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Sperm functional tests
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Several semen parameters are used to discriminate the fertile male from the subfertile male. The most widely used parameters are sperm
concentration, motility, progressive motility, and sperm morphology. Semen analysis is usually applied as described in the World Health
Organization manual for semen analysis. In addition to a routine semen analysis, sperm functional tests have been described for many
years, which in most cases are regarded as research tools and not part of the routine semen testing in an infertility clinic. In this review
we report on the value of four sperm function tests: the sperm penetration assay, the sperm-zona pellucida binding tests, the acrosome
reaction, and the hyaluronan binding assay. For each test we describe the current value, the indication for performing the test, how to
interpret the results, and its therapeutic implications. Our data show that sperm functional assays are highly predictive of IVF outcome
results and have the potential to assist in clinical decision making, especially to avoid the current long-standing treatment with IUI and
to direct the patients to intracytoplasmic sperm injection without delay when sperm functional testing fails. We believe that advances in
molecular biology techniques will allow us to develop simpler sperm function assays in the near future. This will undoubtedly help cli-

nicians in optimizing male factor infertility diagnosis and treatment. (Fertil Steril® 2014;102:

1528-33. ©2014 by American Society for Reproductive Medicine.)
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he basic semen analysis has
T limited predictive value for preg-

nancy in couples trying to achieve
natural conception and in couples un-
dergoing advanced assisted reproductive
technologies (ART) (1). This highlights
the need for more extended sperm func-
tional testing. Ideally, the sequential
analysis of sperm functions could assist
clinicians in planning the therapeutic
approach and predicting the outcomes
of such treatments (2-8).

In the last two decades the intracy-
toplasmic sperm injection (ICSI) setting
has provided a new and unique arena to
evaluate sperm dysfunction. After the
first successful ICSI deliveries (9, 10),
the clinical focus immediately shifted
to gamete manipulation. ICSI quickly
became the selected technique for
cases of male factor infertility and for

couples  with  previously failed
fertilization with conventional IVF.
Furthermore, it was demonstrated that
the basic semen parameters of the
unprocessed ejaculate or even after
separation of the fraction with highest
motility had no impact on the
outcome of ICSI (11, 12). This was
followed by achievement of high
levels of fertilization with ICSI in the
presence of multiple morphological
and dysfunctional sperm defects, as
well as after the use of ejaculated
testicular or epididymal sperm or
cryopreserved-thawed sperm and, in
cases of obstructive and nonobstructive
azoospermia, after sperm extraction
from testis or epididymis (13).

In spite of the fact that ICSI has
remarkably improved male factor
infertility results in ART, we continue
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to face daily clinical dilemmas. The
answer to the many current chal-
lenging questions relies on the unveil-
ing of spermatogenesis pathologies
and the resulting sperm dysfunctions
at the cellular and molecular levels.
The role of the various spermatozoal
components suspected of actively
participating in early human develop-
ment has being reevaluated (14, 15).
The contributions of the fertilizing
spermatozoon to the oocyte include,
as a minimum, the delivery of the
DNA, a putative oocyte-activating fac-
tor, most likely phospholipase C zeta
(16), and a centriole. Although irrefut-
able evidence is needed, phospholipase
C zeta is now widely considered to
be the physiological agent responsible
for activating mammalian oocytes
(17, 18). It has been also established
that the fertilizing spermatozoon may
also provide the zygote with a unique
suite of paternal mRNAs (19) and that
some transcripts might be crucial for
early and late embryonic development
(20). Clinicians are still looking for the
elusive functional test that could be
applied universally at the laboratory.
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Work derived from the early IVF days demonstrated that
defective acrosome reaction and/or abnormal sperm-zona
pellucida (ZP) interaction was frequently observed in the
ejaculated sperm of infertile men. Such findings were
observed in the presence of normal or abnormal “basic” sperm
parameters. Both types of dysfunctions were shown to result
in fertilization failure or low fertilization rates. Consequently,
acrosome reaction tests and sperm-ZP binding assays were
developed to address a real need to assess sperm functional
competence in the “extended” evaluation of the infertility
workup before conventional IVF was performed. In the cur-
rent ICSI era, the results of such functional assays can still
provide valuable information to the clinician so that he or
she may recommend against low complexity alternatives
such as TUI therapy and direct couples to ICSI (6, 8, 21-25).

The World Health Organization (26) qualifies sperm func-
tional assays as research tests. These tests were originally
conceived as tests to predict the fertilization potential of the
male gamete in vitro. Nonetheless, their power to predict
pregnancy, a multifactorial outcome, has also become more
evident. These bioassays include the examination of sperm
binding to the ZP, acrosomal exocytosis, and fusion with
the vitelline membrane of the oocyte. The binding of sperma-
tozoa to the ZP initiates the acrosome reaction, releases free
and exposes bound lytic acrosomal components, and allows
the spermatozoa to penetrate through the zona matrix, driven
by the increased flagellar thrusting of hyperactivated motility
(27). Although the results of some of these assays correlate
with fertilization in vitro with high statistical significance,
there are definite drawbacks to their performance, including
the need for human material (i.e., ZPs to be solubilized and/
or intact eggs), and they are technically and time demanding,
making them awkward in the routine clinical laboratory (21).

One of the few published meta-analyses on sperm-oocyte
interaction assays revealed that the sperm-ZP binding assays,
that is, a sperm-zona binding assay and the hemizona assay
(HZA) (28, 29), and acrosome reaction tests, including the
examination of ZP-induced acrosome reaction (30, 31),
provided clinically useful and prognostic information
related to sperm competence to fertilize mature eggs in the
IVF setting (22, 24, 32). The HZA also proved to be a
predictor of IUI outcome in couples with male factor
infertility (33). Within the IVF setting, it was established that
the extremely high and frequently observed morphological
abnormalities of the male gamete (teratozoospermia) could
be used as a biomarker of several gamete dysfunctions,
including dyskinetic disorders, and altered capacity to
interact with the egg and its vestments (5, 6, 22, 23, 34, 35).

To fertilize the egg, ejaculated spermatozoa must undergo
capacitation, recognize and bind to the ZP, and undergo the
acrosome reaction. The most significant changes experienced
by sperm during capacitation are plasma membrane changes,
an increase in certain intracellular messengers, and increased
phosphorylation of a set of proteins by different kinases
(36-38). Capacitation was first observed in the rat when sperm
injected into the periovarian sac of the rat after ovulation did
not begin to enter the eggs until 4 or 5 hours later (39, 40).
Similar findings were reported in the rabbit when sperm
were able to fertilize more eggs if they had first spent
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about 5 hours in the uterus of another rabbit (41). Sperm
capacitation studies require the use of an in vitro fertilizing
system. This phenomenon was initially accomplished
using cauda epididymal sperm and/or ejaculated sperm
incubated under a variety of conditions in defined media
mimicking the electrolyte composition of the oviduct fluid.

The molecular and physiological events that enable sperm
to fertilize in the female tract are collectively known as capac-
itation (38, 42-44). The actual capacitation process can be
monitored using an antibiotic chlortetracycline that yields
different patterns of molecules distribution on the sperm
surface that can be visualized as distinct fluorescence
patterns depending on the capacitation and the acrosomal
status of the sperm (45).

Assessing the ability of human spermatozoa to acquire
fertilizing potential (capacitation) by stimulating exocytosis
of the contents of the acrosome (acrosome reaction) is thought
to have diagnostic potential (44). Calcium-mobilizing agents,
such as calcium ionophores (A23187) and P, stimulate the
acrosome reaction in vitro (46). Acrosomal status is easily de-
tected using the lectin Pisum Sativum Agglutinin labeled with
fluorescein isothiocyanate (47). Defective calcium influx and
acrosome reaction (spontaneous and P induced) were found to
be compromised in the spermatozoa of infertile men with
severe teratozoospermia (48), providing further evidence for
the use of capacitation endpoints (acrosome reaction and
sperm-ZP binding) as male diagnostic tools.

The aim of this review was to review and highlight the
clinical value of sperm functional assays.

SPERM PENETRATION ASSAY (SPA)

This test was one of the first bioassays of sperm function
developed (49-51). In this heterologous system, human
sperm were subjected to capacitating conditions and
incubated with hamster oocytes devoid (enzymatically) of
the ZP. The sperm penetration assay with zona-free hamster
ova was widely used in the pre-ICSI days. The SPA measures
the spermatozoa’s ability to undergo capacitation, acrosome
reaction, fusion and penetration through the oolemma, and
decondensation within the cytoplasm of hamster oocytes
and was used to evaluate male fertility potential. However,
the results have remained difficult to interpret.

Mao et al. (52) evaluated the clinical relevance of the SPA
and reported sensitivity ranges from 0.00 to 1.00 and speci-
ficity ranges from 0.95 to 1.00 for diagnosing male factor
infertility. As a prognosticator of IVF failure, the sensitivity
varied from 0.00 to 0.78 and specificity ranged from 0.51 to
1.00. Similar reports indicated by Vogiatzi et al. (53) reported
considerable variation in the diagnostic accuracy values of
SPA with wide sensitivity (52%-1000%), specificity (0-100%),
and positive predictive value (PPV; 18%-100%) and negative
predictive value (NPV; 0-100%) together with fluctuation and
notable differentiation in the methodology and cutoff values
employed by each group. The reproducibility of this assay
and standardization of methods between laboratories was low.

The conventional SPA depends on the occurrence of
spontaneous acrosome reactions in populations of spermato-
zoa incubated for prolonged periods in vitro. The fusion of
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human spermatozoa to the hamster oocyte is functionally the
same as that with the human vitelline membrane, since it is
initiated by the plasma membrane overlying the equatorial
segment of acrosome-reacted human spermatozoa. The
SPA, however, differs from the physiological situation in
that the ZP is absent. Since this procedure is less efficient
than the biological process and may involve different mech-
anisms, false-negative results (men whose spermatozoa fail
the SPA but successfully fertilize human oocytes in vitro or
in vivo) have frequently been recorded. Despite this poten-
tially confounding limitation, the test has provided informa-
tion on the fusinogenic nature of capacitated sperm. Two of
the key intracellular signals that initiate the acrosome reac-
tion after sperm-ZP interaction are an influx of calcium
and cytoplasmic alkalinization. As both can be generated
artificially with a divalent cation ionophore, an alternative
method using ionophore-stimulated spermatozoa was
described (54).

A meta-analysis of sperm function assays carried out to
determine their predictive value for fertilization outcome in
IVF therapy was published by Oehninger et al. (32). Results
indicated a poor clinical value of the SPA as a predictor of
fertilization after assessment of a total of 2,906 cycles, with
good sensitivity but very high false-positive rates. The sum-
mary receiver operating characteristic (ROC) curve area under
the curve was 560, with a PPV >7009% but with a high NPV
averaging 50% (low specificity) in studies that were limited
by the fact that a fertilization rate cutoff of >00 was estab-
lished (very low discriminatory range). Another published
meta-analysis reached a similar conclusion (55).

Claims that the SPA predictability can be improved by
modified versions of the assay have not been corroborated
(56, 57). Until the validity and reproducibility of the SPA
has been established, this heterologous, time-consuming,
and relatively expensive test should probably not be used to
evaluate fertility potential.

SPERM-ZP BINDING TESTS

The interaction between spermatozoa and the ZP is a critical
event leading to fertilization and reflects multiple sperm func-
tions (i.e., completion of capacitation as manifested by the
ability to bind to the ZP and to undergo ligand-induced acro-
some reaction) (2, 3, 6, 25, 58). The two most commonly used
sperm-ZP binding tests are the HZA (29) and a competitive
intact zona sperm binding test (28). Although different in
their methodologies, they both use assessment of tight
binding of sperm to the ZP as the primary endpoint in an
independent comparison in an internally controlled assay
and have demonstrated high predictive value for the
outcome of fertilization in vitro (6, 21, 24).

The HZA is an internally controlled bioassay that evalu-
ates the ZP binding potential of a sperm population. The HZA
provides a functional homologous test for sperm binding to
the ZP during which populations of fertile and infertile sper-
matozoa are compared within the same assay. The assay uses
matching halves of a human ZP from an oocyte with no
developmental potential (salt-stored or cadaveric) (59). The
HZA is indicated in cases where repeated poor or no fertiliza-

tion is recorded during IVF therapy or in the presence of
moderate-severe oligoasthenoteratozoospermia to determine
clinical management. Furthermore, it has been demonstrated
that oligozoospermic men have a very high frequency of
defective sperm-ZP interaction (as examined by sperm-zona
binding assays and the ZP-induced acrosome reaction)
consistent with their low natural fertility or low fertilization
rate in conventional IVF (60).

In the HZA, sperm from fertile men are used as a control
and typically exhibit significantly higher binding capacity to
hemizonae compared with sperm from infertile patients. The
HZA results are expressed as an index known as the hemizona
index (HZI), calculated as follows: HZI = bound sperm from
subfertile male divided by bound sperm from fertile male x
100 (29, 61). Prospective clinical studies reported a cutoff
HZI value of 35% as predictive of IVF outcome (62-64). Of
importance, reported clinical results for IUI therapy showed
that an HZI <30 was associated with a significantly lower
pregnancy rate compared with patients with HZI >30
(11.1% vs. 40.6%, respectively; P<.05; relative risk for
failure to conceive: 1.5 [confidence interval, 1.2-1.9]) (33).

Consequently, results of this sperm function test are use-
ful in counseling couples before allocating them into alterna-
tive therapeutic methods, that is, IUI versus ICSI. Patients with
poor sperm-zona binding results should be referred to the ICSI
laboratory (22, 23, 53). This is especially true in developing
countries where medical insurance and the financial
restrictions of the patients are important. Results of the
meta-analysis cited above (32) in 978 couples revealed a
high predictive power of the sperm-ZP binding assays (HZA
and a competitive intact-zona sperm binding test) for fertil-
ization outcome. A summary ROC curve area under the curve
showed a PPV >800 and an NPV generally >70% (with low
false-negative rates).

ACROSOME REACTION

Sperm binding to the ZP triggers the release of hydrolyzing
enzymes known as the acrosome reaction. The acrosome reac-
tion is an exocytotic process of spermatozoa and a prerequi-
site for fertilization. Only acrosome-reacted spermatozoa are
able to pass through the ZP, bind the oocyte plasma mem-
brane, and fuse with the oocyte (27). Previous studies showed
that a defective ZP-induced acrosomal reaction was recorded
in 25% of normozoospermic subfertile men (65).

The physiological acrosome reaction occurs at the ZP
after sperm binding. The ZP-induced acrosome reaction can
be assessed on spermatozoa removed from the surface of
the ZP or exposed to disaggregated human ZP proteins (30,
31, 66). These tests are limited by the restricted availability
of human ZPs. Zonae from other primates cannot be used
as surrogates because of their restricted binding specificity
(67, 68). Other stimuli, such as calcium ionophores, will
induce the acrosome reaction, but the results are not related
to those obtained from the ZP-induced acrosome reaction
(69). Acrosomal status after induction of the acrosome
reaction can be assessed by microscopy, flow cytometry, or
fluorescently labeled lectins, such as Pisum Sativum
Agglutinin (47, 70).
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In advanced studies, the induced acrosome reaction assay
is performed using ZPs of a single human oocyte that were
aggregated in acid Tyrode’s solution at a concentration of
0.5 zonae/mL. After an incubation period with a highly motile
sperm population, the acrosomal status of the sperm is calcu-
lated using a fluorescent stain. The zona-induced acrosome re-
action (ZIAR) is calculated as the difference between the ZIAR
(stimulated) and the spontaneous (unstimulated) acrosome re-
action results. A clinical cutoff value of 15% was reported, that
is, the difference between ZIAR and spontaneous acrosome re-
action (71, 72). The mean percentage of acrosome-reacted
sperm recorded after exposure to solubilized human ZP also
showed statistically significant differences: 13.4%, 16.1%,
and 22.8%, and for sperm morphology groups (strict criteria)
<49%, 5%-14%, and >14%, respectively (35). Similar to the
failure to pass zona-binding assays, cases with poor acrosome
reactivity to solubilized ZP should be referred to ICSI. Results
of the meta-analysis cited above also revealed a high predic-
tive power of the induced acrosome reaction tests for the pre-
diction of fertilization (32). In 797 subjects, a summary ROC
curve area under the curve showed PPV >75%, NPV >65%,
809% sensitivity, and a 20% false-positive rate.

HYALURONAN BINDING ASSAY

Hyaluronic acid binding by human spermatozoa indicates
cellular maturity, viability, and spermatozoa with intact
acrosomes (73, 74). Only mature, motile spermatozoa bind
to hyaluronan through specific receptors. This ability to
bind to hyaluronan is not present in immature spermatozoa.
Furthermore, hyaluronan binding assay (HBA) represents a
more convenient and reproducible laboratory test for
identifying candidates for ICSI. HBA results may assist
clinicians in the therapeutic approach, that it, in assigning
patients for either IVF or ICSI treatment (75).

The use of hyaluronan-bound spermatozoa for an ICSI
procedure has the advantage that mature spermatozoa,
with high DNA integrity and low frequency of chromosomal
aneuploidies, will be selected for injection (76). The HBA
scores are also significantly associated with the fertilization
rates and biochemical pregnancies (77). No correlation
was recorded between HBA and the standard semen param-
eters (77, 78).

Huszar et al. (75) described a second sperm maturation
marker, identified as a testis-expressed protein HspA2. The
HspA2 acts as a hyaluronic acid (HA) receptor during normal
fertilization (75, 79). It has been shown that HA-bound sper-
matozoa have increased developmental maturity, including
enhanced chromatin integrity, normal morphology, and
increased functional potential (80). Furthermore HA-bound
sperm showed decreased aneuploidy and decreased active
caspase-3 (73, 77).

CONCLUDING REMARKS

This analysis underscores the clinical need for sperm func-
tional testing in the advanced workup of the infertile couple.
It also points out to limitations of the currently available tests,
manifested by the need for standardization of methodologies,
the cumbersome nature of some of the assays, and the need
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for human material, and also provides objective evidence on
which clinical management and future research can be based
(7, 81).

The prediction of male fertility potential is probably an
elusive goal owing to the multifactorial nature of conception.
Here we presented objective data that demonstrated that
sperm functional assays are highly predictive of IVF results.
However, the implementation of ICSI has basically eliminated
the need for such tests. It is our opinion that this does not
represent a right approach. On the contrary, sperm functional
tests have the potential to assist the clinician in the decision-
making process. If patients fail sperm functional testing, then
that would eliminate the time, effort, and expense of couples
undergoing lower complexity therapies such as IUI and direct
them to ICSI without delay.

As shown here, a competent interaction of spermatozoa
with the ZP is critical, both in terms of binding and induction
of the acrosome reaction, for successful fertilization. Notwith-
standing the fact that other processes can be impaired in some
patients (i.e., sperm abnormalities that are unveiled after ZP
interaction steps, such as oolemma fusion, pronuclear forma-
tion, and others), the evidence presented herein underscores
the fact that a high number of males with subfertility can
be identified by these tests. It is our expectation that advances
in molecular biology techniques may allow for the develop-
ment of simpler assays, maybe based on recombinant ZP
proteins or analogs, both in the form of solid- and/or
soluble-phase assays, leading to simpler, improved, and phys-
iologically oriented sperm-ZP binding and acrosome reaction
assays (30, 31, 82-84), These newly developed assays may
indeed have a true impact on the implementation of novel
diagnostic and therapeutic changes for optimized
management of male factor infertility.
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