate
with AR index

[58] 1395 patients evaluated by
different surgeons

SSR 450/1395 (32.2%)
Hormonal therapy (CC or hCG or

HMG or FSH or T or AI
combination of drugs) in 426

patients

SSR was 27.6% (118/426) in treated vs. 31.7%
(308/969) in untreated.

No data about T levels in treated vs.
untreated.

[59] 40 men with failed micro-TESE.

20 received testosterone for 1
month. then FSH plus

testosterone, while 20 received no
treatment

SSR in salvage micro-TESE was 10% in
treated vs. 0 in controls.

No data about T levels in treated vs.
untreated.

FSCO, focal Sertoli cell only syndrome; HYPO, hypospermatogenesis; ITT, intratesticular testosterone level; MA, maturation arrest; PCNA,
proliferating cell nuclear antigen; NA, not applicable; SCO, Sertoli cell only syndrome; SRF, sperm retrieval failure; SSR, successful
sperm retrieval.
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5. Unmet Needs and Future Directions

The management of patients with NOA is to a large extent knowledge based. Thanks
to the evidence produced by the literature of the past 20 years, we know with a good
approximation that about 57–60% of patients with NOA may be successful in having their
testicular sperm retrieved, what clinical conditions are predictive of SSR, that SRR may
vary significantly according to testis histology and that micro-TESE provides better results
in terms of SRR compared to the other available surgical techniques [61]. What we do not
know, due to the inconclusive data provided by the literature, is whether and how should
we treat these patients before surgery to maximize the chance of sperm retrieval.

The pooled estimation of studies reporting the SRRs in patients with subnormal T
compared to those with normal T levels (Figure 1) suggests that optimization of serum T
levels may be indicated in hypogonadal men before micro-TESE, since it may improve the
SRR. However, due to the demonstrated poor relationship between serum and intratesticu-
lar T levels [17], and to the relatively low ITT required for spermatogenesis [16], the target
serum T levels to be achieved to improve spermatogenesis is not clear. Relevantly, two large
sample studies [34,57] reported similar SRRs despite significantly different post-treatment
T levels (230 vs. 600–800 ng/dL). To improve our knowledge in this field, it could be
helpful to identify serum biomarker that could reliably predict ITT levels and serve for
post-treatment ITT levels monitoring. In this perspective, the demonstration that serum
17 OHP and INSL3 levels are, to some extent, related to ITT levels, may pave the way for a
new line of research. In addition, the possible predictive role of bioactive T level (computed
by the formula (Bio T= free T + albumin-bound T)) on SRR would deserve further studies.

Optimization of testosterone and, possibly, ITT levels, may require also FSH, since the
expression of AR on Sertoli cells increases following FSH stimulation but not with hCG [53].
In addition, since FSH is essential to promote spermatogonial proliferation in men with
NOA [51], many authors added FSH to hCG or CC when falling serum FSH levels were
observed following hormonal treatment (Table 2). Interestingly, although the feasibility of
FSH as treatment of infertile men with oligozoospermia has been investigated by many
studies, with a recent one even proposing that possible responders to FSH treatment may
be identified by means of epigenetic biomarkers [62], very few studies sought to evaluate
the effect of FSH alone to improve the chance of SRR in patients with NOA. Indeed, the
finding that FSH may maintain spermatogenesis independently from testosterone, as found
in transgenic male mice with activating FSHR mutation that enabled strong FSH activation,
may prompt further studies on high dose FSH treatment of men with NOA.

Although we know with a good approximation the chance of SSR in men with different
testis histology, we need more data to establish whether a specific histological pattern may
be considered an indication or a contraindication to hormonal treatment. It would be
helpful, therefore, for further studies in this field to report the response to hormonal
treatment as stratified by testis histology. It is reminded here that, to obtain reliable testis
histology pictures, the fragments of seminiferous tubules sent to the pathologist should
be representative of the predominant tissue as observed at high magnification during
micro-TESE.

In conclusion, to establish whether hormonal treatment may be of help in improving
the reproductive potential of men with NOA, it is of the utmost importance to design
studies with large sample size and well-defined entry criteria and outcome measures:
in this view, collaborative multicentric studies could provide valuable data. The actual
evidence is insufficient to support the indiscriminate use of hormonal treatment prior to
surgery in patients with NOA.
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Abbreviations

17OHP 17 hydroxyprogesterone
AI aromatase inhibitors
AR androgen receptor
ARE androgen response elements
ARKO AR knock out animals
cAMP cyclic adenosine monophosphate
CC clomiphene citrate
CI confidence interval
CREB cAMP response element-binding protein
EGF epithelial growth factor
FSH follicle-stimulating hormone
FSHKO FSH knock out animals
FSHR FSH receptor
FSHRKO FSHR knock out animals
GNRH gonadotropin-releasing hormone
HCG human chorionic gonadotropin
HYPO hypospermatogenesis
INSL3 insulin-like factor 3
ITT intratesticular testosterone
KS Klinefelter syndrome
LH luteinizing hormone
LHR LH receptor
LuRKO LHR knock out animals
MA maturation arrest
MAP kinase mitogen-activated protein kinase
Micro-TESE microdissection testicular sperm extraction
NOA nonobstructive azoospermia
OR odds ratio
SCARKO Sertoli cell AR knock out animals
SCO Sertoli-cell only syndrome
SERM selective estrogen receptors modulators
SRF sperm retrieval failure
SRR sperm retrieval rate
SSR successful sperm retrieval
STAR steroidogenic acute regulatory protein
T testosterone
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41. Çayan, S.; Orhan, İ.; Altay, B.; Aşcı, R.; Akbay, E.; Ayas, B.; Yaman, Ö. Fertility outcomes and predictors for successful sperm
retrieval and pregnancy in 327 azoospermic men with a history of cryptorchidism who underwent microdissection testicular
sperm extraction. Andrology 2020. [CrossRef]

42. Zhang, H.; Xi, Q.; Zhang, X.; Zhang, H.; Jiang, Y.; Liu, R.; Yu, Y. Prediction of microdissection testicular sperm extraction outcome
in men with idiopathic nonobstruction azoospermia. Medicine 2020, 99, e19934. [CrossRef] [PubMed]

43. Guo, F.; Fang, A.; Fan, Y.; Fu, X.; Lan, Y.; Liu, M.; Cao, S.; An, G. Role of treatment with human chorionic gonadotropin and
clinical parameters on testicular sperm recovery with microdissection testicular sperm extraction and intracytoplasmic sperm
injection outcomes in 184 Klinefelter syndrome patients. Fertil. Steril. 2020, 114, 997–1005. [CrossRef] [PubMed]

44. Ramasamy, R.; Ricci, J.A.; Palermo, G.D.; Gosden, L.V.; Rosenwaks, Z.; Schlegel, P.N. Successful fertility treatment for Klinefelter’s
syndrome. J. Urol. 2009, 182, 1108–1113. [CrossRef]

45. Huhtaniemi, I.; Nikula, H.; Rannikko, S. Pituitary-testicular function of prostatic cancer patients during treatment with a
gonadotropin-releasing hormone agonist analog. I. Circulating hormone levels. J. Androl. 1987, 8, 355–362. [CrossRef] [PubMed]

46. Amory, J.K.; Coviello, A.D.; Page, S.T.; Anawalt, B.D.; Matsumoto, A.M.; Bremner, W.J. Serum 17-hydroxyprogesterone strongly
correlates with intratesticular testosterone in gonadotropin-suppressed normal men receiving various dosages of human chorionic
gonadotropin. Fertil. Steril. 2008, 89, 380–386. [CrossRef]

47. Lima, T.F.N.; Patel, P.; Blachman-Braun, R.; Madhusoodanan, V.; Ramasamy, R. Serum 17-hydroxyprogesterone is a potential
biomarker for evaluating intratesticular testosterone. J. Urol. 2020, 204, 551–556. [CrossRef]

48. Bay, K.; Matthiesson, K.; McLachlan, R.; Andersson, A.M. The effects of gonadotropin suppression and selective replacement on
insulin-like factor 3 secretion in normal adult men. J. Clin. Endocrinol. Metab. 2006, 91, 1108–1111. [CrossRef]

49. Roth, M.Y.; Lin, K.; Bay, K.; Amory, J.K.; Anawalt, B.D.; Matsumoto, A.M.; Marck, B.T.; Bremner, W.J.; Page, S.T. Serum insulin-like
factor 3 is highly correlated with intratesticular testosterone in normal men with acute, experimental gonadotropin deficiency
stimulated with low-dose human chorionic gonadotropin: A randomized, controlled trial. Fertil. Steril. 2013, 99, 132–139.
[CrossRef]

50. Levalle, O.A.; Zylbersztein, C.; Aszpis, S.; Mariani, V.; Ponzio, R.; Aranda, C.; Guitelman, A.; Scaglia, H.E. Serum luteinizing
hormone pulsatility and intratesticular testosterone and oestradiol concentrations in idiopathic infertile men with high and
normal follicle stimulating hormone serum concentrations. Hum. Reprod. 1994, 9, 781–787. [CrossRef]

51. Shinjo, E.; Shiraishi, K.; Matsuyama, H. The effect of human chorionic gonadotropin-based hormonal therapy on intratesticular
testosterone levels and spermatogonial DNA synthesis in men with nonobstructive azoospermia. Andrology 2013, 1, 929–935.
[CrossRef]

64



J. Clin. Med. 2021, 10, 387

52. Bar-Shira Maymon, B.; Yogev, L.; Yavetz, H.; Lifschitz-Mercer, B.; Schreiber, L.; Kleiman, S.E.; Botchan, A.; Hauser, R.; Paz, G.
Spermatogonial proliferation patterns in men with azoospermia of different etiologies. Fertil. Steril. 2003, 80, 1175–1180.
[CrossRef]

53. Kato, Y.; Shiraishi, K.; Matsuyama, H. Expression of testicular androgen receptor in non-obstructive azoospermia and its change
after hormonal therapy. Andrology 2014, 2, 734–740. [CrossRef] [PubMed]

54. Blok, L.J.; Mackenbach, P.; Trapman, J.; Themmen, A.P.; Brinkmann, A.O.; Grootegoed, J.A. Follicle-stimulating hormone regulates
androgen receptor mRNA in Sertoli cells. Mol. Cell. Endocrinol. 1989, 63, 267–271. [CrossRef]

55. Aydos, K.; Unlü, C.; Demirel, L.C.; Evirgen, O.; Tolunay, O. The effect of pure FSH administration in non-obstructive azoospermic
men on testicular sperm retrieval. Eur. J. Obstet. Gynecol. Reprod. Biol. 2003, 108, 54–58. [CrossRef]

56. Hussein, A.; Ozgok, Y.; Ross, L.; Niederberger, C. Clomiphene administration for cases of nonobstructive azoospermia: A multi-
center study. J. Androl. 2005, 26, 787–791. [CrossRef]

57. Hussein, A.; Ozgok, Y.; Ross, L.; Rao, P.; Niederberger, C. Optimization of spermatogenesis-regulating hormones in patients with
nonobstructive azoospermia and its impact on sperm retrieval: A multicentre study. BJU Int. 2013, 111, E110–E114. [CrossRef]

58. Amer, M.K.; Ahmed, A.R.; Abdel Hamid, A.A.; Gamal El Din, S.F. Can spermatozoa be retrieved in non-obstructive azoospermic
patients with high FSH level? A retrospective cohort study. Andrologia 2019, 51, e13176. [CrossRef]

59. Amer, M.K.; Ahmed, H.E.H.; Gamal El Din, S.F.; Fawzy Megawer, A.; Ahmed, A.R. Evaluation of neoadjuvant gonadotropin
administration with downregulation by testosterone prior to second time microsurgical testicular sperm extraction: A prospective
case-control study. Urologia 2020, 87, 185–190. [CrossRef]

60. Schlegel, P.N.; Sigman, M.; Collura, B.; De Jonge, C.J.; Eisenberg, M.L.; Lamb, D.J.; Mulhall, J.P.; Niederberger, C.; Sandlow, J.I.;
Sokol, R.Z.; et al. Diagnosis and treatment of infertility in men: AUA/ASRM guideline. Part II. Fertil. Steril. 2020, 115, 62–69.
[CrossRef]

61. Colpi, G.M.; Caroppo, E. Re: Predictors of surgical sperm retrieval in non-obstructive azoospermia: Summary of current literature.
Int. Urol. Nephrol. 2020, 52, 2039–2041. [CrossRef]

62. Luján, S.; Caroppo, E.; Niederberger, C.; Arce, J.C.; Sadler-Riggleman, I.; Beck, D.; Nilsson, E.; Skinner, M.K. Sperm DNA
methylation epimutation biomarkers for male infertility and FSH therapeutic responsiveness. Sci. Rep. 2019, 9, 16786. [CrossRef]
[PubMed]

65





Journal of

Clinical Medicine

Review

Two Decades from the Introduction of Microdissection
Testicular Sperm Extraction: How This Surgical Technique Has
Improved the Management of NOA

Nahid Punjani †, Caroline Kang † and Peter N. Schlegel *

Citation: Punjani, N.; Kang, C.;

Schlegel, P.N. Two Decades from the

Introduction of Microdissection

Testicular Sperm Extraction: How

This Surgical Technique Has

Improved the Management of NOA.

J. Clin. Med. 2021, 10, 1374. https://

doi.org/10.3390/jcm10071374

Academic Editors: Giovanni M. Colpi

and Ettore Caroppo

Received: 4 March 2021

Accepted: 26 March 2021

Published: 29 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Urology, Weill Cornell Medical College, New York, NY 10065, USA;
nap4001@med.cornell.edu (N.P.); cak4005@med.cornell.edu (C.K.)
* Correspondence: pnschleg@med.cornell.edu
† Equal contribution.

Abstract: The treatment of men with non-obstructive azoospermia (NOA) has improved greatly
over the past two decades. This is in part due to the discovery of in vitro fertilization (IVF) and
intracytoplasmic sperm injection (ICSI), but also significantly due to improvements in surgical sperm
retrieval methods, namely the development of microdissection testicular sperm extraction (mTESE).
This procedure has revolutionized the field by allowing for identification of favorable seminiferous
tubules while simultaneously limiting the amount of testicular tissue removed. Improving sperm
retrieval rates is imperative in this cohort of infertile men as there are a limited number of factors
that are predictive of successful sperm retrieval. Currently, sperm retrieval in NOA men remains
dependent on surgeon experience, preoperative patient optimization and teamwork with laboratory
personnel. In this review, we discuss the evolution of surgical sperm retrieval methods, review
predictors of sperm retrieval success, compare and contrast the data of conventional versus mTESE,
share tips for optimizing sperm retrieval outcomes, and discuss the future of sperm retrieval in men
with NOA.

Keywords: microdissection testicular sperm extraction; non-obstructive azoospermia; management

1. Introduction

Infertility affects up to 15% of couples attempting to conceive globally, with a male fac-
tor implicated in up to 50% of cases [1]. While the precise etiology remains unclear in many
of these cases, azoospermia, or the lack of sperm in the ejaculate, occurs in 1% of all males
and 10–15% of infertile males and is often considered the most severe phenotype of male
infertility classified as either obstructive azoospermia (30–40% of azoospermia cases) or
non-obstructive azoospermia (NOA) (60–70% of azoospermia cases) [2–6]. NOA remains a
particularly challenging condition to treat as the majority of cases are idiopathic, with only
a subset attributable to an identifiable genetic (i.e., Klinefelter Syndrome, Y-chromosome
microdeletion or mutations in individual genes) or acquired (i.e., chemotherapy, radiation,
cryptorchidism/prior orchiopexy or malignancy) condition [7,8]. NOA men have spermato-
genic failure with a range of histopathologic changes that include hypospermatogenesis,
maturation arrest, and Sertoli cell only syndrome [7]. Currently, NOA men require surgical
retrieval of sperm with assisted reproductive technology to father children. This review
highlights milestones in the evolution of surgical sperm retrieval methods, summarizes
predictors of sperm retrieval success, evaluates the data of conventional microdissection
testicular sperm extraction (cTESE) versus microdissection testicular sperm extraction
(mTESE), discusses tips for optimizing sperm retrieval, and comments on the future of
sperm retrieval in men with NOA.

J. Clin. Med. 2021, 10, 1374. https://doi.org/10.3390/jcm10071374 https://www.mdpi.com/journal/jcm
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2. History of Surgical Sperm Retrieval

While NOA men currently rely on surgical sperm retrieval with assisted reproductive
technology to father biological children, these men were historically relegated to using
adoption or use of donor sperm to have a family [9]. The first successful in vitro fertilization
(IVF), the process by which a sperm and oocyte are fertilized outside of the body and then
later implanted, was performed in 1978 utilizing ejaculated sperm from a fertile man, and
resulted in the birth of Louise Brown (Figure 1) [10]. Sperm was surgically retrieved for the
use of IVF for the first time in the 1980s, utilizing motile sperm from the epididymis of man
with obstructive azoospermia [11]. Intracytoplasmic sperm injection (ICSI), a process where
only a single sperm is injected into an oocyte using a micropipette, was then introduced
in 1992, thereby potentially providing an opportunity for men with severe spermatogenic
dysfunction (i.e., men with NOA) to father children [12]. The first description of testicular
sperm for use in assisted reproduction occurred in 1993 [13]. Successful fertilization,
embryo development, implantation and pregnancy was considered to be an unanticipated
result by some reproductive experts given the expected need for additional maturation by
sperm that was known to occur during epididymal transit [14].

Figure 1. Timeline of the history of surgical sperm retrieval prior to the discovery of mTESE. IVF: in vitro fertilization; ICSI:
intracytoplasmic sperm injection; NOA: non-obstructive azoospermia; mTESE: microdissection testicular sperm extraction.

It was not until 1995 that testicular sperm extraction (TESE), an open surgical proce-
dure to directly extract testicular tissue, was performed on a man with NOA and testicular
sperm utilized for successful IVF-ICSI [15]. This success was revolutionary for the treatment
of men with NOA, but certain challenges remained given the sporadic, almost anecdo-
tal, success of initial efforts to treat men with NOA who were previously considered to
be sterile [16]. Based on observations that limited sperm was retrieved during simple
biopsy, it was originally thought that multiple testis biopsies would increase the chance of
retrieval as sperm production was believed to occur in isolated areas in the testis of men
with NOA and spermatogenic failure [14]. In reality, multiple open biopsies resulted in
removal of large quantities of testicular tissue and created a new risk, namely of harm
to the blood supply of the testis from multiple incisions on the tunica albuginea. These
incisions threatened to divide the vessels under the surface of the tunica vaginalis, with
a potential risk of testis devascularization [17]. Percutaneous needle aspiration of the
testis provided a minimally invasive alternative to sperm retrieval in NOA, but the lower
sperm yield often did not provide enough sperm to inject all oocytes during an attempted
ICSI attempt [18]. Given the risk of vascular injury, an approach to widely opening the
testis and identifying individual tubules with the aid of an operating microscope was
initiated. With this additional magnification, differences in seminiferous tubules could be
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visualized and appreciated, in particular differences shown to reflect potential focal sites of
sperm production in an otherwise highly dysfunctional testis. Additional considerations
of the intratesticular blood supply that runs parallel to seminiferous tubules within the
testis allowed the development of microdissection testicular sperm extraction (mTESE) by
Schlegel et al. in 1998 [19]. Additional studies have documented enhanced sperm retrieval
rates with this technique, as well as the additional safety of mTESE, by eliminating the
need for multiple biopsies or incisions of the tunica albuginea, reducing the impact to the
testicular blood supply [20,21].

3. Surgical Testicular Sperm Extraction

TESE is the surgical removal of tissue from the testicle in order to retrieve sperm,
and can be completed with or without a standard operating microscope. cTESE may be
completed with local anesthetic or sedation, but is commonly completed under general
anesthesia. A skin incision may be made in the scrotal midline or through a unilaterally
transverse or longitudinal incision over the selected hemiscrotum. Dissection is carried
through subcutaneous dartos tissue down towards the tunica vaginalis which is then
opened to reveal the testis. If delivered, the testis should be examined to identify and
avoid areas of prominent vascularity, commonly seen in the midline and lower poles of the
testis. An ultra-sharp or ophthalmic blade is used to sharply enter the tunica albuginea.
Gentle pressure is applied around the tunical incision to extrude a sample of seminiferous
tubules (Figure 2A). The tubules are sharply excised with scissors and processed in sperm-
appropriate media by mincing the tissue with scissors and passage through a 24-gauge
angiocatheter. The specimen is then examined by a trained andrologist, under light or
phase-contrast microscopy at 20× magnification, for the presence of sperm.

Figure 2. Graphical representation of a (A) conventional testicular sperm extraction with or without an operating microscope
and (B) microdissection testicular sperm extraction using an operating microscope.

mTESE is now considered the gold standard procedure for sperm retrieval in men
with NOA [22]. Under general anesthesia, a dissection identical to cTESE is performed, and
the testis is delivered through an opening in the parietal tunica vaginalis. After delivery of
the testicle, adhesions on the visceral tunica vaginalis should be released to ensure optimal
visualization and location of vasculature. The tunica vaginalis is then sharply incised with
an ultra-sharp or ophthalmic blade, but bi-valved equatorially (Figure 2B). The tunical
edges are secured with clamps to prevent avulsion of the tunica from the underlying
tubules. The seminiferous tubules are then examined carefully and systematically prior
to manipulation. Bipolar cautery should be used to limit postoperative bleeding as well
as tissue damage. The tissue should be manipulated with care to avoid disruption of
individual seminiferous tubules or the vessels which run parallel to the tubules in a radial
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pattern from the center to the periphery of the testicular parenchyma. Once an optimal
tubule is identified, the tubule should be taken in its entirety, whenever possible. Optimal
tubules (i.e., those likely to contain sperm) are generally larger and more opaque [20].
Once an adequate number of tubules are selected, processing should occur as previously
described using sharp scissors and aspiration through a 24-gauge angiocatheter. This
mechanical disruption of testicular tissue can allow detection of rare sperm within the
tissue that may not be identifiable in a sample that has not been similarly processed. Note
that sperm, when present, are inside the seminiferous tubules, so the tubules must be
broken open to release sperm into the tissue suspension. As previously described, a limited
part of this dispersed tissue specimen can then be examined by an experienced andrologist
using 20× phase contrast microscopy on a simple slide with cover slip.

4. Predictors of Sperm Retrieval in mTESE

Although many studies have been conducted examining sperm retrieval rates in men
with NOA undergoing mTESE, limited definitive predictors of sperm retrieval exist.

4.1. Histopathology

Histopathology is one of the strongest predictors of sperm retrieval as it provides a
direct snapshot of the testicular architecture [23]. However, performance of a testicular
biopsy solely for diagnostic purposes is not routinely recommended because of its inva-
siveness. In addition, a diagnostic biopsy samples only a small section of the testicular
tissue, so its predictive value is limited. Diagnostic biopsy is suggested at the time of
retrieval attempt to document the condition treated and rule out pathologic processes such
as intratubular germ cell neoplasia. Additionally, testis biopsy may also be performed
to differentiate maturation arrest from normal production in men with normal volume
azoospermia, normal serum follicle stimulating hormone (FSH) concentrations, palpable
vas deferens, and normal testicular volume [24].

Histopathologic subtype has been correlated to sperm retrieval rate, and those with
Sertoli cell only syndrome histopathology have lower sperm retrieval rates compared
to those with maturation arrest or hypospermatogenesis patterns [25]. As expected, the
presence of mature spermatozoa is a strong predictor of sperm retrieval [26]. Unfortunately,
despite the utility of testicular histopathology, it often is not available prior to sperm
retrieval procedures, and is of limited value when no spermatozoa are seen [27]. For
example, men with a diagnostic biopsy showing Sertoli cell only syndrome are expected to
have sperm production elsewhere in the testis in at least 37% of cases. At our institution
it is standard that pathology reports include all histologic patterns present in a testis
biopsy, as even small foci of spermatogenesis are correlated with successful sperm retrieval.
Pathology reports that state only the predominant or most severe histopathology are highly
unlikely to reflect the likelihood of sperm retrieval in men with NOA.

4.2. Testis Size

In a meta-analysis by Corona et al., men with testis size >12 cc had higher rates
of sperm retrieval, however, sperm retrieval was still possible in small volume testes
(<8 cc) [28]. Our observations are the opposite; that men with larger testes are more likely
to have obstructive azoospermia, as suggested by Schoor et al., and that men with NOA
have similar sperm retrieval chances, regardless of testis volume [27]. With an effective
mTESE search for rare foci of sperm, the testis volume or FSH level (which reflects overall
testicular function) cannot predict the region of best function/sperm production inside
the testis. Other meta-analyses have demonstrated limited predictive value of testicular
volume even when testis biopsy histopathologic patterns were also used in the analysis [29].
Overall, these data suggest that testis size should not be considered a factor to exclude
a patient from an attempt at sperm retrieval. In fact, in our experience, sperm can be
routinely retrieved even in testes less than 2 cc in volume [30].
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4.3. Serum Follicle Stimulating Hormone Levels

Serum FSH concentrations have been suggested, in some isolated reports, to predict
sperm retrieval in conventional TESE [31]. Other studies have reported FSH levels to
inversely correlate with the number of germ cells present and stages of spermatogenesis [32].
However, while high serum FSH levels may provide a more global representation of
the level of spermatogenic dysfunction within a testis, there still may be small foci of
spermatogenesis that can be identified and retrieved during mTESE [33]. Therefore, we do
not recommend using baseline serum FSH concentrations as a preoperative predictor of
sperm retrieval in NOA men.

4.4. Age

Male age has been correlated with deterioration in ejaculated semen parameters
and increased serum FSH concentrations [34]. It has been proposed that FSH increases
secondary to decreased androgen production associated with aging [35]. However, since
FSH is not predictive of sperm retrieval, as discussed above, age also should not be a
predictive factor [28]. Age has been suggested to be a predictive factor in certain patient
subsets, such as those men with Klinefelter Syndrome, but at our center, sperm retrieval
rates for Klinefelter Syndrome patients in the oldest age group (>35 years) are still 50%.
These observations do not provide compelling evidence for early sperm retrieval [36]. It
has been our uncontrolled observation that in many men with severe oligozoospermia
followed longitudinally using repeated semen analyses that it is rare for these men to
progress to azoospermia during our observation period. Finally, while advanced paternal
age has reported negative impact on outcomes in offspring (increased genetic risks), our
experience has demonstrated no upper age limit (even men in their 80s) for successful
sperm retrieval [37].

4.5. Genetics

The genetic makeup of a man with NOA may provide insight into his chances of
successful sperm retrieval and can aid greatly in preoperative counseling. As per guidelines
from the American Society of Reproductive Medicine and American Urologic Association,
men with NOA or severe oligozoospermia (<5 million sperm/mL) should undergo kary-
otype analysis and screening for Y chromosome microdeletions [22,24]. It is well-known
that the presence and location of a Y chromosome microdeletion in a man with NOA is
helpful in predicting the chance of sperm retrieval [38]. Men with complete AZFa and
AFZb deletions have sperm retrieval rates of zero, whereas men with AZFc deletions have
reported sperm retrieval rates of up to 70% [38,39]. Furthermore, detection of Klinefelter
Syndrome (47,XXY) provides favorable prognostic information, as these men tend to have
similar or better rates of sperm retrieval as compared to other NOA men (ranging from
65–70% retrieval rates at our center over time) [9,37]. Moving forward, improved diagnos-
tics such as whole exome sequencing may identify specific genetic abnormalities that may
provide further prognostic information related to sperm retrieval success [40,41].

4.6. History of Cryptorchidism/Orchiopexy

Most men with a history of cryptorchidism have sperm in their ejaculate and nearly
normal fertility (unilateral cryptorchidism) or mildly impaired fertility (bilateral cryp-
torchidism). Therefore, men who are azoospermic with a history of cryptorchidism are
relatively unique. Our experience has demonstrated that men with azoospermia and a
history of cryptorchidism/orchiopexy have unique anatomic features. These men often
have a testis that is in a different anatomic configuration with the epididymis anterior, and
the caput epididymis that may be inferior within the scrotum. Taken together with the lack
of tunica vaginalis that is typically present after orchiopexy, exploration of the scrotum in
these men can be difficult. Care must be taken to identify each anatomic structure, with
special care taken to identify the testicular blood supply. The surface of the testis in these
patients often has very prominent vessels that course in a longitudinal fashion, almost
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suggesting a pattern of neovascularity. In some cases, the primary testicular blood supply
does not enter in the standard location just medial to the caput epididymis.

Since most pexed testes have good sperm production, the azoospermic man with
cryptorchidism/orchiopexy has a very different spermatogenic picture. Given the intraop-
erative observations we have made, it is possible that some of these men are azoospermic
because of an alteration in testicular blood supply that occurred during, or as a consequence
of, surgical orchiopexy.

Only limited reports of sperm retrieval success after orchiopexy for cryptorchidism
have been published to-date, as of 2020 [42–46]. In these studies, combinations of testicular
volume, unilateral and bilateral cryptorchidism have been debated as potential factors
affecting the chance of sperm retrieval. Overall, a history of cryptorchidism has been
suggested to be a favorable factor for sperm retrieval, with retrieval rates of 55–74%
reported in these studies. We have typically found that most of the testis will be replaced
with sclerotic tubules, with small distinct foci of sperm production, often in areas with
Leydig cell hyperplasia (notable by the yellow color around the enlarged seminiferous
tubules in these sites.)

4.7. Other Factors

Various studies have attempted to explore other factors including inhibin B levels,
various gene products or transcripts in the ejaculate as well as anti-Müllerian hormone
levels as predictors of successful sperm retrieval, but none have shown adequate association
to warrant clinical application as predictors of sperm retrieval [37,47,48].

5. Outcomes of cTESE vs. mTESE

Numerous studies have endeavored to compare cTESE to mTESE. One of the first
reviews summarized seven studies between 1999 and 2013 and reported sperm retrieval
rates of 16.7–45.0% in the cTESE group and 42.9–63.0% in the mTESE group [49]. Shortly
after, a meta-analysis of 15 studies with almost 2000 patients demonstrated that mTESE had
a 1.5× greater likelihood of successful sperm retrieval compared to cTESE [47]. The strength
of this meta-analysis was that it included only comparative studies, i.e., publications where
the same selection of patients and same surgical/laboratory expertise was applied to
compare patient outcomes in these settings. These data remain the most robust comparisons
of testicular fine needle aspiration (TESA) with cTESE, showing a two-fold improvement
in sperm retrieval rates with cTESE vs. TESA, as well as a higher rate of sperm retrieval
with mTESE vs. cTESE (1.5× higher).

The review by Corona et al. published in 2019, included over 21,000 patients [28].
Since the authors included data from different patient cohorts with varying underlying
etiologies for NOA, it is not possible to rely on the results tabulated as being a valid
comparison of different sperm retrieval techniques. They did note a randomized trial
which reported a retrieval rate of 42% (29/69 testicles) in the cTESE group versus 52%
(36/69 testicles) in the mTESE group who had sperm retrieved at the time of surgery [48].
The authors suggest that this difference was due to an ability to view larger tubules, obtain
tubules from more vascularized areas, and the ability to map the testicle during mTESE.
The findings of this one prospective RCT (randomized control trial) should be considered
strongly as the randomized study design reduces confounding and affords the greatest
exchangeability between study groups. The quality of a meta-analysis is only as good as the
studies for which it summarizes, and in this case consisted almost entirely of observational
data with many possible sources of bias.

6. Optimizing Success

Since NOA men may have focal areas of sperm production within their testis, pre-
operative optimization is a key strategy for successful sperm retrieval during TESE. As
spermatogenesis takes approximately 74 days, it is important to ensure that patients do not
have surgical intervention to the testicle including biopsy for at least 6 months prior to their
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procedure [9]. Men with varicocele warrant consideration of possible varicocele repair,
and may be considered in certain selected patients, especially couples with a younger
female partner and lower FSH (less risk of Sertoli cell only syndrome) as well as those
with previously documented sperm in the ejaculate or those with ample time to benefit
from a return of sperm in their ejaculate. The caveat to varicocele repair is that it may take
>6 months for return of sperm to the ejaculate, and only a small subset (<10%) may have
adequate numbers of sperm to negate the need for surgical retrieval [9]. Again, of concern
in these studies is the lack of a control group to compare to the patients who had varicocele
repair for NOA. Some men with previously documented azoospermia will have rare sperm
detected in a repeat semen analysis, especially if the concentrated pellet is more carefully
examined (“extended sperm search”) [50].

Hormonally, men with NOA typically have elevated gonadotropins (i.e., FSH), low
serum testosterone (and subsequently low intratesticular testosterone), and mildly elevated
estradiol levels [51]. This hormone profile lends itself to possible manipulation in an
effort to increase intratesticular testosterone levels and spermatogenesis. Those with low
serum testosterone and elevated estradiol (abnormal ratio of testosterone to estradiol) may
have increased levels of aromatase, and therefore off-label use of aromatase inhibitors
may increase serum testosterone levels, decrease estradiol, support spermatogenesis and
increase intratesticular testosterone [52]. Other strategies for hormone optimization in
NOA men include the use of selective estrogen receptor modulators (SERMs) and human
chorionic gonadotrophic (hCG). Clomiphene citrate is a SERM that promotes gonadotropin
release secondary to competitive binding of the estrogen receptor resulting in increased
androgen production, and hCG works to directly stimulate luteinizing hormone (LH)
receptors on Leydig cells in the testicle for androgen production [4]. Although normalizing
serum testosterone levels (and thereby enhancing intratesticular sperm production) makes
sense for men with low testosterone, the proof that such medical intervention helps sperm
retrieval rates is limited. Most studies have been non-comparator trials, with the same
limitations as noted for varicocele repair prior to TESE. Indeed, our non-randomized results
showed that men with low T who were treated had a sperm retrieval rate of 51%, but the
men with low T who were not treated had sperm found in 61% of cases (p = 0.3) [53].

Sperm processing, as previously described, is also a key aspect for optimization and
identification of sperm. Using sharp scissors to finely mince the harvested tissue, followed
by repeated aspiration of the tissue homogenate through a 24-gauge angiocath ensures that
surgically retrieved tissue is adequately disrupted, and results in up to a 300-fold increase
in detectable sperm within minutes of analysis in the operating room [9].

7. The Future of Sperm Retrieval in NOA Men

mTESE has been a revolutionary procedure for the treatment of men with NOA.
However, there are relatively limited preoperative factors at this time that help to predict
sperm retrieval. Therefore, there is ongoing reliance on dedicated surgical examination of
testicular tissue in these patients as well as surgeon experience, preoperative optimization
(hormone levels and varicocele repair), and teamwork with reliable and experienced
laboratory personnel to increase success. Unfortunately, further processing of tissue in
the laboratory rarely identifies sperm that was not detected on preliminary examination
of a well-digested testicular tissue specimen in the operating room. Moving forward,
new technologies for assisted reproduction, including microfluidics, cell sorting, or other
micro-identification techniques could permit identification of rare sperm and possibly
selection of optimal sperm from a limited pool to improve the likelihood of pregnancy
success and live birth rate. Although testicular sperm have 0% normal morphology
and are often qualitatively seen to be grossly abnormal, even immotile, from men with
NOA, the 43% clinical pregnancy rate obtained with such sperm remains a remarkable
reflection of the ability of sperm to contribute to a normal pregnancy with ICSI. Little further
improvement in sperm retrieval rates is likely to occur with current surgical techniques,
but the learning curve for finding rare sperm is difficult to master, and the care taken to
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maintain testicular function is critical. Advanced imaging techniques to identify sites of
sperm production preoperatively could greatly enhance the application of surgical sperm
retrieval. Furthermore, a better understanding of the likely genetic components of NOA
may allow non-surgical interventions to enhance sperm production, especially for men
with maturation arrest as the presentation of NOA.
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Abstract: Non-obstructive azoospermia (NOA), or lack of sperm in the ejaculate due to spermato-
genic dysfunction, is the most severe form of infertility. Men with this form of infertility should be
evaluated prior to treatment, as there are various underlying etiologies for NOA. While a significant
proportion of NOA men have idiopathic spermatogenic dysfunction, known etiologies including ge-
netic disorders, hormonal anomalies, structural abnormalities, chemotherapy or radiation treatment,
infection and inflammation may substantively affect the prognosis for successful treatment. Despite
the underlying etiology for NOA, most of these infertile men are candidates for surgical sperm
retrieval and subsequent use in intracytoplasmic sperm injection (ICSI). In this review, we describe
common etiologies of NOA and clinical outcomes following surgical sperm retrieval and ICSI.

Keywords: non-obstructive azoospermia; infertility; intracytoplasmic sperm injection

1. Introduction

Infertility affects up to 15% of couples worldwide, with up to 50% of cases attributable
to male factor infertility [1]. In a majority of cases, the precise etiology underlying infertility
in the male partner remains unclear. A subset of men with infertility have no sperm in
the ejaculate, known as azoospermia, which may further be classified into obstructive
(OA) or non-obstructive azoospermia (NOA). The majority of cases of NOA are idiopathic,
however some known etiologies include genetic disorders, chemotherapy or radiation,
developmental or structural abnormalities, and hormonal imbalances (Table 1). Despite
the etiology underlying the spermatogenic dysfunction resulting in NOA, sperm often
can be surgically extracted from the testis for use in assisted reproductive technology
(ART) with varying success. Intracytoplasmic sperm injection (ICSI) requires only a single
spermatozoon for injection into an oocyte, and thus has improved the chances for men
with NOA to conceive biological children. In this review, we discuss common etiologies for
NOA and the reproductive outcomes for NOA men after surgical sperm retrieval and ICSI.

Table 1. Etiologies of non-obstructive azoospermia.

Etiology Example

Idiopathic
Genetic/Chromosomal Klinefelter syndrome, Y-chromosome microdeletions

Iatrogenic/Surgical Chemotherapy, Radiation therapy
Developmental/Structural Cryptorchidism/Orchidopexy, Varicocele

Hormonal Kallmann syndrome, hypogonadotropic
hypogonadism, hyperprolactinemia/prolactinoma

2. Treatment of Non-Obstructive Azoospermia

Effective management of infertility in men with NOA requires testicular sperm re-
trieval as well as ART in the form of ICSI. Since sperm retrieval involves finding one of
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the very limited sites of sperm production within a highly dysfunctional testis of a man
with NOA, it is not surprising that the approach used for sperm retrieval can substantially
affect the chance of obtaining sperm for fertility.

A wide variety of approaches have been used for attempted sperm retrieval including
fine needle aspiration of the testis (testicular sperm aspiration; TESA), random biopsies of
testicular tissue to identify foci of sperm production (testicular sperm extraction; “conven-
tional” TESE) as well as directed testicular surgical sperm retrieval using a microsurgical
approach (microdissection testicular sperm extraction; microTESE or mTESE).

Each of these methods were compared using a meta-analysis of published litera-
ture [2]. Although a recent meta-analysis reported no difference in sperm retrieval rates
when comparing conventional TESE to microTESE, it is important to note that this anal-
ysis did not require comparative studies so the heterogeneous nature of NOA patients
treated at different sites invalidated any meaningful comparison of surgical techniques [3].
The superiority of microTESE is not surprising, as the surgery directs sampling of testicular
tissue to the largest seminiferous tubules, which are those most likely to contain sperm [4].
From a laboratory perspective, the microTESE approach is ideal, as it limits the amount of
tissue that must be examined by the andrologist to identify sperm to that which is richest
in sperm production. Typical search times to find sperm in isolated, dispersed testicular
tissue specimens is only 3 to 5 min at experienced centers. Of note, microTESE, although
an invasive surgical procedure, has less effect on testicular function than other approaches
for sperm retrieval [4].

3. Causes of Non-Obstructive Azoospermia

NOA occurs secondary to the disruption of spermatogenesis within the testicular
parenchyma. This disruption of sperm production is a common phenotype with various
underlying etiologies. Although understanding the underlying etiology of azoospermia
may help in prognosis and counseling, the precise mechanisms by which spermatogenesis
is disrupted in these disorders are not well understood. Men with NOA have varying
ranges of spermatogenic failure, and even in 30–60% of those with severely dysfunctional
histology (i.e., Sertoli Cell Only (SCO) or maturation arrest) small foci of spermatogenesis
can be observed [5]. Furthermore, many other presumed idiopathic cases of NOA are likely
to be caused by genetic abnormalities that are yet to be fully delineated.

3.1. Hormonal Imbalances

Men with hypogonadotropic hypogonadism (HH) suffer from a lack of gonadotropin
stimulation, resulting in failure of the testis to produce testosterone or sperm. The defect
can be congenital (e.g., Kallmann syndrome, Prader-Willi syndrome) or acquired (e.g., sec-
ondary to pituitary tumor or exogenous steroid administration). The resultant phenotype
of these men is lack of development of secondary sexual characteristics (with prepubertal
phenotype) and infertility. Importantly, because the phenotype is caused by a lack of go-
nadotropin, treatment of these men with exogenous gonadotropins (e.g., human chorionic
gonadotropin (hCG) and recombinant follicle-stimulating hormone (FSH)) can result in the
appropriate development of secondary sexual characteristics (i.e., pubic hair development,
testis growth, development of muscle mass) and sperm [6]. Men with HH typically do not
require ICSI to achieve pregnancy as treatment with exogenous gonadotropins is highly
effective in inducing spermatogenesis adequate to allow return of sperm to the ejaculate,
which is associated with an increase in endogenous testosterone production [6].

Hyperprolactinemia, or elevated serum prolactin levels, is a rare etiology for azoosper-
mia but clinically relevant. Prolactin is produced by the posterior pituitary and elevated
levels can result from a prolactin-secreting adenoma (or prolactinoma) [7]. One study
examining prolactin levels in infertile men observed increased prolactin levels in men with
asthenozoospermia, oligozoospermia, and azoospermia [8]. Since hyperprolactinemia is
typically effectively treated with medical therapy, it is rarely a cause for persistent NOA
requiring surgical intervention.
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3.2. Klinefelter Syndrome

Klinefelter Syndrome (KS) is the most common sex chromosome aneuploidy in in-
fertile men, with an estimated prevalence of approximately 10% in men with NOA [9].
This syndrome involves the addition of one or more extra X-chromosome(s), resulting
most commonly in a 47,XXY karyotype [9–11]. KS is thought to occur secondary to chro-
mosomal nondisjunction during meiosis [12,13]. Physical examination of KS men often
reveals characteristic findings of tall stature, reduced testis size, reduced chest and facial
hair, gynecomastia, eunuchoid appearance, wide hips, and narrow shoulders [13]. Small
testis size is thought to occur due to fibrosis and hyalinization of the seminiferous tubules
and is progressive through puberty and adult development [14,15]. Rare, small foci of
spermatogenesis in the testes of KS men is hypothesized to be present due to the capability
of XXY stem cells to undergo spermatogenesis, or more likely, mitotic errors within the
XXY stem cell population resulting in diploid cells capable of completing the remaining
spermatogenic process [16].

3.3. Y-Chromosome Microdeletions

One of the most common identifiable etiologies of NOA are microdeletions of the
azoospermia factor (AZF) region of the Y chromosome, and up to 12% of men with
NOA harbor AZF microdeletions [17]. There are three loci in the AZF region, which are
designated AZFa, AZFb and AZFc, and each locus contains various genes responsible for
different aspects of spermatogenesis [18–20]. Microdeletions within AZFc are the most
common (up to 80%), whereas AZFa (up to 4%) and AZFb (up to 5%) are less common [21].
Polymerase chain reaction (PCR) is used to detect Y-chromosome microdeletions (YCMDs)
as these chromosomal deletions are too small to detect by standard karyotype analysis.
Current guidelines recommend testing for YCMD along with karyotype analysis in men
with NOA or severe oligozoospermia (<5 million sperm/mL) [22]. Knowing the YCMD
status in a man with severe infertility carries important prognostic information as the sperm
retrieval rates (SRR) in men with complete AZFa and AZFb deletions is zero, whereas men
with AZFc deletions can have SRR of approximately 50–60% [23].

3.4. Malignancy, Chemotherapy, and Radiation

Malignancy and associated treatments such as chemotherapy and radiation are impor-
tant causes of azoospermia as approximately 50% of men will be affected by cancer in their
lifetime [24]. Chemotherapy targets rapidly dividing cells and testicular germ cells which
are mitotically and meiotically active and are highly sensitive to these systemic agents [25].
DNA alkylating agents, as well as platinum-containing chemotherapy agents (such as
cisplatin), cross-link DNA and are particularly harmful to spermatogonial stem cells and
may result in permanent azoospermia [26,27]. Other chemotherapy agents, such as anthra-
cyclines, antimetabolites, and topoisomerase inhibitors, typically are less gonadotoxic and
result only in transient decreases in sperm count because differentiating spermatogonia,
and not stem cells, are primarily affected [26]. The CED, or cyclophosphamide-equivalent
dose, may be used to determine estimated alkylating agent exposure [28]. One study of
adult childhood cancer survivors found that when the CED was less than 4000 mg/m2 men
were normospermic, however there was substantial overlap in the CED values of normo-
zoospermic, oligozoospermic, and azoospermic men [29]. Radiation therapy, on the other
hand, may result in irreversible testicular damage secondary to the high radio-sensitivity of
testicles [30]. Spermatogonial stem cells are highly sensitive to radiation and are adversely
impacted even at low radiation doses (0.1 Gy), with permanent azoospermia typically
occurring with doses of 16–20 Gy but reportedly occurring with radiation doses as low
as 4 Gy [25,31]. Recovery of spermatogenesis after chemotherapy or radiation therapy
depends on the chemotherapy agent used and cumulative chemotherapy or radiation
dose [31].

Importantly, as the efficacy of cancer treatments has improved, the number of sur-
vivors has increased worldwide [24]. Therefore, strong recommendations from the Ameri-
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can Urological Association (AUA), American Society of Clinical Oncology (ASCO),
and American Society for Reproductive Medicine (ASRM) have been made to counsel
and refer patients for discussion of fertility preservation prior to initiating cancer treat-
ments [32–34]. Additionally, men undergoing chemotherapy or radiation therapy should
avoid pregnancy for a minimum of twelve months after completing treatment because of
potentially mutagenic effects of the treatments on germ cells [34,35]. Finally, in men with
persistent azoospermia after gonadotoxic chemotherapy or radiation treatment, testicular
sperm extraction may be performed to harvest sperm for ART [34].

3.5. Cryptorchidism

Cryptorchidism, or undescended testis, is a well-known risk factor for male infertil-
ity and a common genitourinary finding. This disorder affects 1–9% of all male neonates
worldwide, with approximately 3% of boys remaining cryptorchid at one year of age [36,37].
Semen abnormalities are observed in up to 30% of men with a history of unilateral cryp-
torchidism and up to 80% of men with a history of bilateral cryptorchidism [38]. Recom-
mended treatment is orchidopexy, or fixation of the testis within the scrotum, and typically
is performed early in life (by 18 months of age) to prevent future testicular dysfunc-
tion [36,39,40]. The majority of men with a history of cryptorchidism, either unilateral
or bilateral, are fertile, however some may develop azoospermia secondary to iatrogenic
injury to the testis or testicular vasculature during orchidopexy, or baseline underlying
severe spermatogenic dysfunction. For men with NOA secondary to cryptorchidism,
testicular sperm extraction is generally favorable with success in the majority of these
patients [41–46].

3.6. Varicocele

Varicoceles are a common cause of infertility, found in at least 5% of men with NOA,
and the most common cause of secondary infertility [47,48]. Varicoceles are dilated veins
(spermatic and pampiniform plexus veins) within the spermatic cord and may result in
subsequent testicular dysfunction [49]. Different mechanisms of testicular dysfunction in
men with varicoceles have been proposed, including testicular parenchymal hyperthermia,
blood-testis barrier dysfunction, and testicular hypoxia [50]. The ultimate downstream
effect is the generation of reactive oxygen species and damage to testicular cells [50–52].
Damage to Sertoli, Leydig, and germ cells can result in abnormal or decreased sperm
production, as well as deficient testosterone production [49,53]. Although varicoceles
clearly contribute to testicular dysfunction, a varicocele is unlikely to be the primary cause
of NOA since only 5–10% of men with NOA and clinical varicocele will have enough sperm
return to the ejaculate after varicocele repair to avoid testicular sperm extraction [54].

3.7. Other Causes of NOA

NOA may also be acquired for a wide variety of reasons including genitourinary in-
fections, such as post-pubertal mumps orchitis, or various classes of medications. Common
medication categories with documented negative impacts to fertility include exogenous
testosterone or other androgen-modulating medications, psychiatric medications, and anti-
hypertensive medications, which all have been documented to modulate the hormonal
environment resulting in decreased or absent sperm production [55].

4. Optimization of Sperm Production Prior to Surgical Retrieval

Various abnormalities, including hormonal deficiencies and testicular dysfunction,
may contribute to abnormal spermatogenesis and decreased or absent sperm production.
The production of sperm requires adequate levels of (serum and intratesticular) testos-
terone, and the goal of optimization is to increase testosterone levels. Serum testosterone
levels can be optimized prior to surgical sperm extraction by administration of hormone
analogs and modulators, including gonadotropins, aromatase inhibitors (AI), and selective
estrogen receptor modulators (SERM) (Table 2). Unfortunately, there is no high-level evi-
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dence to support use of medical therapy prior to sperm retrieval, despite many anecdotal
applications of medical therapy prior to attempted sperm retrieval for NOA [22]. Certainly,
it is conceptually appropriate to treat low testosterone levels in men with NOA. However,
retrospective data from a large series of men with NOA suggest that the benefits of treat-
ment are quite limited, with men receiving medical therapy to raise testosterone levels
having SRR of 51% (151/307) compared with men not receiving medical therapy prior to
surgical intervention who had SRR of 61% (25/41) (p = 0.31) [56].

Table 2. Medical therapy for hormonal optimization prior to sperm retrieval.

Class Medication Name Dose

AI Anastrozole 1 mg/day
AI Letrozole 2.5 mg/day

Gonadotropin hCG 1500–3000 IU 2×/week
Gonadotropin rhFSH 100–1500 IU 2–3×/week

SERM Clomiphene Citrate 25–50 mg/day
SERM Tamoxifen 20 mg/day

AI, aromatase inhibitor, SERM, selective estrogen receptor modulator; rhFSH, recombinant human follicle-
stimulating hormone; hCG, human chorionic gonadotropin; IU, international unit.

Medical therapy used to optimize testosterone levels aims to increase testosterone
production and decrease estradiol levels. Elevated estradiol levels, typically greater than
60 pg/mL, can suppress hypothalamic gonadotropin secretion and subsequently inhibit
testosterone production [6]. Testosterone-to-estradiol (T:E) ratios are normally greater than
10, and fertile men have a mean T:E ratio of approximately 15 (14.5 ± 1.2) [57,58]. Men with
infertility have lower T:E ratios, with NOA men typically in the range of 7 (6.9 ± 0.6) and
men with KS approximately 5 (4.4 ± 0.5) [58–60]. Gonadotropins can stimulate testos-
terone production and spermatogenesis in men with low gonadotropin levels secondary to
congenital or acquired disorders [60]. hCG may be used as an luteinizing hormone (LH)
substitute alone or in combination with an FSH analog (recombinant human FSH (rhFSH)
or human menopausal gonadotropin (hMG)) to stimulate testis growth, testosterone pro-
duction, and spermatogenesis [60]. AIs, including anastrozole and letrozole, prevent the
actions of aromatase, which is present in peripheral tissues, in converting testosterone to
estrogen. AIs have been shown to be effective medical therapy to increase SRR in men
with KS and in infertile, non-KS men with abnormal T:E ratios [61,62]. SERMs, such as
clomiphene citrate and tamoxifen, provide benefits by inhibiting the negative feedback
exerted on the hypothalamic-pituitary-testis (HPT) axis by estrogen. With decreased nega-
tive inhibition, higher levels of LH and FSH can be achieved, resulting in increased serum
testosterone levels and improved sperm production. Several studies have demonstrated
positive impacts on semen parameters in infertile men taking clomiphene citrate [63,64].

Repair of clinical varicoceles has been demonstrated to improve serum testosterone
levels, as well as spermatogenesis in men with oligozoospermia [48]. After varicocele
repair in men with NOA, the potential improvement of spermatogenesis may result in
enhanced SRR, although there is no high-level evidence to support such intervention [54].

5. Intracytoplasmic Sperm Injection for NOA

Prior to the advent of ICSI, men with NOA had no means for conceiving biological
children. ICSI was first introduced in 1992, and three years later, in 1995, sperm retrieved
from an NOA patient was used successfully with ICSI [65,66]. Since the development of
ICSI, numerous studies have been performed to examine factors that may predict or be
associated with increased ICSI success.

5.1. Predictors of ICSI Outcomes

Limited pre-operative variables exist which predict success of SRR and ICSI. For pre-
dictors of SRR, patient age, serum hormone levels, and testicle size have been evaluated,
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however, conclusive evidence is lacking that any of these factors is predictive of successful
sperm retrieval [67–69]. Testicular histopathology does provide some prognostic informa-
tion for SRR, but it is not routinely recommended for diagnosis of NOA, as the diagnosis
can be made clinically based on FSH > 7.6 and testis length < 4.5 cm in about 90% of men
with this condition [22,68,70,71]. Similarly, no clinical or biochemical factors have been
found to be predictive of ICSI outcomes [3]. Additionally, testis histology has not been
shown to significantly influence clinical outcomes after ICSI [71]. There may, however,
be an association of the number of sperm found at time of surgical retrieval with the num-
ber of clinical pregnancies [72]. Further work is needed to determine if any preoperative
factors, in conjunction with female factors, can predict ICSI outcomes.

5.2. ICSI Outcomes in NOA Men

Understanding clinical outcomes after ICSI are important when counseling men
with NOA and their partners prior to surgical sperm retrieval. A study derived from
the National Assisted Reproductive Technology Surveillance System (NASS) found that
men with infertility (including non-azoospermic and azoospermic men) had a clinical
pregnancy rate (CPR) of 48% and live birth rate (LBR) of 40%, which was similar to rates in
men with no infertility (CPR 44.9%, LBR 36.5%) [73]. A clear limitation of this study was
that the various etiologies of male infertility were not specified or separately examined
and thus, the CPR and LBR may not hold true for all etiologies of NOA. Although NOA
men represent the most severe phenotype of those with male infertility, the majority of
studies, similar to that previously described, have pooled men with NOA regardless of
etiology which limits the overall generalizability of the data. A comprehensive summary
of SRR, biochemical pregnancy rate (BCPR), CPR, and LBR from studies investigating ICSI
outcomes between 1997 and 2020 in NOA men is presented in Table 3.

Table 3. Studies reporting intracytoplasmic sperm injection outcomes in men with non-obstructive azoospermia.

Study Year NOA Etiology
Sperm

Retrieval
SRR (%)

(BCPR (%))
CPR (%)

LBR (%) MR (%)

Fahmy et al.
[74] 1997 NR cTESE NR (16.6)

19.2 NR NR

Friedler et al.
[75] 1997 NR TESA

TESE 43.0 29.0 NR NR

Ben-Yosef
et al. [76] 1999 NR TESE * 60.0 21.7–27 13.0–25.0 6.7–8.7

Palermo
et al. [77] 1999 NR mTESE 63.9 49.1 NR 12.5

Mercan et al.
[78] 2000 NR TESA

TESE 64.4 29–46 NR 20.7–24.2

Chan et al.
[79] 2001 Chemotherapy cTESE

mTESE 45.0 (44.5)
33.3 22.2 NR

Damani
et al. [80] 2002 Chemotherapy cTESE 65.2 60.0 53.0 NR

Friedler et al.
[81] 2002 NR cTESE 39.0–85.0 16.0–19.0 67.0–80.0 NR

Mátyás et al.
[82] 2002 NR cTESE 69.6 26.7 NR NR

Bailly et al.
[83] 2003 NR cTESE 35.0 18.0 81.8 9.0
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Table 3. Cont.

Study Year NOA Etiology
Sperm

Retrieval
SRR (%)

(BCPR (%))
CPR (%)

LBR (%) MR (%)

Mansour
et al. [84] 2003 NR cTESE 56.1 13.6–24.1 NR NR

Meseguer
et al. [85] 2003 Chemotherapy cTESE 41.7 20.0 20.0 NR

Osmanagaoglu
et al. [86] 2003 NR TESE * NR NR 13.9 NR

Raman
et al.—a [42] 2003 Cryptorchidism cTESE

mTESE 74.0 46.0 43.0 NR

Raman
et al.—b [42] 2003 NR cTESE

mTESE 58.0 44.0 36.0 8.1

Vernaeve
et al.—a [43] 2004 NOA (excluded

cryptorchidism) cTESE 33.3% (20.7)
10.9 10.9 NR

Vernaeve
et al.—b [43] 2004 Cryptorchidism cTESE 51.9 (28.1)

17.2 17.2 NR

Aydos et al.
[87] 2005

Cryptorchidism,
idiopathic, nontestis
cancer, RT, trauma,
mumps, orchitis,

chromosome
anomaly

mTESE 57.0 36.0 NR NR

Giorgetti
et al. [88] 2005 NR cTESE 46.0 35.3 25.0–29.0 NR

Mitchell
et al. [89] 2005 NR cTESE N/A 8.7–26.7 17.4–33.3 NR

Wu et al.
[90] 2005 NR cTESE 76.7 33.3–62.5 33.3–41.7 0–20.8

Everaert
et al. [91] 2006 NR MESA

mTESE 35.4 (13.2)
9.4 7.5 NR

Hibi et al.
[92] 2007 Chemotherapy mTESE 60.0 NR 40.0 NR

Mitchell
et al. [93] 2007 NR cTESE N/A 26.0 13.3 NR

Kanto et al.
[94] 2009 NR mTESE 42.5 52.9 NR NR

Ravizzini
et al. [95] 2008 NR mTESE 57.1 (50.0)

40.0 40.0 NR

Ishikawa
et al. [96] 2009 NR mTESE N/A (36.8)

30.9 26.5 NR

Wiser et al.
[44] 2009 Cryptorchidism cTESE 59.5 30.8–41.2 75.0–80.0 NR

Yarali
et al.—a [97] 2009 non-KS mTESE 44.0 (41.0)

33.0 26.0 NR

Yarali
et al.—b [97] 2009 KS mTESE 56.0 (61.0)

39.0 28.0 NR
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Table 3. Cont.

Study Year NOA Etiology
Sperm

Retrieval
SRR (%)

(BCPR (%))
CPR (%)

LBR (%) MR (%)

Boitrelle
et al. [98] 2011

Cryptorchidism, KS,
YCMD, Y inversion,

malignancy,
idiopathic

chemotherapy/RT

cTESE 53.2 42.7 37.0 7.9
5.3 €

Hauser et al.
[99] 2011 NOA +

cryptozoospermia cTESE N/A (19.1–42.9)
12.8–42.9 12.8–42.9 NR

Hsiao et al.
[100] 2011 Chemotherapy mTESE 37.0 50.0 42.0 NR

Ashraf et al.
[101] 2013 NR mTESE 50.0 40.0 NR NR

Choi
et al.—a

[102]
2013 NOA + AZFc

YCMD cTESE 21.0 NR 19.5 NR

Choi
et al.—b

[102]
2013 AZFc YCMD cTESE 26.6 NR 24.3 NR

Karacan
et al. [103] 2013 NR mTESE 54.9 31.3 28.9 7.6

Arafa et al.
[104] 2014

Familial and
non-familial

idiopathic NOA
mTESE 37.4 13.9 NR NR

Esteves et al.
[105] 2014 NR mTESE 41.4 27.8 19.9 28.6

Karacan
et al. [106] 2014 NR mTESE 48.9 16.6–30.7 16.6–28.2 8.3

Aydin et al.
[107] 2015 NR mTESE 58.6 44.6 NR NR

Tsai et al.
[45] 2015 Cryptorchidism TESE * N/A 45.6 32.9 6.3

Vloeberghs
et al. [108] 2015 NR cTESE 40.5 (27.7–34)

21.7–26.7 20.6–25.3 NR

Ko et al.
[109] 2016 NR cTESE

mTESE 44.9 (37.5)
30 25.0 NR

Alfano et al.
[110] 2017 Idiopathic NOA mTESE 48.9 21.7 13.0 NR

Arafa
et al.—a

[111]
2018 Idiopathic NOA +

AZFc YCMD TESE * 63.2 25.7 NR NR

Arafa
et al.—b

[111]
2018 Idiopathic NOA TESE * 65.8 26.6 NR NR

Yu et al.
[112] 2018 NR mTESE 38.4 (34.3)

49.1 24.6 20.7
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Table 3. Cont.

Study Year NOA Etiology
Sperm

Retrieval
SRR (%)

(BCPR (%))
CPR (%)

LBR (%) MR (%)

Chen et al.
[41] 2019

Idiopathic, KS,
YCMD,

cryptorchidism,
mumps orchitis,
chemotherapy

mTESE 40.3 51.0–55.8 NR NR

Yamaguchi
et al.—a

[113]
2020 NOA (excluded

AZFc YCMD) mTESE 74.0 28.9 NR 20.2

Yamaguchi
et al.—b

[113]
2020 AZFc YCMD mTESE 20.4 24.7 NR 26.3

AZFRc, azoospermia factor region deletion in locus c; SRR, sperm retrieval rate; BCPR, biochemical pregnancy rate (elevated serum hCG);
CPR, clinical pregnancy rate (heartbeat or gestational sac detectable by ultrasound); LBR, live birth rate; MR, miscarriage rate; NOA,
non-obstructive azoospermia; NR, not reported; TESA, testicular sperm aspiration; cTESE, conventional TESE; mTESE, microdissection
TESE; TESE *—type of TESE not specified; €, ectopic pregnancy rate; KS, Klinefelter syndrome; YCMD, Y-chromosome microdeletion; RT,
radiation therapy; MESA, microsurgical epiddiymal sperm aspiration. “a” and “b” were used to denote different patient cohorts examined
within one study.

A recent meta-analysis examining sperm retrieval as well as pregnancy and LBRs
was performed [3]. This review compared SRR after conventional TESE (cTESE) with that
after microTESE, and found that the per procedure SRR was 45–49%, and was not able
to identify differences between conventional or microsurgical methods of sperm retrieval
because the included studies did not include comparator trials [3]. Meta-regression analysis
further demonstrated that SRR was independent of both age and hormonal parameters [3].
Testis volume greater than 12.5 mL was found to be associated with a greater than 60%
chance of successful sperm retrieval with an accuracy of 86.2% [3]. The BCPR (diagnosed
by positive serum hCG in the female partner) was 25–32% per ICSI cycle, and LBR was
20–28% [3]. It is important to note that the patient cohorts included in this meta-analysis
were heterogenous with varying NOA etiologies, making the comparison of outcomes
between cTESE and mTESE less valid. A previous meta-analysis which included fifteen
comparative studies demonstrated a 17% higher likelihood of sperm retrieval success
when performing mTESE compared to cTESE [2]. Additionally, it was noted that men who
underwent mTESE had failed prior cTESE or TESA, which also may have underestimated
the increase in sperm retrieval rate with mTESE [2]. Several, smaller studies have been
performed examining NOA men based on underlying etiology, including KS, YCMD,
malignancy, and cryptorchidism, and these will be discussed further.

5.2.1. Klinefelter Syndrome

A meta-analysis of 37 studies found a cumulative SRR of 44% (39–48%) per TESE
procedure in KS patients, with no significant difference between cTESE and mTESE [114].
ICSI outcomes were available for 29 of the 37 studies in the meta-analysis, and reported a
cumulative CPR, defined by ultrasound detection of a gestational sac or heartbeat, of 43%
(36–50%), and LBR of 43% (34–53%) per ICSI cycle [114]. SRR, CPR, and LBR in this analysis
were independent of patient age at time of retrieval as well as testis volume, and serum
hormone parameters [114]. Additionally, no differences between use of fresh versus frozen
sperm were observed [114]. Again, it is important to note that this meta-analysis examined
studies where the patient cohorts were not entirely made up of KS patients. In one of the
largest published studies on SRR in KS patients, we report a SRR of 66% (Table 4) [61].
In our experience with KS patients, the appearance of tubules within the testis is unique
amongst men with NOA. Instead of typically having sperm production throughout an
individual seminiferous tubule, KS patients tend to have focal enlargement of otherwise
sclerotic tubules within the testes. This appearance requires an intensive search within
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these typically very atrophic testes to find the millimeter-sized segments of tubules that
may contain sperm. In addition, the number of sperm retrieved tends to be so small that
sperm are typically not able to be frozen for later use. Therefore, the numbers of sperm
obtained may be only adequate to inject available oocytes during a programmed, fresh
in vitro fertilization (IVF) cycle.

Table 4. Sperm retrieval rates in non-obstructive azoospermia by etiology.

NOA Etiology
Weill Cornell Medicine

(P.N.S.)
Other Reports

Idiopathic 48.5% [46] 37.4–65.8% [104,111]
Klinefelter syndrome 61–66% [46,61] 44% [114]

YCMD (AZFc) 67–75% [17,46] 20.4–54.8% [102,113,115]
Chemotherapy 42% [46] 37–60% [79,92,100]
Cryptorchidism 62% [46] 52–85% [41–45]

Overall 48% [46] 45–49% [3]
P.N.S., Peter N. Schlegel, attending urologist at Weill Cornell Medicine.

5.2.2. Y-Chromosome Microdeletions

Little is known regarding ICSI and clinical outcomes in NOA men with YCMD given
that many of these studies excluded men with YCMD or included men with YCMD in a
larger cohort of azoospermic men (Tables 3 and 4). SRRs differ drastically depending on
the site of microdeletion. Sperm can be surgically retrieved in up to 70% of men with AZFc
deletions and a subset may have low concentrations of sperm in the ejaculate, whereas
no reports of sperm retrieval in men with complete AZFa or AZFb deletions have been
effectively documented [17,116]. One study examining ICSI outcomes using ejaculated
sperm demonstrated no significant difference in pregnancy, live birth, and miscarriage
rates in men with AZFc microdeletions compared to those with other sources of infertility
and no evidence of YCMD [117]. Another study found that men with AZFc microdeletions
had a significantly increased fertilization rate when ejaculated sperm was used compared
to testicular sperm [118]. With ejaculated sperm, pregnancy rate was 47% compared to 14%
with testicular sperm [118]. Unfortunately, no predictors of successful sperm retrieval have
been identified in this cohort, and it is important to inform couples that any male offspring
will harbor the same Y-chromosome mutations [118,119].

5.2.3. Chemotherapy-Associated NOA

In men treated with chemotherapy, SRR ranges from 37 to 60%, pregnancy rates
33–50%, and LBR 22–42% (Tables 3 and 4) [79,92,100]. Additional studies have been per-
formed examining SRRs and ICSI outcomes, but men treated for malignancy (either with
chemotherapy or radiation) are often pooled with men who have NOA due to other un-
derlying etiologies. Therefore, the reported clinical outcomes may not be accurate for men
with azoospermia solely secondary to chemotherapy or radiation treatment. One retro-
spective study of male cancer survivors found that following chemotherapy or radiation
treatment, approximately 57% were azoospermic [120]. This percentage is higher than
expected in a full cohort of men treated with chemotherapy, as it reflects a referral bias
to an infertility center for selected cancer survivors. The CPR was 38.6% and the LBR
was 30.5% after ICSI [120]. Overall, SRR and ICSI outcomes are generally favorable for
men who have undergone treatment for malignancy. In testis cancer survivors, 3% (who
received chemotherapy) and 6% (who received radiation therapy) remained azoospermic
two years after therapy [121]. With increasingly aggressive chemotherapy treatment regi-
mens, the rates of persistent azoospermia are higher [122]. However, fertility preservation
prior to cancer treatment is still highly recommended as it is minimally invasive for men
and can potentially portend less invasive treatments for the female partner [22].
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5.2.4. Cryptorchidism

The mechanism underlying infertility in males with a history of cryptorchidism is
not well understood. Men with bilateral cryptorchidism have a higher risk of infertility
compared with those who have unilateral cryptorchidism [38,39,123]. Additionally, age at
orchidopexy also affects sperm production and future fertility [40]. It is estimated that
greater than 50% of men with a history of cryptorchidism will have varying degrees of
spermatogenic failure and may require surgical sperm retrieval to conceive biological
children [39,123].

Men who have had prior orchidopexy typically have substantial peri-testicular scar,
no tunica vaginalis, and often have an abnormal lie or position of the testis with an anterior
epididymis. Surgical treatment in these men also often reveals an atypical blood supply to
the testis with variable patterns of vessels on the tunica albuginea. Within the testis, most
tubules are typically sclerotic with distinctively different tubules containing isolated foci of
spermatogenesis visible during microdissection. Studies examining ICSI outcomes solely
in men with a history of cryptorchidism report SRR ranging from 52 to 85%, pregnancy
rates ranging from 10–46%, LBR ranging from 33–100%, and miscarriage rates ranging
from 6.3–8.1% (Tables 2 and 3) [41–45]. Patients with cryptorchidism have a wide range
of fertility potential and more studies of these individuals is needed to determine the
mechanisms underlying their infertility so that patients can be counseled with accurate
prognostic information.

5.3. Sperm Effects on ICSI Outcomes

For men with severely impaired sperm production, embryo development appears to
be adversely affected by the (testicular) source of sperm and level of sperm production with
decreased development associated with higher FSH levels [124,125]. Men with NOA often
have such low fertilization rates that a limited number of embryos exist on day 3. Therefore,
transfer of day 3 embryos is routinely required, as further in vitro culture risks losing the
embryos available for transfer on day 3. Of note, high-quality day 3 embryos have been
suggested in some studies to be equivalent to day 5 blastocysts in terms of pregnancy
and live birth rate [124]. However, existing data are limited with no interpretable data
on embryo morphokinetic parameters, although some publications suggest that embryo
development may be less efficient in me with lower sperm production [124,126]. Similarly,
there are limited published data on blastocyst euploidy rates. Given the frequency of day 3
embryo transfer for couples where men have NOA, data obtained from the select group
with blastocysts available for transfer may not reflect results that are generalizable for NOA
patients as a whole.

Advances in the understanding of sperm biology have revealed important paternal
effects on embryo development and quality. Poor semen parameters have been demon-
strated to negatively affect blastocyst formation rates after IVF and ICSI [124,126–129].
Ejaculated sperm has been found to produce higher fertilization and pregnancy rates than
testicular sperm [130]. Additionally, when compared to men with obstructive azoosper-
mia undergoing ICSI, men with NOA undergoing ICSI have lower rates of fertilization,
blastocyst formation, implantation, and pregnancy [124,126,131,132].

6. Improving ICSI Outcomes from the Male Perspective

Optimization of hormone levels in NOA men may improve SRR [71]. Increased
numbers of sperm may allow selection of more optimal sperm to be used for ICSI. Currently,
various methods exist for improving sperm selection, including viability assays, cell sorting
methods and enhanced microscopic analysis for selection of sperm for ICSI, although
manual selection of individual sperm is the most common approach used in men with
NOA [133].

Conventional sperm selection methods including the swim-up method, migration
density, and density gradients rely heavily on the motility of sperm, and cannot be used
for sperm retrieved from the testis as certain maturation processes have not occurred in
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testicular sperm and these sperm are immotile. Magnetic activated cell sorting (MACS) is a
method of sperm selection using annexin V-conjugated magnetic beads to isolate viable
sperm. A systematic review analyzing five prospective, randomized trials evaluating
MACS compared to standard sperm selection methods (including swim-up and density
gradient methods) found significantly increased pregnancy rates resulted after MACS [134].
Intracytoplasmic morphologically selected sperm injection (IMSI) is the process of selecting
sperm at x6,600 magnification to examine motile sperm organellar morphology [133].
A prospective, randomized study examining ICSI and IMSI in couples with severe male
factor infertility reported higher CPR with IMSI (39.2% IMSI vs. 26.5% ICSI, p = 0.004) [135].
This study along with other studies, including one meta-analysis, also demonstrated a
decreased miscarriage rate and improved implantation rates with IMSI compared with
ICSI [133,135]. However, a recent Cochrane review of the efficacy of IMSI compared with
traditional ICSI did not provide any conclusive evidence to suggest that IMSI is superior to
ICSI in terms of clinical outcomes (CPR, LBR) [136].

Additional work on novel techniques is underway that will further optimize the sperm
chosen for oocyte injection. One promising technique is microfluidic sorting of sperm,
which allows for analysis of sperm count, motility, and morphology on a microscopic
level, allowing for the identification and selection of sperm with the best qualities [137,138].
Studies examining microfluidics-sorted sperm have demonstrated improved ICSI and
clinical outcomes compared to sperm selected by conventional methods [138,139]. How-
ever, further work is needed to fully develop this technology for mainstream use [140].
Given the limited numbers of sperm available for retrieval from men with NOA, it is more
challenging to apply sperm selection techniques that could be used for sperm samples
from men with oligozoospermia.

7. Conclusions

ICSI has permitted NOA men, who were previously unable, to conceive biological
children. Studies have demonstrated varying rates of clinical (pregnancy and live birth
rates) outcomes likely due to a heterogenous population of men with NOA included in
these studies, and future studies would benefit from etiology-specific outcome reporting.
Understanding clinical outcomes after ICSI is important for prognostic information and
counseling of these NOA men and their partners prior to undergoing invasive surgical
procedures. Further work is needed to delineate the molecular mechanisms and genetic
defects that underlie this severe reproductive phenotype.
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Abstract: Microdissection testicular sperm extraction (mTESE) has been demonstrated to be the
gold-standard surgical technique for retrieving testicular sperm in patients with non-obstructive
azoospermia (NOA) as it enables the exploration of the whole testicular parenchyma at a high
magnification, allowing the identification of the rare dilated seminipherous tubules that may contain
sperm, usually surrounded by thinner or atrophic tubules. MTESE requires a skilled and experienced
surgeon whose learning curve may greatly affect the sperm retrieval rate, as demonstrated in previous
reports. The present review is intended to offer a precise and detailed description of the mTESE
surgical procedure, accompanied by an extensive iconography, to provide urologists with valuable
information to be translated into clinical practice. Advice about the pre-surgical and post-surgical
management of patients is also offered.

Keywords: microTESE; sperm retrieval; non-obstructive azoospermia; male infertility

1. Introduction

Despite the lack of sperm in the ejaculate, patients with azoospermia due to sper-
matogenic dysfunction, the so-called non-obstructive azoospermia, may still be able to
father children genetically on their own as residual, focal areas of spermatogenesis may
be present in their testes. Due to the anatomical singularity of such a condition, often
characterized by the heterogeneous distribution of histologically and functionally distinct
seminiferous tubules (STs) [1], a randomly applied biopsy is able to retrieve sperm in about
one third of the cases; on the other hand, by enabling the exploration of the whole testic-
ular parenchyma, microdissection testicular sperm extraction (mTESE) is one point five
times more successful than the conventional TESE (cTESE) [2] and is therefore considered
the gold-standard surgical technique for patients with NOA. In addition, the exploration
of the testicular parenchyma at a high magnification (24–36×) enables the retrieval of a
significantly higher number of sperm to be used for intracytoplasmic sperm injection (ICSI)
compared to that of cTESE.

The superiority of mTESE compared to other surgical techniques has been challenged
by a more recent meta-analysis [3], whose results are, however, significantly affected by the
heterogeneity of treated populations and reporting bias [4]. Esteves et al. re-evaluated the
data of the meta-analysis on the basis of eligible controlled studies with histopathological
data and found that the sperm retrieval rate (SRR) was 49% for mTESE vs. 35.8% for cTESE
(RR 1.37 (1.14–1.65); p = 0.0004); for cases with Sertoli cell-only syndrome, SRR was 36.1%
for mTESE vs. 13.3% for cTESE (RR 2.70 (1.72–4.24); p < 0.0001) [4].

Notably, when performing mTESE the skill and experience of the surgeon is key to a
successful sperm retrieval. The sperm retrieval rate (SRR) of mTESE is strongly influenced
by the surgeon’s case volume: Ishikawa et al. [5] showed that the SRR increased after the
first 100 mTESEs performed, and Dabaja and Schlegel [6] observed that the SRR further
increased when the surgeon exceeded experience with more than 500 mTESE procedures.
The surgical experience accumulated in the past twenty-three years by our leading urologist
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(GMC) supports what is suggested by these authors: as displayed in Table 1, the mTESE
sperm retrieval rates improved over time with the number of mTESE procedures.

Table 1. Comparison of the mTESE outcome performed by the same urologist (GMC) in two cohorts
of patients with NOA.

San Paolo Cohort Procrea Cohort

Years 2004–2009 2015–2017

Number of patients 202 143

Overall sperm retrieval rate (SRR) 80/202 (39.6%) 79/143 (55.2%)

SRR per testis histology subcategories

Sertoli cells only syndrome 28/125 (22.4%) 45/143 (31.5%)

Maturation arrest 6/16 (37.5%) 11/29 (37.9%)

Hypospermatogenesis 20/26 (76.9%) 27/28 (96.4%)

Focal Sertoli cells only syndrome 26/35 (74.2%) 9/9 (100%)

Hyalinosis / 2/9 (22.2%)

Intraepithelial neoplasia / 1/2 (50%)
San Paolo cohort: patients undergoing mTESE at San Paolo Hospital, Milan, Italy. Procrea Cohort: patients
undergoing mTESE at Procrea Institute, Lugano, Switzerland.

The aim of the present narrative review is to share the surgical experience of an
expert urologist by providing surgical tips and tricks in the management of patients with
non-obstructive azoospermia.

2. Preoperative Patient Optimization

Spermatogenesis usually takes 74 days in humans. As physical (particularly occupa-
tional heat exposure) and lifestyle factors (recreational drug abuse, high fat diet, alcohol
intake, etc.,) may compromise male reproductive health, it is advisable that men with NOA
willing to undergo mTESE should be adequately counselled about those risks, which are
more susceptible to undervaluation [7]. For men with known exposure, a three- to-six-
month washout period may be advisable before proceeding with mTESE; those patients
with previous surgical sperm retrieval should wait six months before undergoing a further
surgical attempt.

Some patients with NOA may have a subclinical or clinical asymptomatic hypogo-
nadism, in most cases due to primary testicular failure and in a few cases due to hypogo-
nadotropic hypogonadism. As testosterone signaling is required for spermatogenesis to
proceed beyond meiosis, it has been postulated that patients with hypogonadism should
have their serum testosterone levels optimized before surgical sperm retrieval. Indeed,
a pooled estimation of seven studies reporting the sperm retrieval rates in patients with
subnormal vs. normal testosterone levels demonstrated that patients with normal testos-
terone levels had a significantly higher chance of successful sperm retrieval (SSR) compared
to those with hypogonadism (OR 1.63, 95% CI 1.08–2.45, p = 0.02) [8]. The utility of the
hormonal treatment of patients with NOA has been evaluated by a few studies, yet with
conflicting results [8]. The recent AUA/ASRM guidelines on the diagnosis and manage-
ment of male infertility recommend informing patients with NOA about the limited data
supporting pharmacologic treatments prior to surgical intervention [9].

Performing scrotal ultrasound before surgery may provide valuable information for
the surgeon. The testis volume should be evaluated by using the known formula of
length × width × height × 0.52, while the ultrasonic texture may be evaluated according
to Lenz et al. [10]. In addition, the testis ultrasound may reveal areas of fibrotic tissue,
due to previous surgery or trauma, and the presence of testicular nodules, which may not
be uncommon in men with NOA, given the significantly higher risk of testicular cancer
in these patients compared to infertile men with less severe spermatogenic impairment
(standardized incidence ratios—SIR 2.9, 95% CI 1.4–5.4), particularly in younger men
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(SIR 3.7, 95% CI 1.7–7.0) [11]. The risk of testicular cancer may be even higher in patients
with cryptorchidism [12].

Patients with NOA with clinical varicocele may undergo varicocele repair before
surgical sperm retrieval as it may result in the detection of ejaculated sperm or in better
sperm retrieval rates [13]. Such a beneficial effect may be more effective for patients with
histological evidence of hypospermatogenesis than for patients with maturation arrest
or Sertoli cell-only syndrome [14]. Postponing mTESE to let patients undergo varicocele
repair may, however, be not advisable for couples with female factor fertility (e.g., female
age > 38 years, poor ovarian reserve); as the potential benefits of varicocele repair are not
obtained until at least 3–6 months after the repair, this would lead to unjustified delays in
IVF treatments.

3. MTESE Procedure

The average duration of surgery, in our experience, is 87′ (range 60′–140′) for unilateral
mTESE and 126′ (65–205′) for bilateral mTESE. MTESE is usually performed under general
anesthesia; due to the inherent psychological stress, we try our best to avoid unneeded
painful experiences for our patients by administering ketorolac 30 mg plus paracetamol
1 gr and pethidine 1 mg/kg one hour before awakening from anesthesia-induced uncon-
sciousness. Ketorolac and paracetamol may be administered again eight hours later.

Generally, the larger testis is first chosen for the mTESE evaluation, apart from selected
cases (the presence of testicular nodules or microlithiasis in the smaller testis at ultrasound
or previous surgery on the larger testis). A 1.5–3 cm wide scrotal incision, performed
in parallel to the skin vessels, ensures an almost invisible scar one month after surgery.
Following the testis exposure, the tunica vaginalis is opened, then a 4–10× magnification
allows the identification of a testicular surface area devoid of sub-albugineal vessels where
an equatorial or para-equatorial incision can be safely made. In the case of a salvage
mTESE after failed sperm retrieval attempts, the albugineal incision should be made
far enough from the scars as the testicular tissue closer to the scars may be atrophic
due to previous tissue excision and to vascular damage. Even testicular aspiration may
inflict severe and irreversible damage to the testicular tissue and to the architecture of
the tubules in the needle’s path, as demonstrated by an animal study [15]; for this reason,
performing a salvage mTESE after a failed multifocal TEFNA may be more challenging
than after a cTESE.

Following albugineal incision, which may cover 180 to 270◦ of the testicular circum-
ference (Figure 1), the two albugineal edges are held by two mosquito clamps, and the
testicular parenchyma is observed at high magnification (×36) while the surgeon holds the
testis firmly to allow a correct evaluation of the parenchyma under the operating micro-
scope. The careful and thorough search for areas containing those STs that appear clearly
dilated compared to the surroundings represents the most important step of mTESE as it
has been demonstrated that dilated STs may contain sperm in 90% of cases [16]. Indeed, the
testicular parenchyma of patients with NOA is commonly made of tiny tubules, containing
only Sertoli cells, or with complete hyalinization, while dilated STs may lie solitary, sur-
rounded by smaller size tubules or grouped in tiny heaps or, more rarely, occupy a small
part of a lobule. Less frequently, STs may appear homogeneously dilated; this typically
occurs in cases of early or late maturation arrest. Patients with NOA due to maturation
arrest usually have normal FSH levels and testicular volume; in these cases, it may be
advisable to make a less wide scrotal incision as the whole testicular parenchyma may be
homogeneously made of dilated STs, and a larger incision would not improve the sperm
retrieval outcome.
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Figure 1. Wide incision of albuginea.

During the exploration at high magnification, the testicular parenchyma is gently
detached (Figure 2) to individuate dilated tubules, avoiding any traction that may distort
the STs caliber. Hemostasis with a bipolar microcoagulator should be avoided at this
point (in some cases it may be applied only to the intra- or sub-albugineal vessels) and
eventually limited to a gentle pressure on the testicular tissue for 4 min using gauze wet
with Ringer solution. In this phase a small fragment of testicular tissue, representative of
the overall appearance of the testicular parenchyma, is taken, fixed in Bouin’s solution,
and sent to the pathologist for histological examination. Testis histology is mandatory
for classifying the predominant histological pattern and for excluding the presence of
intraepithelial neoplasia [17], which is more common in patients with NOA compared to
non-azoospermic infertile men [11]. In addition, a histopathological report may represent a
cross-validation of the biological report: the presence of sperm in a previous histological
section of a patient with sperm retrieval failure (e.g., Sertoli-only syndrome) may suggest
the presence of focal areas of hypospermatogenesis that may justify a salvage mTESE.

 

Figure 2. Testicular parenchyma at medium-high magnification.
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The evaluation of the testicular parenchyma at high magnification (×36) enables
the surgeon to discriminate between STs that, at a lower magnification, may appear of
comparable size (Figure 3).

 

Figure 3. High magnification (×24- > ×36) allows the easy discrimination between seminiferous
tubules of different sizes (those marked by blue arrows are very slightly larger than those marked by
black arrows).

The STs of better caliber, which are often opaquer than the surroundings (Figure 4),
are removed with Vannas micro-forceps, washed in human tubal fluid medium to remove
the blood, and transferred to a sterile Petri dish containing Ham’s F10 medium with serum
substitute supplement; the embryologist then minces them extensively until they can be
passed through a 24-gauge angiocatheter. Then, a 1 mL collagenase solution is added to
the fragments, and the samples are incubated at 37◦ for two hours. The resulting cellular
suspension is diluted with a medium and centrifuged twice at 800× g for ten minutes, then
the pellet is observed under a phase contrast microscope. To save time, the procedure may
be performed by two embryologists working in parallel. In a few minutes, the embryologist
may give a response about the presence of sperm in the suspension; if sperm are found,
the surgeon proceeds with the identification of STs of the same caliber, removes those
grouped together with Vannas micro-forceps, and brings them to the embryologist for a
rough estimate of the number and quality of sperm retrieved. When the number of sperm
retrieved is adequate for the ICSI, the surgeon stops the research for dilated STs.

The number and quality of retrieved sperm, and their planned use in ICSI cycles
(fresh or frozen), may affect the duration of surgery and the amount of tissue dissection.
In the case of easily retrieved sperm, most of the testicular tissue is spared [18], which
may represent an undoubted advantage in the case of a further salvage mTESE that could
become necessary for further ICSI attempts. The search for sperm could be less extensive
in the case of a fresh ICSI-mTESE as few viable sperm may be needed for the ICSI. For this
reason, several authors prefer using freshly retrieved testicular sperm for the ICSI [19,20];
indeed, although no statistical difference has been demonstrated between the use of fresh
versus cryopreserved-thawed testicular sperm with regard to fertilization and pregnancy
rates in ICSI cycles [21], fresh ICSI-mTESE requires the yield of fewer sperm compared to
the frozen ICSI-mTESE as only 33% of frozen-thawed testicular sperm will be viable for use
with the ICSI [19]. Supernumerary testicular sperm should be frozen, obviously, for further
use in the ICSI. Still, there are some drawbacks when using the fresh mTESE-ICSI, including
the possibility of an otherwise unforeseeable sperm retrieval failure, with the consequent
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need for oocyte cryopreservation, as well as organizational issues. When the number of
retrieved sperm is insufficient for the ICSI, the surgeon proceeds with a wider examination
of the testicular parenchyma by a bivalve full opening (Figure 5). If needed, the deeper part
of the testicular parenchyma is explored orthogonally to the para-equatorial section plan,
avoiding as much as possible any possible vascular damage (Figure 6), and the tubules
are examined both along the septa and by delicately detaching groups of them from the
adjacent ones by Vannas micro-forceps. For large testes, if the initial incision does not
adequately provide exposure to the entirety of the testicular parenchyma, a second parallel
equatorial incision is performed. When no dilated STS are identified, any tubule whose
caliber appears slightly larger than that of the surroundings is removed (the so-called
slightly dilated tubules) [16]. If no sperm are found, then not-dilated tubules are excised
according to a sort of mapping by removing tiny fragments of testicular tissue from the two
separated surfaces at different depths from the albuginea to the hilum. In our experience,
however, sperm are found in not-dilated tubules in only 7% of cases [16]. In the case of
sperm retrieval failure, the contralateral testis is opened with the modality described above.

 
Figure 4. Dilated tubules. (A) Medium-sized group of dilated tubules (long arrows) among not-dilated tubules of different
caliber. (B) Small group of dilated tubules (blue arrows) dispersed among non-dilated tubules (black arrows). (C) A
small lobule of dilated tubules crossed and flanked by tiny blood vessels (arrows). (D) A group of large opaque tubules
surrounded by blood vessels (arrows).
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Figure 5. (A) Medium-degree bivalve testis opening; (B) large bivalve testis opening.

 

Figure 6. Extremely wide testis opening with exploration in the bi-polar direction and partial
extrusion of lobules.

Our experience suggests that dilated STs containing sperm may be more easily found
close to the small vessel, probably due to the better local blood perfusion, or to clustering
Leydig cells ((Figure 4C,D and Figure 7). Sometimes groups of convoluted dilated STs are
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found (Figure 4) or occupy a small lobule that should be carefully detached and removed
(Figure 7); in some cases only dilated segments of otherwise thin STs are found (Figure 8).
The best tubules often display a slightly different color than the surrounding ones or may
give the impression of being overdistended (Figure 9). The finding of large lobules made
of dilated STs is an extremely rare event, at least in our experience (Figure 10).

Figure 7. (A) Dilated tubules are found close to sub-albugineal vessels (arrows); (B) a lobule of
dilated tubules supplied by a vessel (arrow), amidst two yellow areas full of Leydig cells (wedges);
(C) an entire lobule of tubules with different calibers, but mainly dilated, well nourished by many
vessels (arrows); in the background, out of focus, yellow tissue full of Leydig cells (between wedges);
(D) a medium-sized group of dilated tubules close to blood vessels and a brown-yellowish Leydigian
area (arrow).

Figure 8. (A) An isolated dilated tubule; (B) a single dilated tubule surrounded by atrophic tubules.
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Figure 9. Sometimes dilated tubules appear bloated (between the forceps tips): see the contrast with
the slightly less dilated tubules below (arrows).

Figure 10. (A) Each lobule is made up of tubules of the same caliber, but the caliber decreases from
lobule to lobule: dilated (delimited with arrows), less dilated (triangle), narrow (square), and atrophic
(star); (B) four lobules of dilated tubules emerging from atrophic parenchyma.

At the end of the exploration of the testicular parenchyma at high magnification,
the testicular tissue surface is irrigated for antisepsis with Ringer solution (with 80 mg
gentamycin/100 mL). Hemostasis is performed when the blood pressure is normalized to
avoid postoperative bleeding by gently pressing the testicular tissue for 4 min using gauze
wet with the antiseptic solution and eventually (the least possible) using the microsurgical
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bipolar thermal device. The albuginea incision is closed with a continuous suture of
Vicryl 5/0 with a taper-point needle in a running fashion (Figure 11), preferably involving
only its external layer to avoid any additional damage to the sub-albugineal vessels. Vicryl
is an absorbable suture that does not leave any detectable trace at the testis ultrasound
when performed weeks later [22] (Figure 12). Other authors use a 5–0 non-absorbable
monofilament suture, such as polydioxanone or a 6–0 nylon suture, to allow the clear
identification of the site of incision if a repeat procedure is needed at a subsequent time [19].
The tunica vaginalis opening is repaired by a continuous Vicryl 4/0, after an instillation
into the vaginalis cavity of 1 mL saline solution with 2 mg betamethasone, to prevent both
pain and tunica vaginalis adhesions, as confirmed in the case of reoperation [23]. The
dartos muscle layer and scrotal skin are closed by separate stitches with Vicryl 3/0 suture.
MTESE is affected by a minimal blood loss (no more than 3 mL per testis).

 

Figure 11. Closure of the albuginea after bivalve opening.

Figure 12. Salvage mTESE after (A) one previous failed mTESE (B) two previous mTESEs.

The mTESE procedure may proceed slightly differently in particular cases: (i) Inci-
dental testicular lesions may be found in up to 2.9% of patients with NOA [24]. Such
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lesions are usually benign when their maximum diameter at ultrasound does not exceed
5 mm [25]. Following a preoperative testis ultrasound assessing the intraparenchymal
coordinates of the nodule, incision of the albuginea is made to easily reach the nodule,
which is completely removed together with a thin layer of intact parenchyma; a frozen
section would guide the surgeon to proceed with mTESE in the case of benign lesions (e.g.,
leydigiomas), or to total orchiectomy, with a consequent search for sperm in the removed
testis. (ii) Klinefelter patients may have very small, firm testes. The testicular parenchyma
is usually darker, stiffer, and more fragile compared to that of patients with idiopathic
NOA. Groups of hyperplastic Leydig cells are dispersed among hyalinized tubules, among
which the rare dilated tubules may be found (Figure 13).

Figure 13. Testis in a patient with Klinefelter syndrome. (A) low magnification; (B) high magnification
(×36): forceps tips indicate a tiny group of dilated tubules inside a brownish area rich with Leydig
cells, with atrophic tubules in the background (one atrophic tubule is marked with a star).

4. Post-Operative Course

MTESE is a minimally invasive surgery when performed to preserve, as much as pos-
sible, the integrity of the testicular parenchyma: a testis ultrasound performed six months
after mTESE does not usually reveal any visible scar [22]. Overnight hospitalization is
always suggested, particularly for those patients living far away from the hospital. Patients
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should be examined for a scrotal hematoma prior to discharge. Other prescriptions include
oral antibiotics (usually for a week); bed rest and an ice pack to the scrotum for the first
48 h; no scrotal supporters, to avoid testicular retraction in the upper scrotal position;
and suture removal ten days after surgery. The post-operative course is usually painless,
probably thanks to the betamethasone instillation in the vaginalis tunica and to the careful
handling of the spermatic cord; in the case of pain, paracetamol is prescribed for a couple
of days. The patient would be able to go back to work in three days, may resume normal
sexual activity in ten days, and should wait for twenty days before resuming any intense
physical activity.

Complications are extremely rare, particularly when a surgeon with great experience
in microsurgery performs an mTESE. In our experience (GMC), intratesticular hematoma
occurred once in 1300 procedures, due to hemostasis being performed during uncor-
rected hypotension after induction of general anesthesia; the testis was opened again,
and no signs of testicular damage were seen at ultrasound two weeks and six months
later. Complications are more frequently observed when a single or multiple biopsy cTESE
is performed [26].

A testosterone follow up assay should be performed 9 and 18 months after surgery
as a significant decrease in testosterone serum levels has been described at 3–6 months,
with a return to 95% of the baseline testosterone levels at the end of 18 months [26].
Patients whose pre-surgical subnormal testosterone levels have been optimized prior to
mTESE should receive testosterone replacement therapy if no further surgery for sperm
retrieval is awaited.
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Abstract: Retrieving spermatozoa from the testicles has been a great hope for patients with non-
obstructive azoospermia (NOA), but relevant methods have not yet been developed to the level
necessary to provide resolutions for all cases of NOA. Although performing testicular sperm ex-
traction under microscopic magnification has increased sperm retrieval rates, in vitro selection and
processing of quality sperm plays an essential role in the success of in vitro fertilization. Moreover,
sperm cryopreservation is widely used in assisted reproductive technologies, whether for therapeutic
purposes or for future fertility preservation. In recent years, there have been new developments
using advanced technologies to freeze and preserve even very small numbers of sperm for which
conventional techniques are inadequate. The present review provides an up-to-date summary of
current strategies for maximizing sperm recovery from surgically obtained testicular samples and, as
an extension, optimization of in vitro sperm processing techniques in the management of NOA.

Keywords: testicular azoospermia; non-obstructive azoospermia; sperm selection; sperm; cryop-
reservation; in vitro maturation

1. Introduction

To date, although testicular spermatozoa from patients with non-obstructive azoosper-
mia (NOA) have been used widely for intracytoplasmic sperm injection (ICSI), this method’s
effectiveness still has potential for further improvement. NOA is characterized by the
absence of any spermatozoa, whether dead or alive, in the ejaculate due to reduced or
nonexistent sperm production in the testicle [1]. Testicular fine needle aspiration (FNA or
testicular sperm aspiration—TESA) is an effective and non-invasive method used to obtain
sperm, especially from patients with obstructive azoospermia [2]. Although its simpler and
less traumatic features have made FNA the preferred method, testicular sperm extraction
(TESE) is the treatment of choice for patients with NOA, with a satisfactory number of
successful spermatozoa retrieved in approximately half of the patients. In the conventional
TESE procedure, the testis is exposed through a small incision in the tunica albuginea,
and multiple biopsies are taken randomly [3]. However, microTESE carried out at high
magnification under an operating microscope allows visualization of whitish, larger, and
more opaque seminiferous tubules likely to contain mature germ cells [4]. Although not
randomized, most studies have reported that the sperm recovery rate from microTESE is
superior to that from conventional TESE [5–7]. In fact, a recent controlled, randomized
study verified the efficacy of microTESE compared with that of TESE in retrieving sperma-
tozoa from patients with NOA [8]. In addition to the surgical technique, however, in vitro
extraction of sperm from surgically excised testicular tissue or tubules is also important for
obtaining spermatozoa of sufficient quality and quantity for use in ICSI.
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2. Processing and Selection of Surgically Retrieved Sperm for ICSI

2.1. Mechanical Processing of Testicular Tissue

The goal of TESE treatment in patients with NOA is to retrieve spermatozoa suitable
for ICSI from the testicular tissue obtained by surgical intervention. Different methods
have been described for processing TESE specimens in the laboratory. The most preferred
tissue-processing procedure is mechanical treatment of testicular tissue pieces by shredding
and mincing with fine needles, scissors, or glass slides [9–11]. In addition to the shredding,
tubule pieces cut into short lengths can be squeezed into the medium with the help of
a bent pipette [12,13]. The suspension can then be processed using either the swim-up
or density gradient centrifugation method. In the former, following the sedimentation
of tissue fragments, the most motile spermatozoa swim up the medium; in the density
gradient method, during centrifugation, sperm cells are separated according to swimming
rate while moving through discrete layers of density gradients [14,15]. Both methods have
their advantages. Verheyen et al. compared rough shredding, fine mincing, vortexing,
and crushing methods to evaluate the efficiency of obtaining a maximum number of
sperm from testicular biopsy specimens, and fine mincing of testicular tissue followed
by discontinuous Percoll centrifugation was found to be the most effective method of
isolating a pure fraction of spermatozoa available for ICSI as well as cryopreservation [16].
However, the risk of cell loss through the discrete layers in Percoll gradient separation
cannot be ignored. Therefore, if too few cells are present, it may be preferable to carefully
mince the testicular tissue with fine forceps or microscissors and centrifuge the entire
suspension immediately [10,17]. As another option, Haimov-Kochman et al. suggested
that leaving tissue fragments from TESE in medium for 10 min and then centrifuging
the supernatant could yield rapid sperm recovery without wasting time shredding the
tissue [18]. Interestingly, when the supernatant was spermatozoa-negative, no spermatozoa
were present in the tissue either. Therefore, this method makes it possible to quickly
predict the success of TESE. Nevertheless, when it comes to choosing the optimal method,
in addition to the structural features of the testicular tissue, personal experience and
laboratory facilities should also be taken into consideration.

2.2. Use of Erythrocyte-Lysing Buffer (ELB)

One of the most frequently encountered problems during the search for spermatozoa
in fragmented TESE specimens is abundant erythrocyte infiltration. Attempting to identify
rare spermatozoa among dense erythrocyte clusters is time consuming and associated with
a reduced recovery rate. The use of erythrocyte lysing buffer (ELB) for the elimination
of red blood cells present in the mechanically shredded testicular tissues of patients with
NOA was first described by Verheyen et al. [19]. Resuspending the testicular sperm pellet
in ELB (155 mM NH4Cl, 10 mM KHCO3, and 2 mM EDTA; pH 7.2) yielded recovery of
additional motile spermatozoa in a shorter time. Treatment of TESE samples with ELB
shortens the processing time and increases the success of cell retrieval without decreasing
the fertilization potential of the embryo [17]. However, treatment of sperm suspensions
with ELB has also been shown to impair sperm quality [20]. When spermatozoa were
incubated in ELB for 10 min, their motility and viability decreased and DNA fragmentation
increased. This effect of ELB on sperm may be due to the fact that the same mechanism
of disruption in ammonium equilibrium responsible for the lysis in erythrocytes is also
present in the sperm. In addition, osmotic stress caused by the chemical structure of this
buffer may damage the plasma membrane and alter sperm metabolism [21]. Conversely,
Soygur et al. showed that ELB itself and the cellular stress caused by erythrocyte lysis did
not have detrimental effects on the survival of ejaculated sperm [22]. According to their
protocol, however, ELB incubation was only allowed for 5–10 s, so there may not have
been enough time for damage to occur. Despite the fact that the potential influence of this
buffer on sperm parameters remains uncertain, at present, ELB medium is widely used
during testicular germ cell extraction to clean the cellular suspension from erythrocytes
that interfere with visualization [23,24].
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2.3. Enzymatic Digestion

In TESE, the goal of mechanically shredding tissues is to free the germ cells that are
trapped in seminiferous tubules or adhered to the tissue. However, digestion of tissues
using enzymes can be expected to facilitate the release of gametes by loosening the cellular
contacts in the tubular wall. In fact, collagenase has been shown to provide sufficient disso-
lution in the tissue without decreasing cell viability [25] (Table 1). This was also confirmed
by Salzbrunn et al. for cryopreserved testicular tissue, and enzymatic preparation of tissues
using collagenase type AI provided high yields of vital spermatids and spermatozoa [26].
Subsequently, Fischer et al. reported the first pregnancy using spermatozoa extracted using
the same method in ICSI [27]. However, when compared to type AI, collagenase type
IV has been shown to be more effective in isolation and recovery of viable spermatozoa
and round spermatids from testicular samples [28]. Type IV collagenase is preferred for
the processing of testicular tissue, since type IV collagen is specifically localized in the
basement membrane of the seminiferous tubules and within the extracellular matrix (ECM)
layers [29]. On the other hand, collagenase type IV is produced by Sertoli cells (SCs),
and its target (collagen IV) has been shown to affect the dynamics of SC-tight junctions,
which mediates translocation of preleptotene and leptotene spermatocytes residing at
the basal compartment of the seminiferous epithelium into the adluminal compartment
for further development [30]. However, the exact mechanisms regulating the events of
spermiation and sperm release have not yet been clearly elucidated. A disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTSs), which belong to the M12
metallopeptidase family, are responsible for the migration of differentiated germ cells
through the seminiferous tubule wall by organizing the degradation and reformation of
the ECM [31]. In fact, we recently demonstrated that ADAMTS1 and ADAMTS5 protein
levels expressed in Sertoli cells were decreased approximately 2-fold in cases of NOA [32].
The effect of enzymatic digestion on the success of sperm retrieval in cases where these
proteases are defective is a subject of further research. For these reasons, the use of type
IV collagen has been widely preferred to increase sperm recovery rates, because of both
its disrupting effect on the integrity of the tubule basement membrane and its ability to
break the connections of germ cells with Sertoli cells [33]. During the process, clotting
caused by free DNA released from dead cells can be prevented by the addition of DNAase
enzyme [28].

Since enzymatic digestion of testicular tissue allows obtainment of an isolated germ
cell suspension free of tissue artifacts, its efficiency is higher compared to rough mechanical
separation, which causes contamination with large amounts of damaged cells, free nuclei,
and residual tissue fragments in the cell suspension. Indeed, spermatozoa retrieval rates
(SRRs) between 7% and 33% were reported following enzymatic processing of tissue
suspension in TESE cases in which no spermatozoa could be obtained by mechanical
mincing [33–36]. The differences between the SRRs reported in the studies may be due to
the experience of the embryologists, the histopathological status of the testicular tissues,
and variations in the number of cases. In particular, the time spent and effort expended
during the mechanical shredding of seminiferous tubules have significant effects on the
chance of sperm detection in the laboratory. The crucial role of laboratory handling,
especially in the management of compromised testicular specimens, has been discussed
previously [37]. Similarly, Modarresi et al. reported serum follicle-stimulating hormone
(FSH) and luteinizing hormone levels as factors that may affect SRRs after enzymatic
digestion treatment [33]. On the other hand, collagenase treatment has been shown to
increase the cytokine population in the testis by stimulating an immune response, but
its effects on spermatozoa remain unclear [38]. In general, processing with enzymatic
digestion from testes in which very few spermatozoa are predicted to be present should be
considered an effective practice.
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Table 1. Clinical results of enzymatically tissue processing methods for sperm recovery by TESE.

Compound Control Results Refs.

DNase plus collagenase type IV Mechanical searching
Increased SRR 9% of cases where no

spermatozoa were found after
mechanical searching.

[33]

DNase plus collagenase type IV Mechanical searching
Increased SRR 26% of cases where no

spermatozoa were found after
mechanical searching

[34]

DNase plus collagenase type IV Mechanical searching
Increased SRR 33% of cases where no

spermatozoa were found after
mechanical searching

[35]

DNase plus collagenase type IV Mechanical searching
Increased SRR 7% of cases where no

spermatozoa were found after
mechanical searching

[36]

Collagenase type IV and
collagenase type IA

Untreated
samples

Vitality in control, collagenase IV and
IA; 74.7%, 84.9% and 79.5%,

respectively, motility; 86%, 86% and
71%, respectively (p > 0.05).

Recovered spermatozoa by collagenase
IV and IA; 0.34 × 106 and 0.22 × 106,

respectively p = 0.017

[28]

2.4. Motility Enhancers

The success of ICSI in patients with NOA is closely related to the recovery of motile
spermatozoa during TESE. Indeed, fertilization success decreases significantly when im-
motile spermatozoa are injected into oocytes [39,40]. However, in most patients with NOA,
only a small number of spermatozoa with very poor motility or complete immotility can be
obtained from minced testicular tissue. Less than 3% sperm motility was reported following
the initial processing of biopsy samples [41]. However, the primary goal in the treatment
of NOA is to extract spermatozoa with sufficient motility from tissue fragments during
TESE for use in ICSI. It has been suggested that viable sperm ratios increase after in vitro
culture of testicular cell suspension with various motility enhancers [15] (Table 2). Among
the many tested compounds for stimulating sperm motility in vitro, phosphodiesterase
(PDE) inhibitors have been the most promising. The most common chemical component
used as a motility enhancer in the laboratory is pentoxifylline. Pentoxifylline is a PDE in-
hibitor of the methylxanthine group shown to induce sperm motility [42]. In human sperm,
adenylyl cyclase catalyzes the formation of cyclic adenosine monophosphate (cAMP) from
adenosine triphosphate. The role of cAMP in the regulation of sperm motility has been
defined [43]. Previous studies have suggested that cAMP is the primary signal for the
onset of progressive motility under proper conditions [44]. Compounds such as pentoxi-
fylline, caffeine, and theophylline are known to inhibit cyclic nucleotide phosphodiesterase,
which breaks down cAMP to 5′-AMP [45,46]. However, it is not certain that theophylline
and caffeine directly stimulate sperm motility by increasing the cAMP compound; they
may also act on other enzymes in addition to PDE [43]. Caffeine was shown to increase
cytochrome oxidase activity, an important compound of the electron transport chain in
mitochondria, by stimulating the cAMP and protein kinase A pathway [47]. Experimental
studies revealed that the addition of caffeine to semen samples increased sperm motility
and stimulated capacitation and spontaneous acrosome reaction [48,49]. It was also shown
that incubation of post-freezing human spermatozoa with caffeine for 15 min increased
progressive motility through mitochondrial energy metabolism [50]. However, teratogenic
consequences of high-dose caffeine and its derivatives have been established in animal
models [51]. It has been suggested that by washing away the motility enhancers, the
putative toxic effects on embryo development will disappear; however, it has also been
shown that the removal of these compounds by centrifugation may lead to total motility
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loss [52]. Although the results in current literature are encouraging, the toxic effects of
caffeine on embryo development and the potential prevention of these effects require
further investigation.

In a comparative study, Mangoli et al. demonstrated that using pentoxifylline in the
selection of viable spermatozoa from a testicular non-motile spermatozoa population signifi-
cantly increased the success of fertilization (62% vs. 41%) and pregnancy (32% vs. 16%) more
than the hypo-osmotic swelling test [53]. Pentoxifylline was found to increase the pregnancy
success rate of IVF with its stimulating effect on acrosome reaction [54]. Similarly, Kovacic et al.
reported that if immotile sperm in TESE tissue were cultured with pentoxifylline for 20 min,
97% of them started to move; hence, vital spermatozoa could be distinguished more easily, the
procedure was shortened, and the fertilization rates and numbers of embryos increased [55].
The use of pentoxifylline to stimulate sperm motility in fresh or frozen/thawed suspensions
has also been reported in other studies [56–58]. Since the cAMP level in spermatozoa with
normal motility is sufficiently high to activate the subsequent cascades, PDE inhibitors have
the most pronounced effect on sperm with poor motility [59]. This explains why pentoxifylline
is rather successful on poorly motile sperms recovered with TESE. Above all, artificial oocyte
activation was indicated as the main determining factor for ICSI success, regardless of the
restoration of testicular sperm motility after pentoxifylline treatment [58]. Therefore, when
evaluating the clinical results of in vitro sperm processing methods, the female factor should
also be taken into consideration in certain aspects.

Theophylline, with its similar molecular structure to pentoxifylline, has also been
shown to increase sperm motility and fertilizing capacity in in vitro studies [52,60,61].
Ebner et al. reported that when frozen/thawed testicular sperm samples from TESE
were treated with theophylline, sperm motility improved in most cases, and the clinical
pregnancy rate increased from 23% to 53% [45]. The positive effect of theophylline on
sperm motility has also been demonstrated in other studies [62,63]. Although there is
concern that motility-enhancing chemicals may have toxic effects on embryo develop-
ment [64], no evidence of anomalies in offspring has been shown for either theophylline or
pentoxifylline [63,65].

Spermatozoa contain various forms of PDEs with different regulatory interactions.
Results from in vitro studies with PDE5, which represents a small functional fraction of
spermatozoa, are contradictory. Glenn et al. reported that Sildenafil citrate, a widely
used PDE5 inhibitor, produced a sustained improvement in sperm motility, but this was
accompanied by a significant increase in acrosome-reacted sperm count [66]. Others have
reported PDE5 inhibitors to yield similar improvements in motility; however, these studies
did not confirm that sildenafil and tadalafil (another PDE5 inhibitor) triggered the acrosome
reaction [67,68]. Overall, concentration and exposure time of PDE5 inhibitors have been
indicated as the main decisive factors for sperm motility [66,69]. Nevertheless, the early
acrosome reaction before reaching the oocyte renders sperm unable to fertilize; this consti-
tutes the main concern. Furthermore, paucity of PDE in spermatozoa, as demonstrated
in proteomic studies, may also have led to inconsistent results in in vitro studies [70]. In
addition, the scarcity of studies on aberrant PDE expression and the role of biochemical
pathways with different molecular interactions prevent further conclusions [71].
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Table 2. Clinical results of motility enhancers for sperm recovery by TESE.

Compound Control Results Refs.

Pentoxifylline Hypoosmotic test

Increased fertilization rate (62% vs. 41%
p < 0.05)

Increased pregnancy rate (32% vs. 16%
p < 0.05)

[53]

Pentoxifylline Untreated immotile sperm

Initiated motility in 95.7% of the
samples.

Increased fertilization rate (66% vs.
50.9%; p < 0.005)

Increased mean number of embryos per
cycle (4.7 vs. 2.7 p < 0.01).

[55]

Pentoxifylline In-group
Induced additional motility in 33.3%
and 69.3% of cases where fresh and

frozen samples were used, respectively.
[57]

Pentoxifylline Untreated immotile sperm Initiated motility in 70.8% of the
samples. [42]

Theophylline Untreated motile or immotile
sperm

Improved motility in 98.5% of the cases.
Increased fertilization (79.9% vs. 63.3%

p < 0.001) and pregnancy (53.9% vs.
23.8% p < 0.05) rates.

[45]

2.5. Short-Term Culture vs. Simultaneous ICSI

The impact of enhancers on sperm motility in TESE samples may also be related
to in vitro incubation conditions. In fact, when the effects of culture time and ambient
temperature on sperm motility in testicular tissue samples were evaluated, 24 h incubation
at room temperature was found to be ideal for optimal sperm motion [72] (Table 3). Balaban
et al. showed that incubating testicular tissue samples in recombinant FSH-supplemented
medium for 24 h increased the motility of the spermatozoa and, thus, the success of
ICSI [73]. Similarly, Wu et al. evaluated the laboratory and clinical results of fresh and
post-freezing culturing of tissue samples taken by TESE from a group of patients with
NOA [41]. According to their results, after 24 h of in vitro culture at 37 ◦C, the number of
motile sperm increased remarkably, and sperm reached a maximum motility rate at 72 h.
Similar studies reported that sperm motility peaked upon extending the culture period to
48 h [74]. Likewise, post-freezing cultures of TESE samples showed results similar to those
of fresh cultures. In contrast, the outcome of in vitro cultures of testicular spermatozoa from
patients with NOA has not been confirmed by others to be predictable [11]. However, the
main goal in the treatment of NOA is to obtain vital spermatozoa with sufficient motility
during a TESE attempt. In this context, Karacan et al. who compared the outcome of
337 ICSI cycles using testicular sperm freshly obtained on the day of or the day before
oocyte retrieval or after a freeze/thaw cycle, demonstrated that in the presence of motile
spermatozoa, neither the timing of TESE nor the use of post-freezing sperm affected ICSI
results [75]. On the other hand, since culturing of testicular sperm for up to 24 h was found
to increase DNA fragmentation, it is recommended that retrieved sperms are used without
delay [76]. Unfortunately, we do not have enough data to make a reliable comment on
whether TESE samples should be taken one day in advance and kept in the laboratory or
used fresh simultaneously with oocyte pick-up (OPU).
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Table 3. Clinical results of short-term testicular tissue culturing.

Time of in Vitro Culture Control Results Refs.

24 h 0 day Improved motility from 13% to 76% (at
25 ◦C) and 67% (at 37 ◦C) (p = 0.01) [72]

24 h supp recFSH 24 h simple medium

recFSH supplementation improved
motility to 70.4% vs. 32.9%, fertilization

68.8% vs. 42.1%, implantation per embryo
20.1% vs. 13.2%, and clinical pregnancy

47.9% vs. 30% (p < 0.005)

[73]

24 h—72 h 0 day

After 24 h in culture, a marked increase of
5–8% in motile sperm was observed and a
maximum motility rate appeared between

48 and 72 h of culture (p < 0.05)

[41]

2.6. Motile Sperm Identification with HOST

During the examination of testicular tissue under a microscope, the most important
factor determining the vitality of the selected spermatozoa is movement of the tail. In
recent years, researchers have used various techniques in attempts to develop an optimal
selection method that can directly discriminate living spermatozoa, regardless of their
motility, while visualized under a micromanipulator. If all spermatozoa are immotile,
hypo-osmotic swelling test (HOST) is an option for choosing a viable one for ICSI. HOST,
first described by Jeyendran et al., is a vitality test used to assess the functional integrity of
the spermatozoa membrane [77]. Principally, viable but immotile spermatozoa incubated in
hypo-osmotic solution are expected to have swollen tails due to osmotic challenge, as their
membrane functions are healthy. In a semen sample, the percentage of viable spermatozoa
selected with HOST is defined as the HOST score [78]. A randomized and controlled study
showed that fertilization and pregnancy rates associated with ICSI increased significantly
when viable sperm were selected from among immotile testicular spermatozoa using
HOST [79]. Furthermore, the use of testicular spermatozoa with total absence of motility
selected with HOST demonstrated pregnancy rates comparable to ejaculate [80]. Others
also reported similar results [81–83]. Likewise, in cases where immotile sperm cannot
be activated with known motility enhancers, HOST is a reliable and effective option
for choosing viable spermatozoa for ICSI [84]. On the other hand, low HOST values
of spermatozoa, an indicator of impaired membrane integrity, may be associated with
increased DNA damage [85]. Therefore, HOST can be a valuable tool for the selection of
viable and also DNA-intact spermatozoa [86].

In many couples with low HOST scores, pregnancy rates remain low, either in natural
cycles or after conventional IVF [87]. However, even if the HOST score is low, acceptable
implantation and pregnancy rates can be achieved with ICSI [88]. In these cases, decreased
fecundation rates were explained as the toxic effect of a number of spermatozoa with a low
HOST score attached to the zona pellucida [78]. Fertilization can be achieved by bypassing
this effect, using a single sperm with ICSI. This proves the importance of choosing a viable
spermatozoon using HOST for pregnancy success, regardless of the total HOST score of
a whole sperm population. Besides, high occurrences of spontaneously developed tail
swellings were reported to affect the accuracy of HOST in determining the viability of
frozen-thawed spermatozoa, a drawback of HOST for processed sperm [89]. In addition,
HOST is not recommended as a viability test. Since pregnancy could be achieved in
the following ICSI trials while HOST demonstrated impaired membrane function, it is
recommended to verify the HOST results with vitality tests [90]. Moreover, although HOST
is practical, the procedure is time consuming and requires chemicals used in the process
to be removed [84]. Loss of viability due to prolonged incubation, further dilution of an
extremely small number of testicular sperm in HOST solution, and various methodological
modification proposals are other troubles related with the test [91,92]. However, the ability
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to demonstrate in real time that immotile spermatozoa are not dead still makes HOST an
indispensable part of ICSI practice.

2.7. Sperm Tail Flexibility Test to Check Sperm Viability

Another method of assessing the viability of immotile spermatozoa is the sperm tail
flexibility test. Essentially, this test involves observing whether the sperm tail is moving
by mechanical agitation with lateral touch of the microinjection pipette [93]. If the tail
moves independently of the head, the immotile sperm is considered alive and can therefore
be selected for ICSI. In contrast, a spermatozoon’s tail remaining rigid in response to the
same force indicates its non-viability. When sperm were selected based on this method,
whether from frozen or fresh testicular tissue samples, the pregnancy and take-home baby
percentages using immotile and motile sperm were found to be similar [94]. Mechanical
assessment of the viability of immotile spermatozoa is a simple and cost-effective method
that avoids the risk of chemical solutions and does not disrupt the structural integrity of
the sperm [84]. The main disadvantages of this mechanical touching technique are the
scarcity of data comparing its results with those of other techniques and, in particular, its
dependence on the personal experience and skill of the practitioner.

2.8. Intracytoplasmic Morphologically Selected Sperm Injection (IMSI)

IMSI allows selection of spermatozoa with normal nuclear morphology under ultra-
high magnification for use in ICSI [95]. Initially, IMSI was confirmed to significantly
increase pregnancy rates, especially in cases with recurrent implantation failure following
ICSI [96]. Considering that it increases the implantation and pregnancy rates by 50% and
60%, respectively, the use of IMSI in male factor infertility was encouraged [97]. Later,
the effectiveness of IMSI was further emphasized in cases of severe compound sperm
disorders [98]. However, a recent meta-analysis found low-quality evidence that IMSI
increases the clinical chance of pregnancy; the analysis reported the probability of live
birth to be 24% by regular ICSI and between 21% and 33% following IMSI coupled with
ICSI [99]. Pregnancy with testicular sperm selected by IMSI has also been reported [100].
In cases with high sperm DNA fragmentation, however, spermatozoa from the testicles
doubled the live birth rates compared to ejaculated spermatozoa selected with IMSI (49.8%
vs. 28.7%) [101]. The relatively high pregnancy percentages in TESE/TESA cases can
be explained by the avoidance of testicular sperm from oxidative DNA damage during
epididymal transit. Nevertheless, before making a firm conclusion about the role of IMSI
in male factor infertility, further studies are needed to confirm whether the magnified
morphological structure of a spermatozoon is an indicator of its functionality.

2.9. Laser-Assisted Sperm Selection

Laser-assisted (LA) sperm selection has been suggested as a novel technique to check
the viability of immotile spermatozoa. To assess viability with a laser, a direct shot is made
to the tip of the sperm tail for approximately 2 ms, using 200 μJ of energy. Curling of
the tail following the laser shot indicates that the sperm is viable and can therefore be
selected for ICSI [102]. In 2004, for the first time, Aktan et al. reported the selection of
viable testicular sperm using a laser system [103]. The viability percentages of the selected
immotile spermatozoa were similar to those of HOST. However, compared with randomly
selected spermatozoa, the authors reported that fertilization and take-home baby rates
of laser-selected spermatozoa increased from 20% to 45% and 5% to 19%, respectively.
Subsequently, pregnancy with viable but immotile sperm selected using the LA technique
in ICSI was reported [104]. A healthy birth was also achieved with laser-selected immotile
but living frozen/thawed spermatozoa [105]. Furthermore, live births were reported
with LA selection of pentoxifylline-resistant immotile sperm in cases of Kartagener’s
Syndrome [106]. Thus, viable sperm selection using LA technology, which is simpler and
faster than HOST and does not require the use of chemical agents, now allows immotile
sperm to be cryostored in order to preserve fertility. Apart from the instrument cost and

116



J. Clin. Med. 2021, 10, 2687

the need for experienced personnel, LA sperm selection is considered a promising method
for the future [84].

2.10. Birefringence-Based Sperm Selection

Another new strategy proposed to distinguish healthy and viable sperm for use in
ICSI is the birefringence-based selection technique. Birefringence is defined as the splitting
of a light wave into two unequally reflected waves by an optically anisotropic medium.
The orderly longitudinal orientation of the nucleoprotein filaments in the protoplasmic
texture of the nucleus and acrosomal complex gives mature sperm a characteristic intrinsic
birefringent appearance. By evaluating the birefringence of sperm heads with the use of
polarized light microscopy, mature and viable sperm can be selected. When compared
with spermatozoa selected with HOST, significantly higher pregnancy rates were found in
TESE-ICSI cases in which birefringent-headed spermatozoa were used (11% vs. 45%) [107].
Similarly, Gianoroli et al. reported that implantation and pregnancy rates from ICSI
cycles were significantly higher when testicular sperm selection was performed using
the birefringent method compared to couples using conventionally selected sperm [108].
Although available results from birefringent-selected sperm appear to indicate a better
option than conventional methods or HOST, currently, there are not enough existing studies
to validate this [109]. Cost and equipment supply in clinical practice are other issues that
require resolution.

2.11. Microfluidics-Assisted Sperm Sorting

Besides the aforementioned methods, one alternative to functional spermatozoa sep-
aration techniques from semen samples has been the use of microfluidics [110]. For this
purpose, special devices have been designed in which seminal fluid and media flow simul-
taneously through a microscopic channel without a physical barrier between them [111].
Due to the unique characteristics of microfluidics, the motile sperm in the sample swim
into the parallel-flowing media. A comparative study showed that microfluidic sorting of
semen allows highly motile sperm selection with minimal DNA fragmentation compared
to standard processing methods [112]. Unfortunately, few studies have examined the use
of microfluidic systems for sperm selection in testicular cell suspensions. Recently, a new
microfluidic system has been developed to facilitate rapid and efficient sperm isolation
from TESE samples [113]. This system processes testicular tissue extract in two successive
modules. The first module is a spiral microchannel that separates sperm from red blood
cells and cellular debris through microfluidics using inertial forces. In the second module,
excess media is removed by means of a hollow fiber membrane designed for mammalian
cell isolation, thus enriching the suspension. This system yielded an 8-fold increase in
sperm identification time due to the low output volume of the cell suspension and the al-
most complete elimination of non-sperm bio-particles. However, it remains to be explained
whether there is sperm loss in microfluidic processing, especially in samples containing
very rare spermatozoa. Loss of immotile but viable sperm can also be a disadvantage of
this procedure. The promising initial results have yet to be confirmed by further studies in
terms of clinical practice.

2.12. Raman Spectroscopy-Assisted Sperm Retrieval

Raman spectroscopy (RS) has been used as a feasible and reliable method for the
identification of seminiferous tubules with spermatogenesis in testicular tissues from
humans and rats [114–116]. RS is a laser-scattering technique that provides information
about the internal structure of molecules through chemical fingerprints [117]. Although the
available data indicate that RS may be useful in real-time intra-operative distinguishing
of seminiferous tubules containing full spermatogenesis during microTESE, a special
probe designed for this purpose has not yet been developed. In addition, further studies
are needed to investigate the extent of laser-induced testicular tissue damage, confirm
genetic safety, and optimize the technical parameters of this system. However, whether
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microscopy-assisted or combined with microfluidics, RS may be a promising diagnostic
tool capable of detecting the molecular characteristics of sperm [118,119].

2.13. Fluorescence-Activated Cell Sorting (FACS)

FACS is based on the isolation of living spermatozoa labeled with fluorophore-
conjugated antibodies from seminal fluid when irritated by a laser [120]. In a pilot study,
testicular spermatozoa could be isolated using this technique in cases of NOA where sperm
recovery could not be achieved in previous TESE attempts [121]. However, alterations in
cell viability due to fluorophores and antibodies, the cost of the system, high cell loss, and
its time-consuming nature are potential limiting factors for the use of FACS in testicular
cell selection for ICSI [122].

Comparison of different methods for viable sperm recovery by TESE is shown in
Table 4.

Table 4. Clinical outcomes of different methods for viable sperm recovery by TESE. NS: no significant.

Method Comparison Results Refs.

HOST

Sperm morphology
Significantly higher fertilization 43.6%
vs. 28.2%, pregnancy 27.3% vs. 5.7%

and ongoing pregnancy 20.5% vs. 2.9%.
[79]

Testicular vs. ejaculated
spermatozoa

Fertilization 30.1% vs. 42.7% (NS),
pregnancy 16.7% vs. 13.3% (NS) and
delivery/ongoing pregnancy 8.3% vs.

6.7% (NS), respectively.

[80]

Sperm tail flexibility test Motile vs. immotile sperm
selected by the test

In frozen-thawed samples; fertilization
74.3% vs. 65.7%, and pregnancies three

vs. two, respectively (NS). In fresh
samples; fertilization 64.4% vs. 73.4%,

and pregnancies nine vs. three,
respectively (NS).

[94]

Laser-assisted sperm selection Random sperm selection

Higher fertilization 45.4% vs. 20.4%
p < 0.0001, cleavage 64.4% vs. 30.6%
p < 0.0001, and take-home-baby rate

9.0% vs. 5.9%.

[103]

Sperm birefringence

Normal motility/morphology
Improved grade I/II embryo 71.2% vs.
63.4% and pregnancy 46.6% vs. 33.3%,

respectively.
[107]

Routine sperm selection

Improved pregnancy 58% vs. 18%
p = 0.053, implantation 42.1% vs. 12.5%
p = 0.049 and ongoing pregnancy 58%

vs. 9% p = 0.018, respectively.

[108]

Microfluidics-assisted sperm
sorting Standard sample processing Improved sperm yield 13.5 sperm per

min vs. 1.52 sperm per min. [113]

Fluorescence-activated cell
sorting Standard sample processing Improved sperm recovery 50% vs. 38%,

respectively. [121]

2.14. Other Emerging Technologies for Predicting Spermatogenesis in the Testes

In addition to the testicular sperm extraction methods mentioned above, various
other techniques have been attempted; they are expected to identify spermatogenesis
foci precisely and rapidly but are not yet used in routine clinical practice. Multiphoton
microscopy (MPM), based on low-energy infrared laser technology, is a technique that
uses radiated energy as intracellular autofluorescence. A study in rats using an MPM laser
showed that seminiferous tubules with or without sperm could be distinguished in real
time depending on the differences in fluorescence [123]. The same group later found an 86%
concordance between human testicular biopsy results and MPM diagnoses [124]. In another
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study, ex vivo testicular tissues from rats were imaged with full-field optical coherence
tomography, which uses white light interference microscopy; thus, spermatogenesis within
the seminiferous tubules could be identified without the use of contrast or a fixative [125].
Although these novel technologies represent a promising tool for predicting outcomes in
cases of NOA, sperm functionality results have yet to be verified.

Although other techniques (e.g., annexin V magnetic-activated cell sorting, hyaluronic
acid binding, Zeta method, and mechanisms based in sperm guidance) have also been
used in the selection of ejaculated spermatozoa, their efficiency and safety for testicular
sperm have not yet been investigated [126].

3. Cryopreservation of Surgically Retrieved Sperm for ICSI

Sperm can be retrieved with TESE in approximately 35–52% of men with NOA [127];
however, in cases where pregnancy cannot be achieved, repeated TESE in subsequent
cycles does not ensure sperm retrieval in every case of NOA with the same success. Under
such circumstances, sperm cryopreservation has made an important contribution to the
medical and social rehabilitation of couples by protecting their fertility. Establishing that
the length of the storage time in liquid nitrogen does not affect the quality of spermatozoa
(or, consequently, the fertilization potential) has allowed the widespread practice of sperm
cryopreservation [128].

3.1. Fresh vs. Frozen/Thawed TESE

Even though ICSI is traditionally performed using fresh sperm, ready-to-use sperma-
tozoa may not always be available when the oocyte is picked up from the partner, especially
if it requires harvesting from the testis. In this context, performing TESE one day before
oocyte retrieval or using cryopreserved testicular sperm provides several advantages. First,
since sperm can be frozen at any time, there is no need for synchronized OPU planning.
Thus, scheduling ICSI cycles and freezing testicular sperm eliminates the risks of ovulation
induction and the unnecessary cost of canceled cycles [75]. When TESE is not repeated, the
extra expense of a new surgical intervention is also avoided. Moreover, in repeated ICSI
cycles, the use of frozen residual spermatozoa from fresh TESE cycles prevents re-surgical
trauma of the testicle. Cryopreservation of tissue samples taken with TESE also saves
time for further treatment of women who are not eligible for implantation that day. For
example, changes in endometrial receptivity have been demonstrated as a contributing
factor in recurrent implantation failures [129]. Postponing the embryo transfer may give the
woman an opportunity to prepare for the best time for implantation. Likewise, injury to the
endometrium may also increase the success of implantation in subsequent cycles [130,131].
Other benefits of sperm cryopreservation are the availability of spermatozoa when ovar-
ian stimulation begins and the opportunity to perform a programmed embryo biopsy to
eliminate those with anomalies from ICSI [56], ensuring sperm storage before vasectomy,
and making use of sperm banking and sperm donation [132,133]. However, simultaneous
TESE on the day of OPU has the advantages of preventing sperm loss after thawing and
avoiding sperm damage or loss of quality due to cryopreservation, as explained later [134].
Additionally, if sperm is retrieved successfully, the need for a second course of treatment is
eliminated, as OPU and subsequent ICSI will be completed on the same day.

Nevertheless, in many studies, the use of cryopreserved testicular spermatozoa in ICSI
has yielded results comparable to or better than those of fresh cycles [135–137]. When com-
pared to those with fresh spermatozoa, the cumulative miscarriage rate was significantly
lower [4% vs. 14.7%) and the cumulative live birth rate was significantly higher (34.7%
vs. 16%) for ICSI cycles with frozen/thawed spermatozoa obtained during the previous
fresh TESE [57]. Likewise, a recent meta-analysis showed that fertilization and pregnancy
rates were similar when using fresh vs. frozen sperm from testicles, even in men with
poor spermatogenesis [138]. In contrast, higher miscarriage rates and lower live birth rates
were observed in patients who underwent ICSI cycles with cryopreserved spermatozoa vs.
fresh spermatozoa from microTESE [139]. Similarly, in men with Klinefelter’s syndrome,
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the use of fresh testicular sperm provided higher pregnancy rates than frozen sperm (60%
vs. 25%) [140]. These differences may be due to male-related parameters, such as FSH
concentration, testicular volumes, and degree of spermatogenesis defect, in addition to the
number of testicular samplings, sperm preparation techniques, method of sperm selection,
woman’s preparation protocol, and experience of the assisted reproductive technology
(ART) center [141]. Additionally, the retrospective designs of most studies, relatively small
numbers of participants, and scarcely provided confounding factors limit the ability to
achieve a definitive conclusion about fresh vs. frozen/thawed TESE. Overall, recent tech-
nological and methodological advances in sperm cryopreservation with minimal damage
have allowed this option to be used safely and effectively in many ART attempts.

3.2. Whole Tissue or Isolated Spermatozoa

Experimental studies comparing the cryopreservation of germ cells after isolation or
within testicular tissue showed that the latter provides a higher rate of cell survival and the
tissue structure remains unchanged [142,143]. As a common use, cryostorage of testicular
tissue as fragments after gentle mincing was found to be more effective for maintaining via-
bility after thawing than cell suspension [144]. However, in humans, there is no consensus
regarding the storage of post-TESE germ cells as whole tissue or cell solution. Although
spermatozoa frozen in seminal fluid are more resistant to the freezing process than washed
sperm [145], the progressive motility of the samples, whether with or without seminal
plasma, did not change in sperm bank donations after long-term cryostorage [128]. Besides,
in cases of NOA where the sperm number is very limited within testicular specimens, it is
preferable to freeze the whole tissue samples intact, as minimal processing of the tissue may
allow the sperm to better maintain their surveillance and motility after thawing [146,147].
According to a comparative study, there were no significant differences between ICSI cycles
with fresh or testicular spermatozoa cryopreserved in whole tissue in terms of clinical
pregnancy rates (26% and 27%, respectively) and delivery or ongoing pregnancy rates (21%
and 9%, respectively) [148]. However, clinical results similar to those with fresh sperm
were also obtained in cases in which a few isolated testicular spermatozoa were frozen in
glycerol-containing cryopreservation medium [149]. Cryopreservation of isolated testicular
spermatozoa in straws is a widely used method all over the world [19,148,150,151]. Re-
garding such storage, it has been suggested that fully filling a small-volume straw would
provide better protection than filling a larger straw up halfway, as the negative effect of
the partial volume is associated with free radicals and intratubular pressure as well as
biological effects [128].

Storing testicular tissue samples from which spermatozoa can be retrieved provides
the opportunity not only for use in subsequent ICSI cycles but also to perform both tissue
and cell therapy for in vitro maturation of immature germ cells. Thus, cryostored tissue
samples can be used for future testicular grafting or organ culture procedures as well as for
testicular transplantation or in vitro maturation with germ cells isolated from the tissue.
At the same time, the niche microenvironment formed by Sertoli, Leydig, peritubular, and
somatic cells in the preserved testicular tissue allows germ cells to maintain their viability
and function after thawing [152,153]. On the other hand, cryopreservation of homogenized
isolated spermatogenic cell fractions has been shown to preserve cell viability more than
whole testicular extracts [154]. This can be explained by the detrimental role of toxins
in the tissue suspension, which are secreted by non-germ cells. However, according
to the available data, it may be more efficient to store a small number of low-quality
spermatozoa while preserving tissue support. Conversely, for spermatozoa retrieved in
sufficient numbers and with excellent motility, cryostorage may be preferred after isolation.
Nevertheless, the choice between cryopreservation with isolated cells or using whole
tissue should be made based upon personal experience and the facilities of the institution.
However, in cases where extremely few spermatozoa have been dealt with, sufficient
data has not yet been collected to make a definite decision on which method is more
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effective. The experience gained from the use of novel technological resources in laboratory
procedures will be the deciding factor for this issue.

3.3. Cryopreservation Methods

Cell survival after cryopreservation depends on how minimally intracellular ice
crystals are formed. By using cryoprotectants and adjusting the freezing/warming rate,
it is possible to reduce the amount of intracellular water and, eventually, ice formation.
Different cryopreservation methods have been developed with different freezing rates,
cryoprotectant concentrations, and temperature reductions. Conventional freezing is
a manual storage technique using liquid nitrogen and can be done using fast or slow
freezing methods or with a programmable freezer [155]. Vitrification is an ultra-fast
method developed as an alternative to rapid freezing in nitrogen vapor [156]. Unlike
the gradual cooling in the conventional freezing method, during vitrification, the sample
is submerged directly and quickly in liquid nitrogen at −196 ◦C without being exposed
to its vapor. A comparative study demonstrated that progressive sperm motility and
vitality were higher after conventional rapid freezing than after vitrification, whereas
vitrification was more successful if normal morphology was the criterion [157]. Despite
the widespread preference of the conventional technique in ART clinics, vitrification is
recommended as a fast, practical, and low-cost method [158,159]. Rapid freezing also
prevents damage due to intracellular ice crystallization during cooling [160]. According
to a recent meta-analysis on cryopreservation of spermatozoa, vitrification is superior to
conventional freezing in terms of total and progressive motility, but the post-thawing DNA
fragmentation index and morphology are similar for both methods. Although the most
commonly used method for cryopreservation of samples from TESE is conventional rapid
freezing in liquid nitrogen vapor [161], vitrification has also been encouraged, especially in
the freezing of rare spermatozoa. Due to the absence of permeable cryoprotectants and the
sudden exposure to cold, vitrification has become advantageous in the storage of surgically
retrieved spermatozoa concentrated in very small volumes [162]. Limited numbers of
studies with NOA cases have reported healthy pregnancies in ICSI cycles using testicular
spermatozoa frozen by vitrification [151,163,164]. For this purpose, specially designed tools
have been developed that can allow freezing of a small number of spermatozoa [165]. Spis
et al. compared the results of TESE spermatozoa cryopreserved by conventional freezing
with those frozen using cryoprotectant and cryoprotectant-free vitrification methods [163].
They vitrified spermatozoa in 50-μL plastic capillaries in culture medium with 0.25 M
sucrose. After a capillary was placed in a straw, it was plunged into liquid nitrogen and
cooled at 600 ◦C/min. When thawed, the motility of small volumes of vitrified spermatozoa
was found to be significantly higher than that of spermatozoa frozen using the conventional
method (8.0% vs. 0.6%). The vitrification-in-straws method has also yielded highly efficient
results in the cryopreservation of human testicular diploid germ cells in terms of recovery
and viability [166]. However, the efficiency of vitrification varies depending on protocol and
sperm quality. The roles of slow-programmable freezing [167], ultra-rapid freezing [168],
solid-surface vitrification [169], and cryoprotectant-free freezing [170] on the molecular
and structural effects of cooling have been further investigated in other studies.

3.4. Choosing the Proper Cryoprotectant

Another important factor that can determine sperm retrieval efficiency and quality in
cryopreservation is the protectant used. In addition to permeable cryoprotectants such as
glycerol, dimethyl sulfoxide (DMSO), dimethyl acetaldehyde, propylene glycol, ethylene
glycol, and 1,2-propanediol, which are routinely used in cryopreservation, non-permeable
agents—glucose, sucrose, egg yolk citrate, albumin, polyethylene glycol, and trehalose—
have also been validated for use [171,172]. Pregnancy has been achieved for decades with
frozen/thawed testicular spermatozoa using glycerol as a cryoprotectant [173,174]. Although
experimental studies have shown the protective effect of glycerol on sperm structure to be
better than that of dimethyl sulfoxide (DMSO) [175], Keros et al. recommended DMSO as an
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ideal penetrating agent if permeable protectants are to be used in cryopreservation of testicular
specimens [176]. Additionally, compared to glycerol DMSO was found to be the most effective
protectant in cryostorage of immature testicular samples [144]. In fact, immature testis tissue
was demonstrated to be more susceptible to cryoprotectant toxicity with cell-specific sensitivity.
However, when human testicular tissue was stored separately in DMSO, 1,2-propanediol,
ethylene glycol, or glycerol using the slow freezing method, 52% to 58% of the cells remained
alive, indicating that the selection of cryoprotectant did not affect viability after thawing [177].
However, the use of testicular samples with normal spermatogenesis and the lack of recovered
cell numbers limit the interpretation of these results. Furthermore, different results have also
been reported with regard to the cryoprotectant selection depending on the patient’s age, the
agents being compared, and the procedure used [144].

Since permeable protectants easily pass through the cell membrane, they form an
osmotic gradient that draws water out of the cell, thereby preventing the formation of
intracellular ice crystals [162]. However, these reactions can have toxic effects on the
sperm plasma membrane due to lipid peroxidation as well as the stress created during
processing [178]. In contrast, non-permeable cryoprotectants cannot pass through the
cell membrane due to their high molecular weight, and extracellular solute accumula-
tion allows the intracellular water to be discharged; thus, dehydration occurs in the cell.
Medrano et al. reported the first birth of a healthy infant following ICSI using the per-
meable cryoprotectant-free sperm vitrification protocol [179]. Furthermore, the use of
non-penetrating cryoprotectants at low concentrations has also pioneered the design of
minimal-sized carriers to reduce fluctuations in cell volume, thus initiating a new era
in the storage of small volume sperm obtained from TESE material. Subsequently, Spis
et al. reported better sperm quality in epididymis and TESE spermatozoa when they
used the cryoprotectant-free vitrification method compared to the conventional method
using permeable cryoprotectants, and ICSI with cryoprotectant-free vitrified spermatozoa
resulted in delivery of healthy babies [151]. Similarly, sperm droplets frozen on cryoloops
showed that the motility of vitrified spermatozoa in the absence of cryoprotectant was
not different from that of conventional freezing with protectants and did not affect DNA
integrity [180]. In current practice, low chemical toxicity and limited osmotic shock have
made non-penetrating cryoprotectants a feasible option for testicular sperm storage. As
an alternative, combining two different protectants can reduce the marked toxic effects
of cryoprotectants [180,181]. For this purpose, loading a small number of spermatozoa
on a cryoloop in a 50:50 mixture of test yolk buffer with glycerol and modified human
tubal fluid medium supplemented with 6% Plasmanate was shown to preserve sperm
viability and function [182]. Various protectant mixtures have been investigated to reduce
the concentration of compounds in order to ensure their maximum efficiency without
reaching toxic levels [165].

3.5. Cryopreservation of Very Few Spermatozoa

In some TESE cases, despite all efforts, only an extremely small number of sperms can
be extracted. Such situations pose a serious problem—namely, the loss of the few sperms
after freezing/thawing processes [41,135]. There is an ongoing effort to develop optimized
freezing protocols and effective technologies that will shorten the post-thaw search time
and minimize sperm loss. However, current technologies have given patients with NOA
the opportunity to retain their fertility by implementing cryopreservation of even a single
sperm [165]. Freezing in microstraws was proposed as an option for the cryostorage of few
spermatozoa. After thawing, microstraw samples reached a significantly higher rate of
sperm motility than the traditional straw samples [183]. As microstraws are thinner and a
very small volume of medium is loaded, this method allows faster freezing. Likewise, Desai
et al. isolated motile spermatozoa individually with an ICSI needle, loaded them into a
capillary tube, and then carefully inserted the tube into the outer straw [184]. Samples were
frozen using the conventional method by plunging into liquid nitrogen. The post-thaw
recovery rate ranged from 33% to 100%, and pregnancy was successful. In experimental
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studies, sperm vitrification in straws was demonstrated to preserve motility better than the
spheres method where permeable cryoprotectants were not used [185].

In extreme cases, storage in empty zona, non-biological carriers, or vitrification devices
has also been suggested for freezing and storing lone or very few sperm cells. A novel
option for preserving only a few spermatozoa is to reduce the volume of cryoprotectant-
added media and ensure efficient identification after thawing. For this purpose, the
insertion of spermatozoa into encapsulated porous capsules has been suggested to allow
easy visualization and manipulation during cryopreservation processes. It was shown that
oocyte zona pellucida (ZP) can be used as a vehicle following removal of cellular material.
Subsequently, empty ZPs prepared from humans and mice were used as frozen vectors
in experimental studies [165,186,187]. Walmsley et al. reported the first live human birth
associated with this procedure using testicular sperm [188]. Although an animal ZP is a
biological carrier, it has not been widely used due to its low availability and bioethical
issues as well as procedural problems (e.g., the risks of residual host DNA fragments and
foreign DNA transfer and impaired sperm quality due to an artificially induced acrosome
reaction) [186]. As a solution to the constraints of human oocyte use, algae Volvox globator
spheres offered a promising approach to the cryopreservation of a single motile sperm, but
the possibility of foreign DNA transfer was questionable [189]. With the encouragement of
these studies, fabricated non-biological carriers, such as alginic acid capsules [190], agarose
capsules [191], and hyaluronan-phenolic hydroxyl microcapsules [192], have also been
developed as empty capsules for single-sperm freezing. However, empty capsules are not
widely used due to the complexity of their fabrication and problems associated with their
storage.

Although non-biological spheres give hope for future use due to their low toxicity, lack
of ethical problems, and acceptable post-thawing motile sperm retrieval and survival re-
sults, the lack of existing clinical outcomes makes it difficult to reach a definitive conclusion.
Recently, non-labor, non-biological, bioethically acceptable, and inexpensive commercial-
ized alternative devices have been designed for the cryopreservation of a small number
of spermatozoa. The Cryotop device developed for this purpose is formed by inserting
a fine polypropylene strip on which sperm droplets are placed into a cover straw [193].
Recently, Ohno et al. evaluated the efficiency of cryopreservation of three or fewer sperma-
tozoa loaded on the Cryotop using a modified permeable cryoprotectant-free vitrification
method [194]. Clinical pregnancies resulting from vitrified spermatozoa from the ejaculate,
fresh spermatozoa from the ejaculate, and vitrified spermatozoa from the testis were found
at similar rates (25%, 24%, and 16%, respectively). Only the sperm survival rate and the
oocyte fertilization rate were found to be significantly lower in attempts using vitrified
spermatozoa from the testis compared with vitrified spermatozoa from the ejaculate. The
researchers concluded that this technique was particularly effective for the cryopreserva-
tion of samples with fewer than 10 testicular spermatozoa. Cryoloops represent another
efficient and non-labor-intensive method for the cryopreservation of individual spermato-
zoa [195]. With the aid of micromanipulator equipment, selected spermatozoa loaded onto
an open cryoloop are enclosed in a vial and stored in liquid nitrogen. After loading 5–10
spermatozoa into each loop, total recovery and post-thaw survival rates were reported
as 68% and 70%, respectively [182]. Individual testicular spermatozoa cryopreserved on
cryoloops have also been shown to successfully fertilize oocytes [196]. Although open
systems allow rapid cooling, direct exposure of semen to liquid nitrogen poses a potential
risk of contamination [159]. Another closed system developed for sperm cryopreservation
is the Cell Sleeper. Initially, the recovery and viability rates of individually vitrified sper-
matozoa using the Cell Sleeper were reported as 100% and 72%, respectively [194]. In this
method, individual spermatozoa are transferred into freezing medium on an inner tray
with a micromanipulator needle. Once the tray is placed in a vial, the cap is screwed on and
it is immersed in liquid nitrogen. In a case of NOA, the authors reported that when ICSI
was performed with spermatozoa frozen using the Cell Sleeper, five out of six oocytes were
fertilized, resulting in the birth of a healthy baby [193]. Likewise, various carrier devices
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based on the same principle, such as Cryolock [197], Cryoleaf [198], Cryopiece [199], and
SpermVD [163], have also been designed and applied in vitrification.

During the thawing of the vitrified samples, the warm-up speed should be high so that
the frozen water inside spermatozoa can switch to the liquid phase without crystallization.
The optimal thawing temperature to maintain membrane integrity and sperm function
is still the subject of investigation. Depending on the methodological differences used in
vitrification, temperatures ranging from 37 ◦C to 44 ◦C have been attempted [157,200,201].
However, there are limited cohort studies evaluating the sperm retrieval, fertilization, and
pregnancy rates of these methods in IVF following cryopreservation. Moreover, the need
for skilled personnel in handling the devices and the prolonged time of the laboratory
processes have restricted the routine use of manufactured carriers. Although the fact that
these novel devices can store a single spermatozoon has met an important need with respect
to the management of patients with NOA, further research confirming their feasibility and
efficiency is needed to adapt these systems for clinical practice.

3.6. Drawbacks of Sperm Cryopreservation

To some extent, cooling, thawing, and exposure to cryoprotectants may cause de-
structive changes to sperm function and structure [135]. Most importantly, in cases of
NOA, post-thawing viability may be reduced significantly, since sperms obtained by TESE
have reduced resistance to mechanical, thermal, and osmotic stress due to structural or
functional defects [202]. For this reason, if very few spermatozoa were found in the initial
search, the possibility of their disappearance after thawing (and, consequently, cancellation
of the ICSI cycle) may be encountered. Up to a two-fold increase in the number of immotile
sperm was found in frozen samples [137,203]. Sperm motility has also been shown to
decrease from 50% in fresh semen to 7% in frozen/thawed samples [46]. Additionally, the
broken neck abnormality observed after thawing is related to damaged centriole struc-
ture due to cryoinjury, causing fertilization failure in ICSI [19]. Quality impairment of
frozen/thawed sperm is mostly attributed to DNA damage, which determines embryo
quality and viability [204]. In fact, in cases of TESE, decreased concentration and reduced
mitochondrial activity, as well as a significant increase in DNA fragmentation and reactive
oxygen species (ROS) production, were reported in post-thawed sperms in comparison
to freshly recovered samples [155]. Generation of ROS during sperm cryopreservation
may damage many cellular components (e.g., membrane, cytoskeleton, DNA, and mito-
chondria), resulting in loss of function and genomic instability [205]. Thus, the decrease in
sperm competence caused by excessive intracellular oxidative stress is accompanied by
impaired fertilization and poor embryo development [206]. Although it is widely accepted
that the freezing process causes remarkable changes in sperm parameters, the effects of var-
ious techniques may differ [207,208]. For example, in comparison to slow programmable
freezing, rapid freezing has been found to be more advantageous in terms of post-thawing
motility and cryosurvival [209]. With this knowledge, the advantages and disadvantages
of each cryopreservation method should be evaluated on an individual basis.

When evaluating the drawbacks of cryopreservation, one should also take into account
the functional capacity of sperm retrieved from the testicles, which are the products of
defective spermatogenesis. Freezing of low-quality testicular specimens containing non-
motile spermatozoa or spermatozoa with poor morphology has demonstrated a negative
impact on embryo quality [210]. Moreover, Wu et al. showed that many sperms obtained
from the testicles remained in the immature stage and the spermatozoa carried cytoplasmic
droplets in the neck and mid-piece [41]. In fact, when compared with ejaculated sperm,
miscarriage rates were found to be higher in cases of ICSI using testicular sperm. Chro-
mosomal aneuploidy is more likely to be encountered in testicular sperm from patients
with NOA [211,212]. Moreover, cryopreservation of testicular cells or tissues poses the risk
of the presence of residual cancer cells during the transplantation of autologous cells in
patients scheduled for oncotherapy, which may trigger the disease [153]. However, the
absence of such a risk, at least in experimental studies, has been demonstrated by the
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lack of increase in cancer incidence or survival reduction after testicular transplantation of
propagated spermatogonial stem cells (SSCs) [213]. Furthermore, the contamination risk of
frozen sperm samples has not yet been completely resolved. The source of contamination
may be the sample itself or the infected frozen carrier, liquid nitrogen, or storage tank. As
single-sperm cryopreservation is performed with a more controlled technique, particularly
in closed systems, a potentially reduced risk of contamination is expected [165].

Notably, in recent decades, some environmental, occupational, and lifestyle-related
risk factors have accompanied the declining trend in semen quality through certain ge-
netic and metabolic pathways whose exact causes have not been fully elucidated [214].
Therefore, when interpreting IVF results of fresh vs. frozen sperm, the quality of the
sperm chosen for injection into the oocyte and the presence of DNA damage should be
considered as the deciding factors. These parameters may also have potential impacts
on the consistency of the results. Indeed, unlike in the aforementioned studies, Semião-
Francisco et al. reported that the pregnancy and miscarriage rates of sperm taken from the
testicles, whether in obstructive or NOA cases, did not differ significantly [215]. Likewise,
pregnancy rates remained similar whether frozen or fresh TESE samples were used (32.1%
and 35.7%, respectively; p = 0.62) and did not show a significant correlation with the use
of motile or immotile sperm (46.3% and 66.7%, respectively; p = 0.59) [216]. Regarding
the inconsistencies between results, a methodological analysis evaluating the success of
TESE results in men with NOA emphasized the current lack of knowledge, especially
regarding the quantity and quality of sperm retrieved [217]. Recently, OMICS technologies
such as genomics, transcriptomics, proteomics, and metabolomics, in combination with
advanced bioinformatics technology (e.g., Illumina RNA sequencing, high-throughput
next-generation sequencing, multiplexed enzyme-linked immunosorbent assays), have
provided an extensive opportunity for research on how cryopreservation affects sperm
structure and function [218]. Nevertheless, no matter how few sperm can be retrieved, it
has been suggested that cryopreservation should be considered as a feasible method in
every surgical sperm retrieval case [148]. Beyond all, carefully and accurately recording
data and respecting ethical considerations and legal regulations are also essential steps to
maintaining trust.

3.7. Minimizing the Harmful Effects of Cryopreservation

When it comes to dealing with cellular damage due to cryopreservation, recent nan-
otechnological trends are promising [219]. Due to their unique physical and chemical nature
as well as their low toxicity, nanoparticles can increase the absorption and bioavailability
of protective ingredients by spermatozoa. Supplementation of the tris-based SHOTORTM
extender with zinc and selenium nanoparticles was shown to enhance sperm progressive
motility, vitality, and membrane integrity after cryopreservation by reducing apopto-
sis and lipid peroxidation [220]. Similarly, in testes, the use of nanoparticles containing
necrosis-inhibitory factors greatly improved tissue integrity and survival of germ cells [221].
Artificial or natural nanovesicles, such as liposomes and exosomes, are also promising mea-
sures for protecting sperm from the harmful consequences of freezing and thawing [222].
After exosomes are secreted from the cell, they are taken in by the target cells and transfer
their protein and RNA contents to those cells. In experimental studies, seminal plasma
and mesenchymal stem cell-derived exosomes have been shown to improve the qual-
ity of frozen/thawed spermatozoa [223,224]. A liposome is an artificially manufactured,
exosome-like, spherical nanovesicle with a lipid bilayer that can transfer cryoprotectant
contents to a spermatozoon by fusing with the sperm plasma membrane [225]. In animal
studies, liposomes were shown to increase sperm motility and viability, strengthen the
membrane structure, and improve fertility [226]. Likewise, testicular experimental studies
involving gene technology have shown that knockout serum replacement (KSR) supple-
ment, a chemically defined medium, provides a cryoprotective effect comparable to that
of conventional sera but more consistent in quality [227]. The beneficial effects of using
antioxidants in seminal plasma (but not yet in testicular tissue) on sperm parameters and

125



J. Clin. Med. 2021, 10, 2687

ROS production during the freeze/thaw process were widely discussed in a systematic
review and meta-analysis by Bahmyari et al. [228]. The addition of exogenous antioxi-
dants into the freezing medium may ameliorate sperm damage by reducing the oxidative
stress caused by cryopreservation. For frozen semen, resveratrol, lycopene, vitamin E, and
quercetin are the most commonly used agents to protect sperm from ROS damage [229,230].
However, further studies are needed to evaluate how nanoparticles and additives affect
clinical practice outcomes and embryo development when used for small numbers of
poor-quality testicular spermatozoa.

4. Processing Immature Germ Cells

Despite extensive searching, mature spermatozoa can be obtained with TESE in only
approximately 40% to 60% of cases of NOA for use in ICSI [231,232]. In the remaining
cases, round spermatids were attempted as a last resort, although until recently, the results
were not satisfactory enough to encourage routine practice [233]. However, in 2015, Tanaka
et al. reported 14 healthy babies born with round spermatid injection (ROSI) in oocytes
previously activated by electric current; 3 years later, from the 2-year follow-up results
of 90 ROSI babies, it was determined that round spermatids enabled patients with NOA
to have their own genetic offspring [23,234]. Subsequently, Papuccu et al. reported their
results of 472 couples who underwent 904 cycles using elongating (Sb2) spermatids for the
ROSI technique and achieved a 9.6% ongoing pregnancy rate [235]. Since transformation of
immature germ cells into spermatozoa with fully developed flagella has had limited success
in in vitro experiments, culturing samples to achieve at least haploid round spermatids
may have wider clinical application [236].

If testicular tissue samples from TESE do not contain spermatozoa, various approaches
have been described for in vitro maturation of early stage germ cells. For in vitro mat-
uration, either (1) testicular tissue is used in whole pieces while preserving its three-
dimensional (3D) structure or (2) after isolation and purification, different cell types are
exposed to culture conditions in which the spermatogenic process is recreated. In TESE-
negative cases, it makes sense to try culturing small fragments of testicular tissue or intact
pieces of tubules first. However, since the limited diffusion rates of the tissue do not
allow tissue viability to be maintained over a long period, it is challenging to culture
the tissue as a whole. After long-standing efforts, in 2011, Sato et al. reported healthy
offspring from haploid cells developed from testicular fragments cultured on agarose gel
in modified Minimum Essential Medium (α-MEM) supplemented with knockout serum
replacement [237]. Others have also shown culturing of frozen/thawed testicular tissue on
agarose gel to restore spermatogenesis up to haploid spermatids, leading to offspring [238].
Furthermore, from seminiferous tubule segments cultured in chitosan hydrogel bioreac-
tors, the development of spermatids and spermatozoa were achieved on days 34 and 55,
respectively [239]. In another organotypic culture system described for human immature
testicular tissue, germ cells were shown to differentiate up to round spermatids within
16 days [240]. However, the inability of organ culture systems to restore spermatogen-
esis in cryopreserved human testicular specimens has also been reported [241]. These
contradictions in results may be due to the fact that culture methods are not yet fully
optimized or that the nature of subcellular defects is different [242]. Later, developed
microfluidic technology further improved organotypic culture systems, allowing ex vivo
sustainability of the structure and viability of germ cells in testicular tissue for producing
mature sperm [243]. As an option for in vitro maturation of isolated germ cells, 2D culture
systems have been developed to support enzymatically digested testicular cell suspen-
sions. In 2D cultures, isolated SSCs are maintained either on feeder cells or on mixed cell
populations co-cultured with somatic cells [244]. Different feeders, including SIM mouse
embryo-derived thioguanine and ouabain resistant (STO), mouse embryonic fibroblast,
bovine Sertoli cells and laminin-coated plate were used to support spermatogenesis [245].
Apart from feeders, different culture systems, such as human amnion mesenchymal stem
cells [246], in vitro reprogramming of fibroblasts to human induced Sertoli-like cells [247],
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and isolated cell culture with growth factor supplementation [248], have been defined
to support in vitro spermatogenesis. Nevertheless, 2D culture systems provided in vitro
restoration of spermatogenesis and supported the development of haploid spermatids
with fertilization potential [249]. Experiences gained from previous studies ultimately led
to the development of artificially constructed 3D structures [250]. By creating structures
that mimic the composition of the main testicular components, 3D cultures allow imma-
ture germ cells to be reconstructed similarly to their original tissue architecture, thereby
allowing further maturation [251–254]. Although this system has the ability to direct
the differentiation of germ cells, microenvironmental conditions favorable for complete
maturation must also be achieved.

In addition to attempting complex and intricate methods for in vitro maturation of
immature germ cells from testicular tissue, there is a need for simple methods that can
be used more easily in clinical practice. When Aslam et al. compared suspensions of
mixed cell populations and isolated homogeneous populations of spermatogenic cells
prepared from testicular tissue, they showed that most of the isolated round spermatids
developed tails and remained intact and viable for 72 h in modified Eagle’s minimum
essential medium with no hormonal supplementation [154]. However, since they used
a mixture of obstructive and non-obstructive tissue samples, the contribution of in vitro
culturing to the development of flagella in immature germ cells in cases of NOA is not
clear. Similarly, it has been shown that human round spermatids can mature up to sper-
matozoa when cocultured on Vero cell monolayers [255]. Other researchers have also
verified the maturation of primary spermatocytes into haploid spermatids through in vitro
coculture with Vero cells [256]. Subsequently, round spermatids generated from human
SSCs were shown to fertilize mouse oocytes [248]. However, even without a co-culture,
in vitro hormonal supplementation has been demonstrated to be capable of providing
sufficient support to mature premeiotic germ cells [257]. Thus, culturing testicular samples
from patients with NOA in medium containing recombinant FSH and testosterone for 48
h transformed FISH-proven primary spermatocytes into mature round spermatids, after
which injection into the oocyte resulted in healthy offspring [258]. It has been shown that
hormones added to in vitro culture medium in cases of NOA not only accelerate spermio-
genesis but also improve apoptosis-related cell damage in enhancing the reproductive
performance of germ cells [259]. Contrary to most studies indicating that FSH and testos-
terone added to testicular culture media play a role in the development of different stages
of in vitro spermatogenesis, it has also been suggested that their supplementation does not
induce meiotic and post-meiotic cells and therefore cannot differentiate premeiotic germ
cells [260]. Differences in germ cell development in in vitro maturation studies may be
due to insufficient support of established culture conditions. The maintenance of healthy
spermatogenesis from SSCs can only be achieved with the support of a complicated and
precise “niche” microenvironment [261]. Sertoli cells establish the most important compo-
nent of the “niche,” and by producing growth factors and cytokines, they regulate proper
self-renewing and differentiation of SSCs, transition to meiosis, and, finally, differentiation
of round spermatids into spermatozoa [262].

Under proper culture conditions, reaggregation of Sertoli cells forms organized mono-
layer structures. Therefore, in most of the in vitro maturation studies performed on tes-
ticular tissue samples, a co-culture with Sertoli cells has been used effectively to provide
structural and nutritional support for differentiation of germ cells [263–265]. In the co-
culture of round spermatids and Sertoli cells, it has been shown that supplementation with
recombinant FSH and testosterone contributes significantly to the differentiation of round
spermatids into elongating spermatids [266]. However, other studies have also reported
that no matter how much FSH stimulation in organotypic cultures of immature testicular
tissue increases the percentage of premeiotic cells, it does not allow for further matura-
tion [242]. Some similar studies have also confirmed that FSH supplementation in cultures
does not support post-meiotic maturation [267]. Actually, the underlying mechanism for
the contradictions in the reports may be the impaired ability of testes to respond to the
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endogenous hormonal milieu due to compromised androgen receptor and FSH receptor
(FSHR) signaling pathways [268]. In fact, when compared to obstructive azoospermia,
the FSHR expression level in isolated and purified Sertoli cell cultures was found to be
2.7 times lower in the NOA group; hence, it has been claimed that there may be an altered
Sertoli cell response to in vitro FSH stimulation [269]. Alternatively, without the need for
hormone supplementation, spermatogenesis from testicular SSCs to fertility-competent
sperm formation could be induced in organ cultures using different techniques [270,271].
Considering this fact, before choosing a method to be used in co-culture studies with
Sertoli cells, it is important to investigate the hormone/receptor interaction along with the
response to FSH and testosterone.

To date, a number of studies have been conducted on the development of many differ-
ent culture systems, with varying levels of success. Furthermore, with their innovations in
in vitro germ cell maturation, advanced technology products created in the field of regener-
ative medicine using cell/tissue culture, biomaterials, and bioactive products have become
promising treatment alternatives for patients with NOA [272,273]. However, before sug-
gesting potential clinical uses of haploid male gametes exposed to in vitro manipulations,
further analyses of fecundity, epigenetic consequences, and safety are essential.

5. Conclusions

The primary outcome associated with the efficiency of ARTs is successful, healthy
live births. In addition to allowing only a small amount of sperm retrieval, cases of NOA
require a more demanding process in the treatment of infertility due to the fact that the
available sperm are also products of impaired spermatogenesis. The whole process begins
with collection of the highest-quality surgical specimens possible. Following microTESE,
with its verified efficacy, researchers have attempted sophisticated techniques such as
Raman spectroscopy, multiphoton microscopy, and full field optical coherence tomography
to identify testicular tubules with spermatogenesis. As further developments, laser-assisted
sperm selection and microfluidic systems appear to be promising for extracting viable
spermatozoa from surgically removed testicular samples. Moreover, there is an ongoing
effort to develop optimized freezing protocols and effective technologies that will allow
patients with NOA to retain their fertility by implementing cryopreservation of even a
single sperm. However, the initial promising results of all of these developments must
be confirmed by large studies in the context of clinical practice. The use of nanoparticles
for in vitro maturation of germ cells is also another promising innovation, as it will allow
previously unsuccessful patients with NOA to have children using their own biological
material. Undoubtedly, the clinical consequences of all of these manipulations that could
result from potential changes in the offspring’s genomes must be followed very carefully.
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Abstract: Intracytoplasmic sperm injection (ICSI) has allowed reproduction options through assisted
reproductive technologies (ARTs) for men with no spermatozoa within the ejaculate (azoospermia).
In men with non-obstructive azoospermia (NOA), the options for spermatozoa retrieval are testicular
sperm extraction (TESE), testicular sperm aspiration (TESA), or micro-surgical sperm extraction
(microTESE). At the initial time of spermatozoa removal from the testis, spermatozoa are immobile.
Independent of the means of spermatozoa retrieval, the subsequent steps of removing spermatozoa
from seminiferous tubules, determining spermatozoa viability, identifying enough spermatozoa for
oocyte injections, and isolating viable spermatozoa for injection are currently performed manually
by laboratory microscopic dissection and collection. These laboratory techniques are highly labor-
intensive, with yield unknown, have an unpredictable efficiency and/or success rate, and are
subject to inter-laboratory personnel and intra-laboratory variability. Here, we consider the potential
utility, benefits, and shortcomings of developing technologies such as motility induction/stimulants,
microfluidics, dielectrophoresis, and cell sorting as andrological laboratory add-ons to reduce the
technical burdens and variabilities in viable spermatozoa isolation from testicular samples in men
with NOA.

Keywords: non-obstructive azoospermia; testicular spermatozoa; processing; microfluidics; new
technologies

1. NOA Background

Clinical infertility is a disease of the reproductive system defined by the failure to
achieve a clinical pregnancy after 12 months or more of regularly unprotected sexual
intercourse [1]. The worldwide prevalence of clinical infertility is approximately 9%, with
56% of couples seeking medical interventions [2]. Male factor infertility describes couples
in whom the inability to conceive is associated with compromised reproductive function in
the male partner. Broadly, this can be due to (1) compromised semen parameters involving
semen volume, sperm numbers, motility, morphology, or viability; (2) abnormal sperm
function; or (3) normal semen/sperm parameters, yet conditions that prevent sperm deposi-
tion in the vagina during intercourse involving male reproductive tract obstructions and/or
ejaculatory dysfunction [3]. Males are solely responsible for approximately 20–30% of these
clinical infertility cases and contribute to approximately 50% of cases overall (male factor
and female factor). The absence of sperm in an ejaculate is termed azoospermia and occurs
in less than 1% of the general male population and an estimated 10% of men with infertility.
Azoospemia may be caused by an obstruction of the male reproductive tract, which is
termed obstructive azoospermia (OA) and makes up approximately 40% of azoospermic
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cases [4]. Additionally, azoospermia may be a result of inadequate spermatogenesis in the
seminiferous tubules of the testis, which is termed non-obstructive azoospermia (NOA).
The introduction of intracytoplasmic sperm injection (ICSI; injection of a single sperm into
a single oocyte) revolutionized the treatment of male factor infertility, OA, and NOA [5–7].
NOA is considered the most severe and difficult form of azoospermia to treat with assisted
reproductive technologies (ARTs) for at least three primary reasons: (1) the method of ga-
mete retrieval; (2) the variable and unpredictable degree of compromised spermatogenesis
and success of spermatozoa retrieval/isolation; (3) the initial non-motile nature of retrieved
testicular sperm. In this review, we will not address the pros and cons of gamete retrieval
methods (as this is specifically addressed in other manuscripts within this series). However,
in men with NOA, the following questions arise: (1) Are there focal sites of spermatogenesis
within the testes available for spermatozoa isolation? (2) What is the best method to access
these focal sites of spermatogenesis? In early studies, testicular sperm extraction (TESE)
was used, whereby a single-site testicular biopsy was performed in attempting spermatozoa
isolation [8–10]. A retrospective review of first-TESE in NOA from 1994 to 2009 (714 cycles)
demonstrated 41% success of spermatozoa retrieval [11]. A modified approach to TESE
is testicular sperm aspiration (TESA), which involves the placement of a needle (often a
butterfly needle) with negative pressure into the testis, aspiration of fluid and tissue, and
movement into multiple regions of the testis without removal from the testes, to “sample”
fluid and tissue from numerous focal areas [12]. Subsequent studies using TESA reported
variance in spermatozoa retrieval success ranging from 59% [13] to 54% [14]. In contrast
to TESE and TESA, microTESE is another form of spermatozoa isolation in NOA. This
procedure involves a urologist/surgeon bisecting the testis and using surgical microscopy
and 15–20× magnification to identify and isolate dilated/plump seminiferous tubules.
Though this surgical procedure is considered more invasive than TESE and TESA, it is a
regionally selective biopsy of visualized and isolated seminiferous tubules—resulting in
less tissue removal and the ability for spermatozoa identification from isolated tubules to be
confirmed by an andrologist in the surgical suite. MicroTESE-isolated seminiferous tubules
are subsequently placed into 37 ◦C processing media and transported to the andrology
laboratory, where they are manually dissected under microscope observation. Ramasamy
and colleagues [15] demonstrated that the success of spermatozoa retrieval by microTESE
diminished with greater operative time, yet overall was successful in 52% of cases. The
success of spermatozoa isolation from microTESE-isolated seminiferous tubules was shown
to be highest in cases of dilated/plump tubule selective biopsy (90%) versus non-dilated
tubule removal (7%) [16].

2. Current Laboratory Techniques for Spermatozoa Isolation from NOA
Testicular Samples

Independent of the process used to collect testicular tissue/seminiferous tubules
(TESE, TESA, or microTESE), the first steps in the andrology laboratory are to isolate and
evaluate seminiferous tubules for the presence of active spermatogenesis (dilated/plump)
or lack of spermatogenesis (not dilated/skinny/transparent; Figure 1A). Compared to
TESA samples, the amount of testicular somatic or connective tissue is higher in TESE
samples, which can make this process of manual seminiferous tubule isolation more
difficult. TESA samples tend to yield individualized seminiferous tubules that resemble
“unraveled yarn” in the collection media/tube. Within the laboratory, both TESE and
TESA samples can require mincing in 37 ◦C processing media (simple HEPES-buffered
media such as human tubule fluid (HTF)-HEPES + protein (human serum albumin (HSA))
to: (1) release the seminiferous tubules from connective tissue; (2) reduce the size of
individualized seminiferous tubules; (3) produce clean-cut edges to seminiferous tubules
that will facilitate collection of tubule contents. Mincing can be performed on a dissecting
microscope in a drop of processing media, with tissue placed on a Petri dish with tweezers
and a scalpel. This manual mincing method is useful for seminiferous tubule isolation from
TESE samples. One can use a similar manual method for TESA samples or use tuberculin
syringe/26–27-gauge needles to cut tubules into manageable sizes. Due to the surgical and
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selective nature of seminiferous tubule isolation in micro-TESE, the tubules are already
isolated in a truncated and pure state and usually do not require laboratory tubule isolation
and mincing.

Figure 1. Composite micrographs of laboratory manual processing of testicular aspirate for sperma-
tozoa isolation. (A) Minced seminiferous tubules (ST) in processing media. (B) Isolated truncated ST
with indication of plump/dilated ST with presumed active spermatogenesis and skinny/empty ST
(also transparent) with presumed absence of spermatogenesis. (C) Seminiferous tubules with one ST
processed with tuberculin syringe and needles to squeeze out seminiferous epithelium (SE). (D) Fol-
lowing pulled glass pipet dispersion of SE into single cells, the isolation of non-motile testicular
spermatozoa. Magnifications: (A)—100×, (B,C)—200×, (D)—400×.

Once the individualized dilated/plump tubules are isolated and truncated, they can
be moved into a clean drop of 37 ◦C processing media (Figure 1B) for further manual
processing. At this point, under microscopic observation, a pair of tuberculin syringe/26–
27-gauge needles can be used to squeeze the seminiferous tubule contents out of each short
dilated/plump tubule segment (Figure 1C). This results in seminiferous tubule content
that can be aspirated easily into a small-bore (~15–20 μm inner diameter) flame-pulled
glass pipet. This allows one to expel the seminiferous tubule contents into a separate
fresh drop of 37 ◦C processing media as a single-cell suspension, which will contain
germ cells of varying degrees of development, supportive cells, and—hopefully—mature
spermatozoa (Figure 1D). These testicular-isolated spermatozoa will likely be non-motile;
this is especially observed in samples from NOA men [17].

The culture time and conditions have been evaluated for both OA and NOA sperma-
tozoa samples, demonstrating that 24–48 h culture of testicular spermatozoa in complex
media (Ham’s F10 + albumin) can benefit spermatozoa maturation and motility induc-
tion [18–20]. These maturation conditions can be tested on individuals having testicular
spermatozoa retrieval in a diagnostic manner, prior to a therapeutic procedure coordi-
nated with egg retrieval. These “diagnostic” testicular spermatozoa retrievals, matura-
tion/motility initiation, and cryopreservation of isolated “rare” spermatozoa [21–23] can
be quite successful and have been nicely reviewed and critiqued [24].

The above-described laboratory procedure of spermatozoa isolation from testicular
samples relies primarily on manual, mechanical, microscopic processing and can be quite
labor- and time-intensive. There are numerous limitations to the current mechanical method
of spermatozoa isolation from testicular samples that need to be addressed. The success and
efficiency of spermatozoa isolation are influenced by human experience, examiner fatigue,
and the slight procedural variations used to yield single-cell suspensions and visualize
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individual spermatozoa. These laboratory microscopic mechanical procedures can take
2–12 h, depending on testicular sample purity and volume, number of spermatozoa,
volumes of media used for procedures, and laboratory personnel experience. As time spent
searching for spermatozoa increases, the success of spermatozoa isolation decreases, which
can impact subsequent pregnancy rates [15]. Cases with spermatozoa isolation taking < 2 h
had significantly higher pregnancy rates (89%) compared to cases taking > 4 h (37%). There
have been numerous reports of using enzymatic treatment of testicular samples to aid the
recovery of testicular spermatozoa [25–27]; however, its advantages are debated. These
enzymatic techniques usually use collagenase type IA or IV to digest the collagen within
the basement membrane and extracellular matrix within seminiferous tubules. However,
these collagenases have been demonstrated to digest cell surface proteins [28] that may
have influence on downstream sperm function in fertilization, pronuclear formation, and
embryo development. Additionally, enzymatic methods incorporate centrifugation, which,
as discussed below, can have a detrimental impact on spermatozoa DNA integrity. Before
discussion of the potential future of microfluidics for spermatozoa isolation from testicular
samples of men with NOA, we need to acknowledge that achieving a level of single-
cell suspension (as discussed above) will still be required; thus, a significant amount of
mechanical and manual processing is still required.

3. Microfluidics and Potential Use in Spermatozoa Isolation from NOA
Testicular Samples

Microfluidics is defined as a multidisciplinary field of study and design whereby
fluid behaviors are accurately controlled and manipulated with small-scale geometric
constraints that yield dominance of surface forces over volumetric forces. While past
procedures in the ART laboratory have been successful, they have been more macroscale
approaches to microscale cellular biological events [29]. Integration of microfluidics into the
ART laboratory has at least four foreseeable advantages: (1) allowing precisely controlled
fluidic gamete/embryo manipulations; (2) providing biomimetic environments for culture;
(3) facilitating microscale genetic and molecular bioassays; (4) enabling miniaturization
and automation. The basic utility and advantages of individual microfluidic devices for
isolation of motile spermatozoa have been studied and reported over the last two decades.
These can generally be categorized as microfluidic means of motile sperm isolation by three
similar but slightly discrete biophysical means.

First, motile sperm can be enriched by using a microfluidic-generated laminar flow and
sperm motility-enabled crossing of the meniscus or interstream line formed by the laminar
flow [30,31]. These devices allow a separation of motile spermatozoa from seminal plasma,
non-motile sperm, dead cells, and debris without centrifugation or resulting potential lethal
and sublethal spermatozoa damage. The technical parameters of the device were designed
to optimize the isolation of motile human spermatozoa with the inflow channel (semen;
100 μm × 50 μm; width × depth), inflow channel (media; 300 μm × 50 μm), common mid-
channel (laminar flow; 500 μm × 50 μm × 100 mm length). Centrifugation can negatively
influence sperm motility [32], mitochondrial function [33], intact acrosomal status [33], and
DNA integrity [34]. Using the microfluidic laminar flow and inertia spermatozoa isolation,
it was demonstrated that isolated motile spermatozoa had significantly less DNA damage
compared to processing sperm with centrifugation, density gradient and centrifugation,
and swim-up of overlaid semen [35–37]. Using a microfluidic device without laminar
flow but with microchannel hydrodynamic constrain to isolate motile sperm and the
sperm chromatin dispersion assay, which detects primarily single-strand DNA breaks,
Quinn and colleagues [38] demonstrated significantly reduced DNA fragmentation index
(DFI) in microfluidic isolated motile sperm (median: 0%; intraquartile ranges (IQR): 0–2.4)
compared to motile sperm isolated with density-gradient centrifugation with swim-up
(median—6%; intraquartile ranges (IQR): 3–11.5).

The second microfluidic method for motile sperm isolation involves multiple narrow
channels and sperm inertia [39]. These microfluidic devices incorporate a radial array of
hundreds of microchannels, with motile sperm swimming from the inlet to the outlets
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away from dead cells, debris, and seminal plasma—resulting in a highly motile population
of sperm, again with reduced DNA damage compared to other conventional centrifugation-
based semen-processing methods. Recently, these investigators have demonstrated the
potential practical use of this design for human sperm isolation for clinical intracytoplasmic
sperm injection [40].

Third, Wu and coworkers [41] have developed a microfluidic device that is able to gen-
erate an impeding flow field for isolating human motile sperm in a high-throughput manner.
While a highly motile population of sperm is isolated in this device, the influence on sperm
DNA integrity is unknown; yet, in theory, one would expect reduced processing-induced
DNA fragmentation as demonstrated by the other microfluidic methods mentioned above.
It is important to appreciate that these microfluidic devices do not directly improve sperm
DNA integrity, but they do allow isolation of motile sperm—whereas raw samples have
both motile (live) and non-motile (many times dead and DNA fragmented)—without
processing-induced DNA damage. Finally, it is important to recognize that all of the
above microfluidic devices and methods rely on spermatozoa motility for isolation. As
mentioned earlier, testicular spermatozoa at the initial time of retrieval are predominantly
non-motile; thus, other creative microfluidic methods or combinations of methods need to
be considered in non-motile spermatozoa isolation from NOA testicular samples.

As mentioned above, microfluidics can circumvent centrifugation and deleterious
influence on spermatozoa form and function experienced in conventional sperm process-
ing. If one is using enzymatic processing of testicular samples to yield spermatozoa, then
centrifugation can be part of the process. However, manual/mechanical processing does
not necessarily entail centrifugation. An advantage of microfluidics isolation of sperma-
tozoa from NOA testicular samples compared to other developing methods (magnetic-
activated cell sorting (MACS) and fluorescence-activated cell sorting (FACS)—reviewed in
Mangum et al., 2020 [42]) is the ability to isolate testicular spermatozoa without biochemi-
cal fluorescent or bead labeling of cells [43], which presents safety issues that are yet to be
fully evaluated in gametes, fertilization, and offspring health [44]. Magnum and colleagues
very nicely have provided a summary table of the advantages and disadvantages of these
developing technologies. There are additional microfluidic approaches with potential for
isolating non-motile testicular spermatozoa that have been proposed or proof-of-concept
tested in animal models, such as combined microfluidics and dielectrophoresis cell sort-
ing [45] and pinched flow fractionation [46,47]. Whether these microfluidic approaches
and add-ons will be useful and/or beneficial in isolation of non-motile spermatozoa from
human testicular samples of NOA men remains to be demonstrated.

4. Spiral Microfluidics, Inertial Separation, and Cell Size

As testicular resident spermatozoa are largely non-motile, the use of microfluidic
laminar flow for isolation is not useful. Son and colleagues [48] demonstrated an inge-
nious and novel application of spiral microfluidics to effectively and efficiently separate
non-motile spermatozoa (or beads of similar size) from non-motile cells of differing size.
This spiral inertial microfluidic device yields separation of particles or cells based on size
and shape. Spiral microchannel dimensions were calculated with specific consideration in
relation to the cellular constituents of a single-cell suspension of a human testicular sample
(spermatozoa, white blood cells (WBCs), and germ cells of a more immature state). This
prototype spiral microfluidic device had a single inlet and multiple outlets to separate
particles/cells at their equilibrium positions as they exit the device. Calculations were
performed considering the differing cell sizes, various flow rates, and best conditions
for cell focusing (microchannel height—50 μm, microchannel width—150 μm, space be-
tween microchannels—310 μm, initial radius—700 μm, and final radius—899 μm). The
authors were able to demonstrate separation and isolation of spermatozoa from WBCs.
More recently, Vasilescu and coworkers [49] used a similar spiral microchannel device
produced by 3D printing to demonstrate rapid spermatozoa recovery from heterogeneous
cell suspension of spermatozoa, WBCs, red blood cells, epithelial cells, and leukemic cancer
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cells. This study demonstrated rapid (5 min) separation of spermatozoa from other cell
types and, very importantly, that this spiral microfluidic processing had no detrimental
influence on spermatozoa viability, morphology, or DNA integrity. Collectively, these are
exciting findings in the quest for future means of isolating immobile spermatozoa from
testicular samples, yet there are some issues that remain uninvestigated and require testing.
First, does spermatozoa shape/size asymmetry impact isolation efficiency? Second, while
most testicular spermatozoa are non-motile, some testicular sperm can exhibit a form of
motility termed “twitching”—how that might impact spiral microfluidic separation and
focus isolation remains to be determined. This gives rise to a secondary issue of the need for
determining the viability of spiral microfluidic testicular non-motile sperm post-isolation
prior to use in ICSI. However, future combinations of spiral inertial microfluidic testicular
spermatozoa isolation with a short culture period to induce maturation/some motility [20]
or a non-terminal viability test, such as the hypo-osmotic swelling test of spermatozoa
membrane integrity [50], may aid in addressing this issue.

5. Practical and Future Considerations of Using Microfluidics in Spermatozoa
Isolation from NOA Testicular Samples

When initially considering the use of microfluidic applications with existing methods
of gamete isolation, in vitro fertilization, embryo culture, gamete/embryo analysis, and/or
cryopreservation, we need to first examine the practical shortcomings of the existing
techniques, the potential benefits of incorporating microfluidics, and the potential hurdles
that this incorporation of microfluidics may have in individual ART procedures. This leads
to the practical question of why one might use microfluidics for non-motile spermatozoa
isolation from retrieved NOA testicular samples. At a basic level, use of microfluidics
would be justified if it does: (1) something we cannot do today; (2) something we do
today, but is more efficient or provides a better sample; (3) something we do today, but is
less expensive or requires less work, supplies, or personnel effort; (4) something we do
today, as well as reduces intra-laboratory personnel and/or inter-laboratory variability; or
(5) something we do today, but facilitates future automation and associated benefits [51].
While current methodologies of spermatozoa isolation from NOA testicular samples are
manually burdensome and tedious, they do work on most occasions. Whether microfluidics
will reduce the cases of “no spermatozoa found for ICSI”, increase efficiency, and/or
produce a better sample in relation to fertilization rates, embryo development, and live-
birth rates remains to be demonstrated. Use of microfluidics to isolate sperm from testicular
samples will not become less expensive unless the personnel workload is significantly
reduced. This could be the case in the future; however, it is important to recognize that
most of the burdensome and tedious manual work in processing testicular samples is in
producing a single-cell suspension, which is still needed for current microfluidic application
to non-motile spermatozoa isolation from testicular samples. This brings up the potential
hurdle of microfluidic application to non-motile spermatozoa isolation—specifically, the
lack of microchannel functionality and/or clogging that can and will occur if input samples
are not in a single-cell suspension. Notwithstanding the above discussion, the potential
use of microfluidics in isolating non-motile spermatozoa from NOA testicular samples
should continue to be investigated in rigorous and practical ways. Integration of multiple
technologies—existing and of the future—will likely facilitate the use of microfluidics for
improving success, reducing technical signatures and variation, and providing bridges over
current limitations. Potential examples include combined spiral microfluidics [48,49] with
subsequent short-term culture to assess viability/motility [20] and Raman spectroscopy to
non-invasively interrogate sperm DNA integrity [52,53].
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Abstract: Testicular sperm extraction (TESE) is a surgical procedure which, combined with intra-
cytoplasmic sperm injection, constitutes the main treatment for achieving biological parenthood
for patients with infertility due to non-obstructive azoospermia (NOA). Although it is effective,
TESE procedures might cause structural testicular damage leading to Leydig cell dysfunction and,
consequently, temporary or even permanent hypogonadism with long-term health consequences.
To a lesser extent, the same complications have been reported for microdissection TESE, which is
considered less invasive. The resulting hypogonadism is more profound and of longer duration
in patients with Klinefelter syndrome compared with other NOA causes. Most studies on serum
follicle-stimulating hormone and luteinizing hormone concentrations negatively correlate with total
testosterone concentrations, which depends on the underlying histology. As hypogonadism is usu-
ally temporary, and a watchful waiting approach for about 12 months postoperative is suggested.
In cases where replacement therapy with testosterone is indicated, temporary discontinuation of
treatment may promote the expected recovery of testosterone secretion and revise the decision for
long-term treatment.

Keywords: hypogonadism; intracytoplasmic sperm injection; Sertoli cell-only syndrome

1. Introduction

Testicular sperm extraction (TESE) is a surgical procedure which, in combination
with intracytoplasmic sperm injection (ICSI), is currently used to enable men with non-
obstructive azoospermia (NOA) to produce their biological children. Several TESE tech-
niques have been reported including simple or multi-biopsy conventional TESE (cTESE),
microdissection TESE (micro-TESE, mTESE), and testicular sperm aspiration (TESA) [1].
Their development was imposed by the need for focused, less invasive, and more effective
techniques for sperm retrieval, as spermatogenesis is focal in many patients with NOA [2].

The cTESE procedure involves random single or multiple testicular incisions in dif-
ferent testicular regions with a resection of a variable volume of tissue until sperm are
identified and extracted [3]. In mTESE, a larger longitudinal or equatorial incision is made
through the tunica albuginea under the observation of an operating microscope. The
exposed seminiferous tubules are then studied. The larger, more opaque, whitish ones are
selectively removed since they are more likely to contain sperm [4]. There is a lack of strong
evidence concerning the superiority of one technique over the other in terms of sperm
retrieval, pregnancy rates, and live birth rates. The results depend on NOA causes and tes-
ticular histology, the latter being a heterogeneous entity with distinct pathological patterns,
ranging from hypospermatogenesis to Sertoli cell-only syndrome (SCOS) [5–8]. However, a
recent meta-analysis indicates that mTESE has a 1.5 times higher sperm retrieval rate (SRR)
compared with cTESE and 2 times higher rate compared with TESA. Therefore, mTESE
should be preferred in men with NOA according to AUA/ASRM guidelines [9,10].
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Concerning the postoperative complications, TESE procedures might cause structural
testicular damage leading to Leydig cell dysfunction and, consequently, hypogonadism
with long-term health consequences [7,11–13]. This review aims to discuss the hormonal
disturbances after TESE procedures and to suggest an appropriate endocrine follow-up for
men with NOA. It will be restricted mainly to hypogonadism due to the lack of evidence
for other endocrinological complications.

2. Methods

The relevant literature was reviewed through the PubMed, Scopus, and CENTRAL
electronic databases to identify the best available evidence concerning endocrine conse-
quences after TESE procedures. All studies and review articles reporting hormonal evalua-
tions and symptoms compatible with hypogonadism before and after TESE were reviewed.

3. Complications

Structural and hormonal postoperative complications have been described following
TESE procedures [12–14]. These complications could be explained by the peculiarities of
testicular vascularization and the detrimental effects that the TESE techniques may impose.
Testicular blood supply is provided by the testicular artery (a branch of the internal
spermatic artery) which enters the testis posteriorly at the level of the mid-pole beneath
the epididymis, continues inferiorly to the lower pole, and then ascends along the anterior
surface. By this point, it forms sub-capsular arteries, which give rise to centripetal branches
that supply the adjacent testicular lobules [15]. Multiple incisions of the tunica albuginea,
performed during conventional TESE, may injure sub-capsular vessels and their branches,
compromising the blood supply to the corresponding parenchyma or resulting in sub-
capsular hematomas. The latter may disrupt testicular function by increasing intratesticular
pressure. Impaired blood flow, devascularization, hematomas, and inflammation have been
reported one to three months after TESE, leading to testicular scars and calcifications [12,14].
An increase in peritubular scar tissue has also been suggested to affect Leydig cells and
germ cells number [16].

mTESE, on the other hand, was initially considered less invasive compared with
conventional TESE since the magnified vision minimizes the amount of tissue excised
and the risk of inadvertent intra-operative vascular injury [17]. Nevertheless, the same
complications have been reported, although to a lesser extent [12,18,19].

These structural disturbances have raised safety issues regarding testicular function.
Several men with infertility already have impaired Leydig cell function and, therefore,
lower serum testosterone (T), higher luteinizing hormone (LH) and estradiol concentrations
compared with fertile men. In addition, many of them have small testicular volumes, which
may get further compromised after the extraction of a considerable amount of testicular
tissue for sperm retrieval during the TESE procedure [20]. Therefore, they are at high risk
of developing androgen deficiency and further disturbance of spermatogenesis and Sertoli
cells’ function after TESE [16,21,22].

Despite the limited evidence in this field, there has been a consistent finding of a
decline in total testosterone (TT) secretion of variable severity and duration after TESE
procedures [8,12]. This decrease of TT concentrations is typically temporary, although two
cases of testicular atrophy have been documented [14,23]. The risk of permanent hypogo-
nadism is lesser when smaller testicular samples are taken, as serum TT concentrations
return to baseline in 50–90% of patients one year after mTESE [8,11,12,17,24]. The recovery
period of hypogonadism that may develop after mTESE is 12–18 months [23,25]. The range
in the recovery rates is mostly due to the heterogeneous populations of men with NOA in
the various studies. Factors such as the size of the removed testicular tissue, the extension
of the tunic incisions, or the experience of the surgeon may also contribute to the recovery
rates [8,26].

In a cohort study of highly selected eugonadal men, presenting a low risk of hy-
pogonadism before undergoing bilateral mTESE, the mean postoperative serum TT was
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88 ng/dL lower compared with the corresponding preoperative concentrations 19 months
after the procedure. Of these men, 30% became biochemically hypogonadal [TT < 300 ng/dL
(10.4 nmol/L)] after mTESE [8]. In another study of 435 men with non-obstructive azoosper-
mia who underwent cTESE or mTESE, TT concentrations showed a 20% decline from
baseline within three to six months following TESE. In the cTESE group, serum TT concen-
trations declined from 316 ng/dL to 251 ng/dL while in mTESE group they declined from
303 ng/dL to 248 ng/dL. This decline was more evident in men who underwent more than
two attempts of sperm retrieval, while it was not related to the patients’ age, initial TT
concentrations, serum FSH concentrations, or the outcome of sperm retrieval (success vs.
non-success) [17]. In addition, a study assessing the long-term effects of mTESE in 45 men
with NOA (average follow-up: 2.4 years) demonstrated that postoperative T concentrations
declined by 10% and that 16% of patients developed a de novo androgen deficiency during
follow-up, independently of their age or testicular volume [11]. Furthermore, another study
evaluating endocrinological data before and 3, 6, and 12 months after surgery in 69 NOA
patients with or without Klinefelter syndrome (KS) showed a significant decrease in TT
concentrations to 1.3 ± 0.2 ng/mL (46.4% of the preoperative concentrations) at 6 months
after mTESE procedure in men with NOA and 46, XY karyotype. This decline was followed
a different pattern according to testicular histology and was greater in patients with 47,
XXY karyotype. In patients with hypospermatogenesis, preoperative serum TT concen-
trations were relatively high (5.2 ± 0.7 ng/mL) and decreased slightly without reaching
hypogonadal concentrations. In patients with maturation arrest and SCOS preoperative
serum TT concentrations were 2.9 ± 0.2 mg/mL and 3.1 ± 0.3 ng/mL, respectively, and
reduced slightly at six months postoperatively to hypogonadal levels (<3.0 ng/mL) [27].

In line with the above data, a recent meta-analysis of 12 non-randomized, retrospec-
tive, uncontrolled studies showed a decrease in TT concentrations at 3, 6, 9 and 12 months
following TESE procedures compared with baseline results, even reaching hypogonadal
levels in some cases [7]. This decrease was more profound in men with KS [7]. In both
men with NOA and a 46, XY karyotype and men with KS, the highest decrease in TT
concentrations were observed six months after TESE, with a mean decrease of 78 and
118 ng/dL (2.7 and 4.1 nmol/L), respectively, which recovered to baseline at 18 and 26
months, respectively [7]. Limitations of this study include the heterogeneity of the proce-
dures performed, including both obstructive azoospermia (OA) and NOA patients who
carry a different risk for hypogonadism and flaws in patient follow-up.

Concerning hormonal disturbances in patients with KS undergoing TESE, the evidence
is scarce. According to the above study, preoperative TT concentrations were relatively low
(2.8 ± 1.6 ng/mL) and decreased by 30% to 35% at 1 to 12 months postoperatively [24].
In another study, preoperative TT concentrations were 2.8 ± 0.4 ng/mL and decreased
significantly after mTESE [27]. A recent meta-analysis also showed decreased TT, with the
strongest one being at 6 months after TESE with a mean decrease of 4.13 nmol/L [7].

The severity and duration of the decrease in the serum TT concentrations have been
associated with the underlying histology of the seminiferous epithelium. Accordingly,
the recovery rates 12 months after the mTESE procedure were complete in patients with
hypospermatogenesis (surpassing 100% of the preoperative concentrations) and almost
complete in patients with maturation arrest or SCOS (93.1% and 80.6% of the preoperative
concentrations, respectively) [27]. This is not the case concerning patients with KS, in
whom T concentrations were recovered in only 50% of subjects, 12 months postoperatively.
This difference may be attributed to the low testicular volume of patients with KS and the
severe histological disorder, which, apart from the seminiferous tubules, affects Leydig
cells [24].

Evidence indicates that the prevalence of hypogonadism in men with NOA is up
to 45–47% [7,14,22,28]. Men with hypospermatogenesis have normal TT concentrations,
while men with maturation arrest and SCOS have lower and sometimes borderline or
even low TT concentrations. The latter subgroups are presented with a greater risk of
hypogonadism due to further reduction of T after TESE procedures. The reduction of
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Leydig cells’ number due to tissue removal has been proposed as a possible mechanism
of T decrease [7]. The greater the removed tissue and the smaller the preoperative testicle
volume, the larger the decline of TT concentrations is expected to reach hypogonadal levels
in the subgroup with the lower preoperative levels. The reduction of T concentrations
induces LH secretion through the negative feedback mechanism on the hypothalamic-
pituitary-testicular axis to stimulate the remaining Leydig cells. The patients that develop
post-TESE hypogonadism may have an intrinsic resistance of the cells to the stimulatory
effect of LH, since some patients with NOA show an impaired response of Leydig cells
in the stimulatory effect of human chorionic gonadotropin (hCG) [7,11,22]. Moreover, a
decreased responsiveness of the hypothalamus and pituitary to low T may be another
reason for postsurgical hypogonadism [11,27]. Additionally, the recovery of hypogonadism
may be related to the Leydig cells’ renewal coming from stem Leydig cells. The time and
the degree of renewal may differ in NOA patients due to an underlying pathology of
stem cells. Finally, as mentioned above, the inflammation and vascular damage of the
testicular parenchyma may lead to Leydig cells dysfunction and/or impair the release of
intratesticular T to the circulation. Especially, patients with KS have small testis with solid
brown Leydig cell nodules, which may already have a degree of dysfunction responsible
for their low T concentrations [29]. These abnormal Leydig cells are more vulnerable to
further disruption after a TESE procedure, leading to more profound, prolonged, and even
permanent hypogonadism in some cases. Furthermore, it has been implied that it may
have a less responsive hypothalamic-pituitary-testicular axis [7,27,30].

Current evidence is inconsistent concerning the TESE consequences on serum follicle-
stimulating hormone (FSH) and LH concentrations. Some investigators have reported
an increase in the mean serum FSH and LH concentrations in patients with maturation
arrest and SCOS after mTESE, while no change was found in patients with hyposper-
matogenesis [27]. Other studies have documented an increase in serum LH and FSH
concentrations in patients with NOA and 46, XY karyotype but not in those with KS [24].
They also suggested that the change in FSH concentrations has resulted from the scar
tissue with germ cell loss near the scar after the procedure [24]. In the study mentioned
above, the pre-and postoperative FSH and LH concentrations remained low in patients
with hypospermatogenesis and high in patients with KS. In patients with maturation arrest,
both gonadotropins increased continuously after mTESE, while in patients with SCOS,
they increased up to six months after surgery and decreased after that [27].

In a meta-analysis mentioned above, LH concentrations were negatively associated
with TT in most studies. A role of LH in the recovery rate has also been implied since men
with low TT concentrations had an adequate response, with increased TT concentrations
three and four days after hCG injection. In line with this observation, in cases where LH
was upregulated immediately following TESE, a faster recovery (18 months) was expected.
In one study with KS patients, there was no increase in LH concentrations [24].

Symptoms associated with hypogonadism due to TESE procedures have been de-
scribed, especially when T concentrations are <12 nmol/L, mainly erectile dysfunction (ED)
and decrease of testicular volume [7]. In one study including 66 patients, 13 new-onset erec-
tile dysfunction (ED) cases have been described after mTESE, which significant decreased
TT concentrations from 27.1 to 9.7 nmol/L [31]. Some researchers have been reported a
reduction of testicular volume of at least 2 mL in 25% of men undergoing cTESE and 2.5%
of men undergoing mTESE at six months after the procedure [19]. In addition, another
study reported a 0.3 and 0.6 mL decrease in mean testicular volume 3 and 12 months after
mTESE [32].

4. Endocrine Follow-Up and Treatment

As there is convincing evidence for an increased risk for low TT concentrations follow-
ing TESE, long-term endocrinological follow-up should be advised in these patients [7,11].
It is important to emphasize that the applied techniques should prevent testicular damage
by balancing between tissue sparing and maximization of sperm retrieval rates to avoid
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repeated procedures [8]. In line with this approach, some researchers suggest a stepwise
strategy. A single TESE sample is initially extracted, followed by an mTESE using the same
testicular incision, followed by a multi-biopsy cTESE approach on the opposite testis if
needed [33]. Others advocate performing a Fine Needle Aspiration (FNA) mapping before
TESE. This technique relies on obtaining 18 testicular aspiration samples to represent the
entire testicular surface and depth. According to its supporters, it allows the ensuing TESE
to be more focused and less traumatic by avoiding areas with unfavorable cytology [8].

According to the available data, serum TT levels decline in hypogonadal levels
(<300 ng/mL) in men with KS and in a proportion of NOA men without KS with the
major reduction seeing at six months postoperatively. This reduction is accompanied
by a corresponding increase in LH concentrations, implying the possibility and time of
recovery. On this ground, evaluation of serum TT and LH concentrations at 3, 6, 12, 18
and, in some cases, 24 months is advisable. As NOA patients are at increased risk of
developing hypogonadism, in general, annual estimation of TT concentrations could be,
also, considered.

Since T deficiency following TESE is usually temporary, it seems prudent to wait
for about 12 months postoperatively until some degree of spontaneous recovery is ob-
served [23]. Nevertheless, some patients with T deficiency may experience symptoms
such as erectile dysfunction [7]. In such a case, T replacement therapy (TRT) should be
initiated based on a combination of biochemical diagnosis with symptoms of hypogo-
nadism by the current guidelines. Temporary discontinuation of treatment may reveal the
expected recovery of T secretion and revise the decision for TRT [26,34]. hCG or selective
estrogen receptors modulators (SERMs) administration could be considered in highly
selected, hypogonadal patients who have not completed their fertility attempts to increase
intratesticular T concentration and manage the hypogonadal symptoms.

5. Conclusions

In conclusion, the current evidence suggests a considerable risk of temporary and
even permanent hypogonadism following TESE procedures. It is yet unclear whether the
increased hypogonadism risk is related to the number or size of testicular tissue samples
excised, the number and size of the testicular tunica albuginea incisions, or the surgical
experience [8]. Most probably, it is related to the NOA etiology and testicular volume
as it is more profound and of longer duration in patients with KS compared with other
NOA causes.
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