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Perspectives

Semen analysis in 21st century medicine: the need for sperm
function testing
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Abstract

Sperm function testing, once commonly performed for the infertile couple before employing assisted reproductive
technology (ART), has fallen out of favour in many reproductive medicine centers throughout the world. Indeed, the most
recent addition of the “World Health Organisation (WHO) Laboratory Manual for the Examination and Processing of Hu-
man Semen’ now groups many of these procedures into a section termed Research Procedures. In large part, this reflects
the current clinical practice of bypassing the in-depth evaluation of the male partner, while assuming that if a spermatozoon
can be found for intracytoplasmic sperm injection (ICSI), it must be a healthy cell capable of achieving fertilization. Never-
theless, sperm function testing can provide valuable clinical insights into defects causing male infertility. Admittedly, in some
cases, functional sperm deficiencies can be overcome using an ART. In other cases, couples will be empowered by the
knowledge of the cause of their infertility, and for some couples, perhaps even the likelihood of ICSI success (relative to
the spermatozoa). The knowledge allows them to make truly informed reproductive decisions, including (perhaps) the de-
cision to seek donor insemination, to adopt or to remain childless. Knowledge of the cause of their infertility may provide
closure for couples and a sense of confidence regarding their choice of reproductive treatment.
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1 Introduction

With the advent of intracytoplasmic sperm injection
(ICSI) [1], the evaluation and treatment of the infertile
male radically changed. Just a single spermatozoon was
required, motility was not necessary, and the normal bio-
logical processes of sperm capacitation, the acrosome
reaction (AR), cumulus penetration, zona and ova binding,
and penetration did not necessarily occur before fertiliza-
tion. Although first used with ejaculated spermatozoa, in-
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vestigators soon realized that the spermatozoa retrieved by
microsurgical epididymal spermatozoa aspiration, or even
later, directly from the testis (testicular sperm extraction),
could be used together with ICSI-in vitro fertilization (IVF)
for men with non-obstructive azoospermia—even those
men diagnosed with a Sertoli-cell-only pathology because
of the presence of rare foci of spermatogenesis. As this
assisted reproductive technology (ART), used in combina-
tion with IVF, overcame many of the deficiencies of sperm
count, motility, morphology and function, the evalua-
tion of the infertile male was frequently bypassed prior
to ART, with the exception of a semen analysis. Indeed,
in the most recent edition of the World Health Organiza-
tion (WHO) Laboratory Manual for the Examination and
Processing of Human Semen, although the more routine
semen analysis procedures are described in detail, sperm
function tests are now grouped into a chapter termed Re-
search Procedures. In this commentary on the new Labora-

@ Asian Journal of Andrology | http://www.asiaandro.com; aja@sibs.ac.cn



tory Manual for the Examination and Processing of Human
Semen, I will argue that there is still a place for sperm func-
tion testing in the state-of-the-art evaluation of the infertile
male. I will describe several of the specialized functional
andrology tests developed over the years and highlight the
advantages and disadvantages of including this testing for
the infertile couple in the era of ICSI. I will present evi-
dence that the use of advanced sperm testing provides im-
portant insights into the abnormalities of spermatozoa that
affect fertilization and that this knowledge is critical to a
proper clinical evaluation of the infertile couple.

Routine semen analysis provides useful information
concerning sperm production by the testis, sperm motility
and viability, the patency of the male genital tract, the se-
cretions of the accessory organs, as well as ejaculation and
emission. Although the information revealed by this assay
is obviously useful for the initial evaluation of the infertile
male, it is not a test of fertility, and it provides no insights
into the functional potential of the spermatozoon to fer-
tilize an ovum or to undergo the subsequent maturation
processes that are required to achieve fertilization. Indeed,
the semen analysis result alone cannot distinguish the fer-
tile from the infertile population [2, 3], unless the man is
azoospermic. Semen analysis also plays an important role
in the assessment of effects of environmental toxicants or
drug studies (for example, References [4, 5]).

Accordingly, tests have been developed to define
sperm function abnormalities in the infertile male. In the
broadest sense, sperm function may simply be thought
of as the ability of one spermatozoon to deliver the cor-
rect complement of chromosomes to an ovum. To do this,
spermatozoa must be produced in sufficient numbers, and
exhibit normal motility and shape (and these parameters
generally are assessed in routine semen analysis). In ad-
dition, spermatozoa must be capable of penetrating and
passing through the cervical mucus, and through the uterus
to the ampullae of the oviducts, in addition to undergo-
ing capacitation, AR, binding and penetration of the zona
pellucida, and ultimately the ovum. Once the spermato-
zoon penetrates the ovum, it must then undergo nuclear
decondensation to deliver the appropriate haploid chromo-
some complement; it then undergoes additional, but poorly
understood, events required for fertilization and early
embryonic development. Defects in any of these com-
plex events can result in male infertility. Over the last 25
years, tests have been developed to identify abnormalities
in these processes. These tests can have applications in
evaluations of potential toxins, as well as in clinical trials
for drug testing. However, the clinical use of these tests
decreased significantly with the onset of ICSI, despite the
fact that evaluation prior to treatment could prevent over
treatment with the most advanced and costly technology,
as well as unexpected IVF failure for men with normal se-
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men parameters (as measured by the semen analysis), but
with unrecognized functional sperm deficiencies. With
ICSI, many physicians treating the infertile couple no
longer cared to determine the source of the infertility. If
a spermatozoon could be found, there was the potential to
fertilize an ovum, regardless of the functional deficiency.
This fact is reflected in the current version of the WHO
Manual for the Examination and Processing of Human Se-
men. A discussion of these tests and their relevance to the
evaluation of the infertile male in the era of ICSI follows.

2 Tests of sperm capacitation

Capacitation refers to a collection of changes in sperm
function that occur generally in the female genital tract.
There is a change in the membrane permeability to cal-
cium ions, which induce a hyper motility of the sperm, a
process that is thought to aid in penetration of the cumulus
and zona pellucida. Thus far, the assays developed to di-
rectly assess capacitation defects have only limited utility.

One of these tests, the AR test, measures the ability
of the acrosome, essentially a modified Golgi apparatus
limited by the inner and outer acrosomal membranes and
located beneath the sperm plasma membrane, to release
hydrolases (with acrosin being the predominant enzyme).
This reaction subsequently allows the binding and pen-
etration of the zona pellucida by the sperm cell. The AR
occurs when the sperm plasma membrane and the outer
acrosomal membrane fuse, an event that requires prior ca-
pacitation. Biochemical agents, such as calcium ionophore
A23187 and progesterone, can induce the AR in vitro [6-8],
and treatment of spermatozoa with these agents allows an
assessment of the maximal potential induction of AR. The
test methodologies vary and include several stains and
antibodies to specific acrosomal components [9, 10]. Yet
studies have not compellingly shown that the AR assay
results predict the likelihood of successful IVF, although
some papers have reported a positive correlation [8]. With
the development of IVF-ICSI, however, this AR assay is
rarely used. The AR assay can definitively identify globo-
zoospermia, but this defect is already easily identified
when the strict (now routine) morphology assessment is
performed. Electron microscopy remains the gold stan-
dard for globozoospermia (but this is rarely performed in
the andrology laboratory). Nevertheless, for most clinical
situations, the AR test is probably not required as the in-
formation needed about globozoospermia can be obtained
by the morphological assessment of the spermatozoa.
Whether quantitative measurement of acrosin is useful in
the evaluation of the infertile male remains controversial.
Despite several reports stressing the usefulness of acrosin
measurements [11-13], the test is not widely performed,
and correlation with fertilization outcomes are difficult.
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Rigorous, highly controlled, large-scale studies with ap-
propriate positive and negative controls are therefore
needed in this regard.

3 Tests of hemizona and zona-pellucida binding

Sperm binding and penetration of the zona pellucida
are critically important to fertility. Embryologists noted
that in couples with fertilization failure in IVF, spermato-
zoa sometimes failed to bind to the zona pellucida [14].
Overstreet and Hembree [15] first reported on the penetra-
tion of human zona pellucida by spermatozoa in 1976;
12 years later, Burkman et al. [16] developed a hemizona
assay, designed to predict fertilization (or at least sperm—
zonae interaction). However, the test was difficult for the
average andrology or IVF laboratory to perform. Zona
(either fresh or preserved) had to be collected from excess
ova or ova that had failed to fertilize in IVF; the ova were
then bisected, and matching halves had to be incubated
with both fertile donor (control) and patient spermatozoa
[16]. As micromanipulation skills were required (which
limited broad use in the andrology laboratory), improve-
ments were made to the assay, including the addition of vi-
tal dyes that stained spermatozoa fluorescent red or green.
The differentially dyed donor and patient spermatozoa
were then mixed with the zona for competitive binding
[14]. Inherent in these assays is the caveat that the ova/
zona may not be normal because they were predominantly
collected from failed IVF procedures. Whereas the donor
controls (for either hemizona or vital dye methods) could
provide indications of a zona deficiency, the interpretation
and reproducibility of the test remained challenging for
most laboratories. This test is no longer widely offered, al-
though it does provide useful information about functional
defects in sperm—zona interaction. Future development of
a synthetic biomaterial that could provide a standard ma-
trix to assess sperm—zona binding defects in a controlled,
standardized and reproducible manner would be helpful in
the evaluation of this functional sperm defect.

Synthetic substrates, such as hyaluronic acid beads,
have been developed for a different sperm-binding ap-
plication. Investigators wished to use the sperm-binding
activity to select the optimal sperm for IVF-ICSI, with
poorer quality or immature sperm binding to the hyaluron-
ic acid [17-19]. While this work is ongoing, such tests of
sperm zona binding, when properly utilized, could help se-
lect patients for IVF-ICSI by predicting the couples who
would fail to fertilize in IVF, owing to a failure in this step
of reproduction. If binding to hyaluronic acid could aid in
selection of superior sperm for ICSI, this approach would
represent a significant advance for the field.

4 Sperm penetration assay or sperm capacitation

index or zona-free hamster oocyte penetration assay

In 1976, Yanagamachi et al. [20] made the remarkable
observation that after removal of their zona pellucida, the
hamster eggs are promiscuous—they allow spermatozoa
from several species (including humans) to penetrate. In
the hamster, the block to fertilization by heterologous
sperm acts at the level of zona pellucida. Yanagamachi
et al. [20] developed the sperm penetration assay (SPA)
using denuded hamster ova. The bioassay was designed to
test sperm capacitation, as well as their ability to fuse with
and penetrate the egg membrane and to undergo the initial
steps of sperm head decondensation in a manner similar to
that occurring during the initial events of fertilization. The
test development correlated with the early development of
IVF, and provided some predictive information regarding
the potential for ART success.

Several modifications to this test were developed, but
its predictive value was controversial. Some laboratories
reported a high correlation with IVF outcome and a low
false-positive rate [21, 22], whereas others reported an
unacceptable level of false negatives, in part, due to dif-
ferences in the rate of sperm capacitation between the
protocols that influenced fertilization potential [23]. One
reason for the high rate of false-negative predictive results
was that after a failed SPA test, the IVF procedure used (the
methodology differed markedly from the SPA) would be
modified. Higher numbers of sperm would be added to the
ova, and washing and sperm preparation techniques would
be altered in an attempt to improve IVF outcome, because
the ultimate goal was to achieve pregnancy. It was thus
inevitable that such procedural variations contributed to
the high false-negative rate.

Our laboratory then developed the ‘optimized SPA’,
which is also called the sperm capacitation index or SCI
[24, 25]. The methodological changes to the assay re-
sulted in polyspermy for normal fertile males (with the
lower limit of normal being five spermatozoa per ovum),
thus improving sensitivity while maintaining the specific-
ity and positive predictive value to predict IVF success
(fertilization). The test relied on the principles of clinical
chemistry for assay design, definition of the normal range,
and used both frozen controls of pooled semen samples
and high- and low-penetrating sperm from fresh donors as
standards. A positive score on this test was highly predic-
tive of a positive outcome (fertilization) in IVF [24, 25],
with the caveat that it could not identify defects in sperm—
zona interaction. In theory, this test could identify couples
with a high likelihood of success in IVF alone, as opposed
to those requiring ICSI. The test is no longer commonly
ordered today despite its potential to identify men with
normal semen parameters, but who have functionally defi-
cient spermatozoa, which are thus destined for fertilization
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failure in routine IVF.

Notably, a modification of the optimized SPA can
predict fertilization outcome with IVF-ICSI. Gvakharia
et al. [26], using a variation of the SPA, successfully pre-
dicted those men whose spermatozoa failed to decondense
and fertilize after ICSI. Fertilization failure with ICSI
was once considered to be a technical problem with the
sperm injection itself; however, this paper identified men
with a functional defect in their spermatozoa that pre-
vented sperm head decondensation. Nevertheless, despite
our ability to predict those severe male factor men whose
spermatozoa will fail to fertilize eggs by ICSI, the ham-
ster [CSI-SPA test is rarely ordered. With the knowledge
gained from this test result, male factor couples with this
sperm function defect would be saved the significant emo-
tional and financial cost of a failed ICSI cycle, and could
be counselled to seek an alternative path to parenthood.

5 Tests of sperm DNA damage

Whether or not to perform an assessment of sperm
DNA damage during evaluation of the infertile male has
been an area of controversy over the years. The causes of
this DNA damage are largely unknown, although there is
evidence to suggest that genetic defects may underlie some
sperm DNA damage (reviewed in [27-29]). A variety
of different tests are available: the acridine orange stain-
ing test, the sperm chromatin structural assay, terminal
deoxynucleotidyl transferase-mediated nick end labelling
and the Comet assay. Although each test measures DNA
damage differently, all generally correlate well with each
other (with the exception of the acridine orange staining
test) and they also generally inversely correlate with sperm
concentration [30]. In general, significant DNA damage
is rarely found in a proven fertile male, and the incidence
of DNA damage is higher in infertile men. Although most
investigators would intuitively agree that DNA damage is
probably detrimental, the clinical impact of DNA damage
has been more challenging to discern, perhaps because
the correct functional end points have not been identified.
Recent studies suggest that sperm DNA damage levels
can predict success using ART [31] and they may also
predict the likelihood of recurrent pregnancy loss [32]. Zini
et al. [33] suggested that sperm DNA damage may provide
a useful biomarker of correction of detrimental fertility
impairing conditions, such as varicocele. The incidence
of DNA damage was lower in testicular spermatozoa com-
pared with ejaculated spermatozoa; accordingly, ICSI with
testicular spermatozoa might be advantageous to infertile
men with high levels of DNA damage in their spermato-
zoa [34]. Additional highly controlled studies are required
to define the functional significance of the DNA damage
observed, the molecular basis for the damage and methods

to prevent or ameliorate damage. Despite this relatively
poor understanding of the nature and significance of the
DNA damage observed, the presence of DNA damage is
associated with male infertility. Although correlation with
fertility outcomes [29] is not always obvious, one can dis-
tinguish fertile men from a sub-population of infertile men
who exhibit significantly increased rates of sperm DNA
damage. In essence, the presence of DNA damage may not
provide a straightforward prediction of fertility potential.
Nevertheless, DNA damage would not be detected in a
routine semen analysis, making this test an important part
of the evaluation of the infertile male.

6 Assessment of reactive oxygen species

Oxidative stress presents a major challenge in many
aspects of medicine, pharmacology and cellular function.
The generation of free radicals is a normal by-product of
cellular metabolism. During oxidative metabolism, oxy-
gen is enzymatically converted to produce energy. Coordi-
nately, free radicals, as well as oxygen ions and peroxides,
are generated. Naturally occurring antioxidants are present
to protect cells, but cellular damage can occur when the
normal homeostatic mechanisms are unbalanced. Reactive
oxygen species (ROS) have been detected in the semen of
some infertile men (reviewed in [35]). Indeed, the first re-
port of a cell producing free radicals was by McLeod [36],
who reported that incubation of spermatozoa under condi-
tions of high oxygen tension leads to immotility. The addi-
tion of catalase, an antioxidant, preserved motility, thereby
leading McLeod to speculate that spermatozoa produced
hydrogen peroxide [36]. Another source of ROS is the
neutrophil, the predominant leukocyte type in semen [37,
38]. However, a firm correlation between seminal white
blood cell concentrations and ROS has been difficult to
define. Other sources of free radicals are iatrogenic, life-
style and environmental factors, local and systemic infec-
tion, and autoimmune, inflammatory, testicular and chronic
disease (reviewed in [35]). ROS can damage the sperm
membrane, with a detrimental effect on motility, and they
may also damage the sperm DNA. Changes in lifestyle
and exposures, supplementation with vitamins and anti-
oxidants, and treatment of infection and inflammation may
aid in the management of oxidative stress-related infertility
[35]. Improvements in laboratory processing of semen or
even surgical intervention may reduce damage from oxida-
tive stress. Importantly, despite improvements in sperm
quality with anti-oxidant treatment and improved semen
processing techniques, improvement in pregnancy rates
has not been as obvious. Research in the area of oxida-
tive stress and male infertility is clearly needed. There is
also a significant need for research that shows the efficacy
of treatments in current clinical practice, such as admini-
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stration of antioxidants (with clinical trials that include
placebo controls) to patients to prevent or ameliorate ROS
generation, as some treatments may be futile depending
upon the source of the ROS. Nevertheless, it is important
to know whether ROS are present in semen, as antioxidant
treatments are relatively simple to prescribe and general-
ly well tolerated. With these treatments, together with
lifestyle modifications that avoid toxins, improvement in
sperm quality is generally expected; these treatments may
even allow for natural conception for some couples.

7 Chromosomal aneuploidy in sperm

The most recent version of the WHO Laboratory
Manual for the Examination and Processing of Human Se-
men does not include tests for the assessment of the chro-
mosome complement of spermatozoa in either the routine
semen testing or research chapters of the manual. This is
surprising, as delivery of the proper chromosome comple-
ment by the spermatozoon to the ovum is arguably the
most important function of sperm. Fluorescence in situ
hybridization provides a method to test for sperm chro-
mosomal aneuploidy. Aneuploidy, which is abnormality
in the number of whole chromosomes in a cell, occurs as
a result of a meiotic defect during spermatogenesis. As
a result, a spermatozoon that is disomic or nullisomic for
a particular chromosome will develop. Fertilization with
this type of abnormal sperm cell results in monosomic or
trisomic embryos, the majority of which are incompatible
with a viable birth. Some of these aneuploidies result in
an offspring with Down, Klinefelter, Patu, Edwards or
Turner syndromes. Importantly, the spermatozoa of infer-
tile men exhibit a 10-fold higher incidence of chromosome
aneuploidies (testing for chromosomes X, Y, 13, 18, 21—
those compatible with a live birth) compared with fertile
men. The increased incidence increases as the standard
semen parameters worsen [39]. This sperm aneuploidy is
present despite a normal somatic karyotype. Retrospective
studies support the idea that an elevated rate of aneuploidy
in spermatozoa is linked to the birth of a child (or concep-
tions) with aneuploidy [40—45]. Similarly, prospective
studies show that men with elevated sperm aneuploidy
are at increased risk of producing aneuploid embryos,
IVF failure or aneuploid conceptuses [46—48]. Recur-
rent pregnancy loss is also associated with elevated sperm
aneuploidy [49]. For couples with recurrent pregnancy
loss, knowledge of increased sperm aneuploidy, together
with genetic counseling, allows them to make informed
reproductive decisions; their options include remaining
childless, using donor sperm, using preimplantation ge-
netic diagnosis together with ICSI-IVF, or to continue
their efforts to achieve a naturally conceived or ICSI-IVF-
mediated pregnancy.

8 Final comments

I am often asked why the evaluation of the infertile
male requires advanced, specialized andrology assessment
of parameters, such as genetics or sperm function, if all
that is needed is a single spermatozoon to achieve a preg-
nancy with ICSI (the logic being that if a fertilization can
occur, a healthy baby is likely to have been conceived).
Yet, we know this logic is flawed, as even healthy fertile
couples may conceive a child with significant genetic or
birth defects. Certainly, some of the tests of sperm func-
tion described above can provide important information
to infertile couples to aid in their reproductive decision
making. In some cases, sperm function testing may indi-
cate that less expensive technologies may help a couple
seeking to conceive a child; ICSI-IVF may not always be
required. In other cases, such as men who fail the hamster
ICSI-SPA test, donor spermatozoa or other options must
be considered. The real strength of sperm function testing
lies in its ability to identify men with normal semen pa-
rameters but who have functionally deficient spermatozoa
that will fail to fertilize in routine IVF. These functional
deficiencies will never be observed on a routine semen
analysis. As they provide a unique insight into sperm
physiology, sperm function tests may also aid in the de-
sign of improved treatment that are provided to infertile
couples.

With the molecular revolution that has occurred over
the last 15 years, our understanding of the genetic defects
that underlie defects in sperm function, as well as the
processes of spermatogenesis and fertilization, has im-
proved. Defects that impair sperm function, revealed by
the tests described in this paper, frequently have a genetic
basis (reviewed in [27, 28]); some affect basic cellular
processes that impact the individual in ways beyond their
ability to reproduce. Although diagnostic tests are not
currently available for each gene, other tests, such as those
developed to assess sperm aneuploidy, provide important
information to couples planning to use ART. The use of
these tests to identify couples absolutely requiring ICSI—
IVF to achieve a pregnancy, or even those who are likely
to fail to achieve a pregnancy with ICSI-IVF, will allow
physicians to provide a cost-efficient treatment plan for
each infertile male factor couple. Most importantly, an in-
fertile couple undertakes a tortuous journey in their quest
to become parents, a journey that is fraught with huge
financial and emotional costs that are rarely considered
by the medical community. Sperm function tests, such as
those described above, can provide increased knowledge
of the causes of infertility, frequently bringing closure to
this quest. The results of such testing may allow for the
use of more cost-efficient treatment or even provide the
basis for a couple to cease treatment. Ultimately, it is the
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couple’s decision to seek to achieve a pregnancy; infertile
couples, however, deserve the right to decide whether this
is a realistic goal with a reasonable likelihood of success.
Thus, sperm function testing, as well as other genetic and
andrology tests now available, allow couples to make a
more informed decision.
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