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Abstract

Male factor infertility is a relatively common condition, affecting at least 6% of men of
reproductive age. Typically men with unknown genetic abnormalities resort to using assisted
reproductive technologies (ART) to achieve their reproductive goals. Infertile men who father
biological children using ART could have a higher incidence of aneuploidy, which is a deviation
from the normal haploid or diploid chromosomal state. Aneuploidy can be evaluated using
fluorescent in situ hybridization (FISH), a cytogenetic assay that gives an estimate of the
frequencies of chromosomal abnormalities. The chromosomes that are generally analyzed in FISH
are associated with aneuploidies that are compatible with life, that is, chr.13, 18, 21, X, and Y. The
technique is indicated for a variety of reasons, but most importantly in the following: 1) men who
despite normal semen parameters suffer recurrent pregnancy loss and 2) men with normal semen
parameters, undergoing IVF, but still experiencing recurrent implantation failure. It may be used
as a screening tool to help in reproductive and genetic counseling of affected couples, or those
who have previously experienced failure of ART. A qualitative analysis of FISH study results
allows them to make informed reproductive choices. Given its increasing clinical use in various
infertility diagnoses and the development of novel adjunct technologies, one can expect much
progress in the areas of preimplantation genetic screening, diagnostics, and therapeutics.
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Introduction

By generally agreed definition, infertility is the inability to produce offspring despite
actively attempting to do so for one year. This problem affects ~12% of the population of
reproductive age, and in about 50% of cases, it could be due to a male factor (1). Many
causes of male factor infertility (for instance, low sperm counts or compromised motility)
can be overcome with the use of the assisted reproductive technologies (ART), such as in
vitro fertilization (IVF). For more severe male factor infertility, intracytoplasmic sperm
injection (ICSI) is used together with I\VVF to enhance the likelihood of fertilization. These
technologies allow males previously considered to be infertile to now father children of their
own. Errors arising during stem cell division can be due to various underlying mechanisms,
such as extrinsic failure of proper segregation of chromosomes, or from the accrual of DNA
damage that is independent of replication. Typically, both types of errors are recognized by
the cell’s DNA repair mechanisms, but these (as will be discussed below) can often be faulty
themselves, resulting in perpetuation of errors in the affected cell’s progeny. While not
every single etiology of male factor infertility is clearly understood, its natural history is
known to be multifactorial. With the advent of ARTs such as ICSI, many males affected by
the aforementioned conditions are now able to produce offspring, but offspring produced by
such means have an increased risk of aneuploidies, in particular of the sex chromosomes (2—
4). Given that ICSI is a relatively new technology (less than 30 years old), the long-term
effects of the procedure are still poorly understood. One of the major shortcomings of ICSI
is the mechanism of selection of the spermatozoon (5). While close attention is paid to
selecting from the patient’s sample a sperm that displays the best possible combination of
sperm parameters, that is, motility and normal gross (but not strict) morphology (count
obviously being irrelevant in this case as the technology is designed to overcome
shortcomings in this very parameter), neither of these parameters will ensure the genetic
integrity of the resultant embryo. Spermatozoa that are used to undergo a FISH analysis
cannot be subsequently used for ART as the various steps of fixing, washing, incubation, but
most importantly formamide denaturation prior to sperm head condensation, make the sperm
non-viable, and thus not amenable to fertilization. For this reason, a thorough cytogenetic
analysis of a particular spermatozoon prior to its fusion with an oocyte (through ICSI) is not
possible. The protocol for human sperm FISH illustrates certain limitations with regards to
sperm selection. A rather homogenous centrifuged cell mass is placed on a slide and a target
region of the probe mixture is selected for fluorescent labeling. The process does not allow
for the targeting and selection of individual cells, a potential shortcoming of the assay.

Importantly, men with normal semen parameters who are partners in a couple with recurrent
pregnancy loss or recurrent I\VVF failure are one of the most commonly overlooked
subpopulations as sperm aneuploidies in these men could represent a significant but
clinically under-appreciated cause of infertility. Cytogenetic analysis of sperm FISH can
help with evaluating possible causes of recurrent pregnancy loss or recurrent IVF failure.

What does FISH measure?

FISH is a cytogenetic assay that provides an estimate of the frequency of chromosomal
abnormalities by measuring sperm aneuploidy, which is defined as any deviation from the
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normal haploid or diploid state. It is accepted that gametes of infertile individuals tend to
display rates of chromosomal abnormalities higher than those seen in fertile men (6).
Arguably, the vast majority of fetuses with any chromosomal aneuploidy are not viable.
Therefore, ideally clinical diagnosis of sperm aneuploidy should measure all human
autosomes and sex chromosomes. However, because of the high cost to run the assay, the
aneuploidies that are of major clinical importance are those that can be non-lethal, and thus
compatible with survival (7). They include the autosomal trisomies, such as Trisomy 13
(Patau syndrome), Trisomy 18 (Edwards syndrome), and Trisomy 21 (Down syndrome); and
aneuploidies of the sex chromosomes, such as X monosomy (the only human monosomy
compatible with life) and Klinefelter syndrome (XXY-XXXXY). Aneuploidy can result
from one of three principal mechanisms (7): non-disjunction, anaphase lag, and ineffective
checkpoint control. In non-disjunction, which is considered the main etiology of aneuploidy
(8), chromosome pairs or sister chromatids fail to segregate properly during the process of
cell division and thus result in chromosomal gains or losses. Losses or gains of whole
chromosomes are the most significant type of oocyte aneuploidy, similar anomalies also can
occur in sperm at an overall rate of 4-5% (9). It is important to note that with increasing
paternal age, the chromosomal aberrations that occur in human sperm are more often
structural changes, rather than numerical aberrations. Studies specifically show that in males
there exists a very significant correlation between structural chromosomal abnormalities and
age (10), whereas there is no evidence for increased risk of trisomy with paternal age. Thus,
increased paternal age alone would not be an indication for a FISH analysis as aneuploidy
rates, all other things being equal, are largely unchanged. It has been proposed that these
structural aberrancies stem from underlying errors that arise during stem cell division of
spermatogonia in the adult testis (11). Nonetheless, it has been demonstrated that increased
gonosomal disomy (X-X-8 in particular) is observed in aged mice, suggesting that advanced
paternal age is associated with meiotic defects (12).

Since most aneuploid embryos do not survive past the early stages of development, many
instances of aneuploidy are effectively subclinical and cannot be detected by simple
observation, that is, by antenatal radiographic diagnostic modalities, or simply at birth.
Costly invasive measures such as array comparative genomic hybridization microarrays in
combination with preimplantation genetic diagnosis (PGD) and ICSI are used today for
identifying aneuploid embryos. However, for couples with high percentages of aneuploid
gametes, identification of these anomalies before undertaking expensive ART procedures
allows for couples to make educated informed decisions regarding their reproductive
options. Sperm FISH analysis provides a simple but effective option to assess the male
gamete.

The sperm must be studied directly. In the sperm FISH cytological assay of aneuploidy, the
compacted chromatin in the sperm head firstly must undergo treatment to decondense the
chromatin in order to enable probes to access the DNA of the spermatozoon. The analysis of
these decondensed heads makes possible the study a large number of spermatozoa,
(approximately 1074 per individual probe) in a relatively short period of time. In addition to
analyzing a large sample of sperm in order to estimate the frequency of abnormalities,
multicolor FISH is employed, which is necessary for reliable results. In fact, two-color FISH
is needed for analysis of autosomes, and three colors are used for sex chromosomes to
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distinguish diploidy from disomy (13). Currently, a major technological advantage of this
assay is the use of sophisticated image analysis software that has remarkable sensitivity and
is less operator-dependent, although methodology is always validated by direct analysis of
selected samples by a trained cytogeneticist. Notable drawbacks of the assay are its
limitations in surveying structural chromosomal aberrancies, and its detection of mere
segments of chromosomes, rather than entire chromosomes. Despite these shortcomings,
multicolor FISH remains the most effective and efficient tool available in the andrology
laboratory to assess sperm aneuploidy.

The procedural details of sample preparation and analysis are beyond the scope of this
discussion, but a detailed protocol is outlined by Sarrate & Anton (14); they describe the
process as having five phases: 1) sample (can be ejaculated, epididymal, or testicular sperm)
processing with cell fixation, 2) decondensation, 3) hybridization, 4) post-hybridization
washes, and 5) visualization. Hybridized, multicolored, fluorescently labeled DNA probes
specific for each chromosome are visualized by a special fluorescence microscope that is
equipped with filter sets for the following commonly used colors: FITC, Texas Red, and
DAPI/FITC/Texas Red (Figure 1). The number and features of observed signals form the
basis for chromosome aneuploidy scoring. Strict scoring criteria ensure the absence of
subjective variation. These criteria include: (1) overlapped spermatozoa or sperm heads
without a well-defined boundary are not counted; (2) in cases of disomy (one or more
chromosomes present in two copies (n+1)) or diploidy (having two sets of chromosomes,
(2n)), all signals should have the same intensity and be separated from each other by a
distance longer than the diameter of each signal; and, finally, (3) nullisomies (complete lack
of one chromosomal pair (2n—2) due to loss of said pair) are not directly scored and are
conservatively considered as equivalent to the incidence of disomies (15). Adhering to the
procedural steps makes the assay one of the most powerful and accurate tools for the study
aneuploidy in human sperm.

What are the indications for FISH analysis?

The patients in whom a FISH analysis is clearly indicated fall into the following two
categories: 1) Males with normal gross semen parameters whose partners suffer recurrent
pregnancy loss and 2) females who have recurrent pregnancy loss after repeated IVF failure
(even with a partner who has normal sperm parameters). In addition to genetic counseling,
FISH analysis allows these patients to make informed reproductive choices by allowing
them to gauge their relative risk of producing offspring with genetic defects. Some patients
who experience recurrent pregnancy loss appear to have a significant increase of sperm
chromosome aneuploidy, apoptosis, and abnormal sperm morphology. The percentage of
aneuploidy sperm is correlated to the percentage of apoptotic sperm and higher frequency of
abnormal sperm morphology(16). It is widely known that the gametes of infertile individuals
display higher rates of chromosomal abnormalities than the general population (6). Indeed,
most studies to date indicate that infertile oligozoospermic men generally have increased
numbers of spermatozoa with aneuploidies (Table 1; adapted with permission from (17)).
Sarrate and colleagues (18) have demonstrated that the relationship between sperm count
and the overall increased rates of chromosome abnormalities in spermatozoa truly illustrates
an inverse correlation between these two parameters. Indeed, extremely high levels of sperm
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aneuploidy were identified in testicular sperm extraction (TESE) samples of men with non-
obstructive azoospermia (NOA) (19). A recent study demonstrated that testicular sperm
exhibited significantly lower DNA damage in comparison with ejaculated spermatozoa;
however, testicular sperm had higher aneuploidy rates in chromosomes 13, 18, 21, X, and Y
(20). Whereas testicular spermatozoa seem most suitable for ICSI because of their lower
rates of DNA damage, this potential benefit may actually be offset by increased aneuploidy
rates in testicular spermatozoa.

There are numerous checkpoints to ensure genomic integrity is maintained during
spermatogenesis, which lead to arrest of replication of cells marked by any chromosomal
abnormalities. Globally, this restriction on output leads to a reduced production of gametes,
which could, in part, explain the lower sperm counts of individuals with higher frequencies
of chromosomal abnormalities in their spermatozoa. Particularly in men with NOA, the
incidence of aneuploidy was significantly greater among the diploid nuclei, which suggests
that chromosome instability is a result of altered genetic control during mitotic cell division
and proliferation that occurs during spermatogenesis (19).

A plausible mechanism for the increased rates of aforementioned abnormalities may be
underlying deficiencies in the control mechanisms that make up the various selective
checkpoints. Such deficiencies could be, for instance, errors in identification of cells with
abnormalities, a malfunctioning of the cellular elimination process, or an abnormal cell
count that overwhelms the functional capacity of the control systems (18). The clinical
manifestations of these insufficiencies are quite heterogeneous, complicating the delineation
of groups of patients who would have a clear indication for FISH analyses (Table 2; adapted
with permission from (18). Typically, the semen parameters of those partners of couples
with recurrent pregnancy loss are within the normal range for count, motility and
morphology.

How can we interpret FISH results?

The chromosomes that are generally analyzed in FISH are those aneuploidies that are
compatible with life, that is, 13, 18, 21, X, and Y. While other studies (21) examined
additional chromosomes, such as 4, 6, 7, 8, 9, 10, 11, 12, and 17, among others, these
chromosomes are not included in a routine sperm FISH analysis, as their diagnostic yield is
relatively low when compared to the five relevant chromosomes. All current studies agree
that there is a definite relationship between aneuploidies and male factor infertility. There is
also agreement that most chromosomal anomalies are not isolated events, but frequently
involve the sex chromosomes in addition to one or more autosomes (18). One study suggests
that the analysis of recombination events between sex chromosomes could be a useful
indicator for identifying men with an increased risk of producing chromosomally abnormal
spermatozoa (22).

Given the subject of the analysis, the question that arises is how FISH results are interpreted.
Abnormal results can be evaluated using the qualitative and the quantitative approach (23).
The quantitative approach enables interpretation of FISH as a numerical value (a score,
essentially) that would indicate the patient’s degree of risk. Major disadvantages of this
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approach are the features intrinsic to this technique: An analysis of the entire karyotype (that
is, all autosomes and the sex chromosomes of an individual) as opposed to the ones with
demonstrated clinical relevance (13, 18, 21, X, and Y) is a rather difficult task. Furthermore,
some chromosomal aberrancy, for instance, nullisomies, is not accounted for. An additional
restriction is the strictness of inclusion criteria, which tends to underestimate the extent of
anomaly rates, thus calling for the consideration of qualitative analysis, which is, in fact, the
second perspective: here, significant escalations of anomalies are essentially seen as
evidence of some insult to proper spermatogenesis, typically the various types of meiotic
defects (mis-association of pairs, recombination errors, or mis-segregation). A qualitative
way of analyzing defects substantiates the idea that the examination of a few chromosomes
(21, X, and Y) is sufficient to pinpoint meiotic defects, thus identifying most at-risk patients.
That such an approach should be favored over a quantitative one is also demonstrated by the
fact that the latter fails to adequately explain the clinical sequelae of chromosomal defects in
spermatozoa during the treatment process of ART (18). Proper qualitative analysis of results
allows for the next logical step, the consideration of their clinical significance.

Can FISH results change therapy?

The advent of new reproductive technologies such as IVF and ICSI has helped previously
infertile men with abnormal sperm density to father biological children. Unfortunately, men
with abnormal semen parameters can have an increased proportion of chromosomal defects,
and chromosomal defects potentially can be passed on to the offspring of couples taking
advantage of ART. A routine semen analysis provides clinical information on gross seminal
parameters, specifically valuable information regarding spermatogenesis, genital tract
secretions and ejaculation, but unless the male is azoospermic the results are quite limited
with regard to defining infertility, risk stratification and prognostication (24). Currently,
sperm FISH is used mainly in the determination of aneuploidy in the sex chromosomes and
autosomes of normospermic partners in couples with recurrent pregnancy loss and for men
with infertility. However, depending upon the probes used for diagnosis, sperm FISH
analysis can aid in the quantification of the probability of transmitting aneuploidies and
complex chromosomal rearrangements, such as translocations and inversions (25) to
offspring. Therefore, sperm FISH is increasingly utilized in infertility diagnostic protocols,
because its diagnostic yield allows affected couples to make informed reproductive choices
(17). For instance, if the likelihood of transmitting chromosomal defects to offspring is
deemed too high, they may choose to pursue other options, such as PGD with ICSI to select
seemingly normal embryos. FISH analysis of spermatozoa is an effective genetic screening
tool for infertile patients. Nevertheless, the simple quantitative approach described above,
(the numerical chromosomal copy value), may not be adequate when applied in isolation.
However, the results become very powerful when used in the context of other tests, such as
the semen analysis or the patient’s clinical history. Stochastic chromosomal abnormalities,
different baselines with regards to mutation, and selection of adequate controls, among other
things, are important considerations when assessing a patient’s risk for aneuploidy.
Abnormal results would place a patient in the “at risk” category, and the next step in
management at that time would include genetic counseling prior to undergoing ART with
ICSI so couples can make an informed choice.
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Does the test improve pregnancy/delivery rates?

Men affected by male factor infertility have higher rates of aneuploidy than healthy males.
And despite the higher rates of disomy in the sex chromosomes of sperm in male partners of
women with recurrent miscarriage, a cytogenetic survey of the products of conception
(POC) of couples who suffered recurrent pregnancy loss (RPL) often does not reveal a
higher rate of sex chromosome aneuploidy (26). This suggests that sperm with abnormal
karyotypes may be selected against prior to potential fertilization, which is consistent with
what has been suggested earlier, a mechanism that tries to prevent deleterious alleles from
being passed on to offspring. Importantly, there is a subset of men whose partners
experience unexplained pregnancy loss. Many of these men have relatively normal semen
parameters, but display exceedingly high levels of sperm aneuploidy with the majority of
chromosomes measured abnormal.

FISH is not routinely performed in this country because there are few laboratories skilled in
this analysis, also because of its high cost, and lack of insurance coverage. Nonetheless,
sperm FISH does identify meiotic defects and thus guides reproductive counseling and
clinical management, and it allows the couple to make informed, albeit often difficult,
reproductive decisions, including the pursuit of PGD, adoption, or donor sperm (17). The
next step in the management of such a case would be genetic counseling. Given the nature of
this cytogenetic test that is useful for screening and diagnostics, sperm FISH does not affect
the quality of sperm or pregnancy outcomes directly, but because of its capability to detect
aneuploidy with remarkable sensitivity and specificity, it does guide reproductive choices,
which, in turn, may indirectly lead to a net increase of favorable pregnancy outcomes.

Appropriate study designs needed to determine the utility of sperm FISH

In order to assess the utility of sperm FISH, one would ideally conduct a randomized
controlled trial (RCT) to evaluate the utility of FISH. In such a case, PICO method
(Population, Intervention, Comparison, and Outcome) would lead to a study design that
randomizes a study population of clinically infertile men into two groups, one that
undergoes the diagnostic intervention, that is, analysis of spermatozoa with FISH, and
another one that does not. Following the intervention or placebo (i.e. sample collection
without diagnostic test), both groups would present for follow-up for comparison of results.
In theory, this sounds rather simple; however, in reality, it is marked by numerous problems:
most RCTs on preimplantation genetic screening (PGS, a test that screens for numerical
chromosomal aberrancies in individuals with compromised fertility despite normal
karyotypes) tests, of which FISH is one (27), demonstrate no favorable effects in the
treatment groups (28). Because of the relative lack of significant positive findings to date,
there appears to be a movement of discouraging physicians from enrolling patients in such
trials, citing ethical reasons (29). On the other hand, it is argued by others that PGS RCTs
are methodologically flawed (30). Procedural shortcomings can be addressed by
implementing a stratification protocol that mandates sub-analysis for the various indications
of PGS tests like FISH. Other types of studies, such as retrospective reviews, meta-analyses
and systematic reviews can be conducted instead. Retrospective studies are limited because
of paucity of data, and lack of usage of standardized protocols. Similar restrictions affect
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meta-analyses or systematic reviews, whose output is limited by the existence of much
disagreement among the RCTs implemented to date. Furthermore, a lack of standardization
of data interpretation further complicates the picture.

Conclusions

FISH is the quickest, most sophisticated, accurate, and reliable test to assess aneuploidy of
autosomes and sex chromosomes in sperm nuclei of infertile men and couples with
unexplained pregnancy loss. Clinically, it is a widely used screening tool that can be used in
counseling couples affected by male factor infertility to make informed choices regarding
their reproductive plans. This is particularly important considering the increased risk of
aneuploidies affecting embryos conceived by means of ART and the increased likelihood of
chromosomal defects associated with recurrent pregnancy loss. Further studies are obviously
required to assess the value of routine use of multicolor sperm FISH in diagnostic medicing,
but to this date, limitations such as high cost, limited accessibility, and lack of standardized
risk assessment protocols indicate that despite being a highly sophisticated assay, its routine
clinical application in evaluation of male infertility is something that remains to be seen.
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Figure 1.
Examples of sperm fluorescent in situ hybridization (FISH) visualized under a fluorescence

microscope. Clockwise from top left: normal sperm, sperm with chromosome 18 and XY
disomy, sperm with chromosome 13 and 18 disomy, and sperm with sex chromosome XY
disomy.
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Indications for sperm fluorescent in situ hybridization (FISH), (24)

Table 1

Indication

Study

Recurrent pregnancy loss

Bernardini et al. [2004]

Repeated in vitro fertilization failure

Petit et al. [2005]

Oligozoospermia

Martin [2007]

Asthenozoospermia

Collodel et al. [2007a]

Nonobstructive azoospermia (testicular sperm)

Huang et al. [1999]
Palermo et al. [2002]

Obstructive azoospermia (epididymal sperm)

Sukcharoen et al. [2003]

Teratozoospermia

Tail agenesis

Carrell et al. [2004]

Multiflagellar sperm/Macrocephalic sperm

Devillard et al. [2002]

Round head-only syndrome (globozoospermia)

Morel et al. [2004]

Double-head or multinucleated sperm

Moretti et al. [2007]

Other severe morphologic defects

Lewis-Jones et al. [2003]

Genetic abnormalities

Robertsonian translocations

Sarrate et al. [2005]

Reciprocal translocations

Sarrate et al. [2005]

Chromosome inversions

Sarrate et al. [2005]

Ring chromosome

Arnedo et al. [2005]

Klinefelter syndrome (mosaic and nonmosaic)

Kruse et al. [1998]
Lim et al. [1999]
Rives et al. [2000]

Y-chromosome microdeletions

Minor et al. [2007]
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Patients with abnormal FISH results classified according to their seminal parameters (23)

Table 2

Seminal Parameters Men with abnormal FISH (%)

Asthenoteratozoospermic (AT) 6/71 (8.5)
Asthenozoospermic (A) 4/67 (6.0)

Normozoospermic (N) 4/34 (11.8)
Oligoasthenoteratozoospermic (OAT) 13/62 (21)
Oligoasthenozoospermic (OA) 17/51 (33)
Oligoteratozoospermic (OT) 2/13 (15)
Oligozoospermic (O) 2/4 (50)
Teratozoospermic (T) 1/17 (6)

Total 49/319 (15.3)
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