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REVIEW

Diagnostic tools in male infertility—the question of sperm
dysfunction

Christopher LR Barratt"?, Steven Mansell!, Catherine Beaton', Steve Tardif' and Senga K Oxenham'

Sperm dysfunction is the single most common cause of infertility, yet what is remarkable is that, there is no drug a man can take or add
to his spermatozoa in vitro to improve fertility. One reason for the lack of progress in this area is that our understanding of the cellular
and molecular workings of the mature spermatazoon is limited. However, over the last few years there has been considerable progress in
our knowledge base and in addressing new methods to diagnose sperm dysfunction. We review the current state of the field and provide
insights for further development. We conclude that: (i) there is little to be gained from more studies identifying/categorizing various

populations of men using a basic semen assessment, where an effort is required in making sure the analysis is performed in an
appropriate high quality way; (ii) technological development is likely to bring the reality of sperm function testing closer to
implementation into the clinical pathways. In doing this, these assays must be robust, cheap (or more appropriately termed cost
effective), easy to use and clinically useful; and (iii) clinical necessity, e.g., the need to identify the highest quality spermatozoon for
injection is driving basic research forward. This is an exciting time to be an andrologist and, likely, a fruitful one.
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INTRODUCTION

Infertility is a significant global problem affecting approximately
80 million (1:7) couples worldwide." In a landmark study by Mike
Hull and colleagues, in which a representative British population was
studied, sperm dysfunction (lacking ‘normal’ function) was identified
as the single most common cause of infertility.” Subsequent studies
have confirmed these observations® and highlighted dysfunctional
cells in men with ‘normal’ semen parameters and conversely normal
sperm function in oligozoospermic men.* What is remarkable is that,
for this group, there is no drug a man can take or add to his spermato-
zoa in vitro to improve fertility. The only option is assisted reproduct-
ive technology (ART) which usually consists of a graduation of
treatment depending on severity, i.e., intrauterine insemination for
mild, in vitro fertilisation (IVF) for moderate and intracytoplasmic
sperm injection (ICSI) for men with severe sperm dysfunction. One
reason for the lack of progress in this area is that our understanding of
the cellular and molecular workings of the mature spermatazoon is
limited. However, over the last few years there has been considerable
progress in our knowledge base and in addressing new methods to
diagnose sperm dysfunction. The purpose of this paper is to review the
current state of the field and provide insights for further development.
The initial focus is on the value of semen analysis as a clinical tool with
the discussion progressing to examining sperm dysfunction in detail.

WHERE IS SEMEN ANALYSIS NOW AND WHERE IS IT GOING?
The recent fifth edition of the WHO semen analysis manual® addresses
many of the criticisms levelled at previous versions® and now includes

step by step methods, constructive discussion of quality control and
quality assurance, detailed descriptions of the assessment of sperm
morphology and, for the very first time, biologically based references
ranges. The WHO manual has always been the bedrock of andrology
and the fifth version is likely to assist the development of the field still
further. However, based on previous experiences, major challenges
remain to be addressed.” These have continually been present yet,
the evidence to date suggests that although the problems can be easily
identified there is often minimal or no resolution. Three particular
aspects merit further attention.

Firstly, technicians are not using the detailed laboratory methods
even when provided in comprehensive manuals.® An example of this is
the review of practice in the UK.” Remarkably, in a country that has
had semen training course for many years, only 5% of laboratories
carried out the WHO standard method for morphology assessments.
Equally surprising was that 69% of laboratories counted <100 sperm
for morphology assessments making the assay effectively redundant.
This poor practice is of course not limited to the UK and has been
highlighted by a number of authors.'>"!

Secondly, training methods exist—but are they used/useful? A pleth-
ora of data shows that there are robust training methods available for
assessment of basic semen analysis.'* A series of programs have been
developed and proven to reduce variability.'> What these programs
show is: (i) technicians currently performing semen assessments often
produce great variability; (ii) proven techniques and intensive instruc-
tion can improve education and reduce variability dramatically; and
(iii) with ongoing training, even when the technicians return back to
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their home laboratory environment, standards can be maintained.
However, what is observed from, for example, external quality control
programs is that the majority of laboratories have a great deal of error in
their analysis."* Clearly there is a discourse here—training works, but
the clinical assessments are often poor. The reasons behind this dis-
course are unclear. One possibility is that although methods to train
technicians exist, there are not enough courses available for the vast
number of people doing semen assessments and/or technicians are
not attending these courses. The alternative hypothesis is that tra-
ditional teaching methods are not the way to address the problem. It
is very likely that demand for intensive courses is not being met for a
variety of economical and practical reasons and clearly this needs to be
urgently addressed. However, newer methods and/or structures of
training laboratory andrologists, e.g., via the Internet must be
developed. Complementary training can be instigated by using a soph-
isticated laboratory book system which allows comprehensive detailed
supervised training on site. An example is the structure adopted by the
Association of Biomedical Andrologists (www.aba.uk.net). The hypo-
thesis (and hope) is that the improvements in the training of staff will be
translated into higher standards of semen assessments.

Thirdly, consistently both scientists and clinicians in our discipline
denigrate the value of semen assessments with arguments based on a
series of false assumptions.'™'*!> An example is the assumption that
semen assessments are currently performed in an adequate manner.
This is wrong. The evidence from external quality control schemes
demonstrates that some patients will be referred for inappropriate
treatment, e.g., ICSI when they may not even need ART. In simplistic
terms, we are exposing a large number of couples to inappropriate
financial and psychological stress. Additionally, we are potentially
exposing the female to harmful procedures, e.g., IVE. Perhaps this
third lesson will not be executed until legal action ensues.

WHY DOES MALE INFERTILITY REQUIRE MORE ROBUST
DIAGNOSTIC TOOLS THAN A BASIC SEMEN ANALYSIS?
Although the diagnostic and predictive value of traditional semen para-
meters has been debated for over 80 years, the inescapable conclusion
remains that its clinical value is limited. The remits of this limitation are
contentious but two facts are clear: (i) at the lower ends of the spectrum,
e.g., low concentrations of motile spermatozoa, there are significantly
higher chances of subfertility;16‘17 and (ii) except in rare cases, e.g.,
globozoospermia,'® values above these limits provide minimal dia-
gnostic clarity.'”*® This information is not new and was highlighted
by MacLeod and colleagues who concluded that ‘The greatest difference
between the two groups (infertile and fertile) is seen at the count levels
under 20 million/cc. Only 5% of fertile men compared with 16% of the
‘infertile’ group fall into this category’.>' Importantly, for the robustness
of the conclusions, a plethora of subsequent studies have repeated these
experiments in various guises and, not surprisingly, come to the similar
conclusions. The most recent of these, undertaken by the WHO,*
provide new reference values for semen assessment which not surpris-
ingly are remarkably similar (with exception of morphology) to that
proposed by MacLeod and Gould in 1951.%

Therefore, the conclusions regarding the clinical relevance of semen
assessment are unlikely to change. New studies are not required. What
are urgently needed are new assessments of male reproductive poten-
tial. This is the focus of the following discussion.

SPERM DYSFUNCTION—OLD TESTS LYING DORMANT?
To date, the assessment of sperm function has failed to make a sig-
nificant impact on the clinical management of couples. The reasons for
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this, e.g., lack of standardized protocols have been rehearsed else-
where.”” In summary, the logarithmic progress that has been made
in understanding the basic science around how a spermatozoon
develops, prepares for fertilisation and contributes to a healthy birth
has not (yet) been translated into routine clinical practice.”’

It is disappointing to arrive at this conclusion, but it is heartening to
realize that this is very likely to change in the near future. One example
will suffice. A primary functional assay is the human zona-binding
test. Whilst the paradigm of sperm binding and subsequent acrosome
reaction may be questioned in mice,?* consistently, robust clinical data
demonstrates its usefulness for ART success. A large range of patients
have been identified with poor or adequate binding but minimal
induction of the acrosome reaction in response to the zona.?
However, a key problem with the widespread use of human zona-
binding assays, in fact its universal restriction, is the availability of
material. The initial promise of using recombinant zona pellucida
protein 3 (ZP3) as a surrogate for the human zona was not fulfilled
primarily because: (i) techniques to produce the recombinant proteins
were not optimized; and (ii) our knowledge base of what proteins were
present in the zona and their structures was unavailable. These points
have and are being addressed (respectively). Exciting data from a series
of experiments using what appears to be robust preparations of
recombinant human zona proteins has been published.*® An in vitro
sperm function assay using recombinant products is now much more
of a reality.

Whilst the objective of robust assays of sperm function must
inevitably be to simplify the tools for routine use, we are dealing with
complex systems; thus, the challenges in developing these assays are
considerable. An example of this is the regulation of calcium by the cell
which is clearly critical for key physiological processes, e.g., motility
and acrosome reaction. Whilst our knowledge of how calcium is regu-
lated in the cell has increased substantiallly,y’28 there are still fun-
damental gaps, e.g., the role of the putative calcium stores in the
sperm neck/midpiece region. However, decades of clinical research
suggest that calcium regulation can potentially be used as a tool for
identifying dysfunctional cells.”” What are missing are robust assays.
In our laboratory, we have been using an FLUOstar assay (BMG lab-
tech. Offenburg, Germany) for the rapid screening of calcium mobili-
sation in prepared semen samples and although the assays are accurate
and rapid, there are practical problems with their routine use. For
example, currently it requires a minimum of 0.5 million cells post
preparation to obtain robust data points. This excludes a number of
men referred for ART where we have no information and arguably (see
above); these are the men who have the most to gain from detailed
sperm function testing. Additionally, currently progesterone is used as
an agonist to induce a response and although there is considerable
clinical data to support its use,”® we have minimal knowledge of what
progesterone actually does in the cell, e.g., mobilisation of stores,
interacting with the receptors. Maybe other agonists would provide
better tools, but they have yet to be indentified. Abnormalities in
signalling do exist, but presently we do not have a reliable method
to assess these problems and although progress in basic research is very
impressive, we need to complement this with a translational focus.

SPERM FUNCTION TESTING AND ICSI

There has been a plethora of studies suggesting that, in the overwhelm-
ing majority of cases, the quality of the semen has little or no influence
on the success rates of ICSL.>' Not surprisingly, there is a lack of data
on sperm function testing and the focus of activity has been in
attempting to improve the selection process of spermatozoa, e.g.,



hyaluronic acid binding (Table 1). However, it is increasingly apparent
that studies are hampered by the lack of knowledge of what defines a
functional spermatozoon and the destructive nature of the investi-
gations. This results in extensive data on surrogate quality indicators
of entire populations but fails to address the individual quality of a
single spermatozoon. As a result, a wide variety of techniques have
been tried based on current knowledge in the hope of improving
pregnancy outcomes. These include externalisation of phosphotidyl-
serine (magnetic-activated cell sorting),* cell charge (zeta charge),”
maturity markers (hyaluronic acid binding)**® and detailed mor-
phological analysis (intracytoplasmic morphologically selection
sperm injection).””*°, Although some studies have recorded signifi-
cant improvements in clinical pregnancy rates, these studies generally
fail to present useful statistical data that will indicate the effectiveness
of this method over conventional ICSI. Such data include, number
needed to treat (number of oocytes injected before pregnancy is
achieved compared to the control), relative risk (the risk of falling
pregnant using this method compared to the control) and odds ratio
(the odds of falling pregnant compared to the control). As well as this,
the lack of studies reporting live birth rates is noticeable, preventing
the assessment of the take home baby rate and the overall effectiveness
of the method. Another question is what levels of improvement is truly
significant, 2% or 20% and are these new methods applicable to a busy
IVF laboratory both financially and logistically.

Another way to look at this problem is to address if, and how, sperm
are capable of confessing their errors/flaws externally,*' which may
allow non-invasive sperm selection, e.g., in response to DNA damage
42 However, it remains to be seen whether such biomarkers do exist or
if the heterogeneity of spermatozoa is too great for such selection
methods to be applicable to every patient. Instead, case-by-case assess-
ments may have to be used, adding time and additional effort. What is
certain is that a clear clinical requirement (identification of the ‘best’
spermatozoon) is acting as a welcome catalyst and focus on the detec-
tion of high quality cells in ART will continue to have a direct effect on
the proliferation of basic research in the area.

THE USEFULNESS OF ANIMAL STUDIES: ZONADHESIN AS
AN EXAMPLE

With relatively few exceptions the data from mouse knockout studies
has not been successfully translated into the clinical arena. There are a
number of reasons for this with differences in the reproduction pro-
cess being one;* however, with respect to sperm dysfunction, there are
sufficient key similarities between mice and men to provide a more in
depth understanding and the potential to identify candidate proteins
to be used as a biomarker of dysfunction. An example is the intra-
acrosomal protein zonadhesin.

Zonadhesin was first discovered in pigs based on the ability to bind
the ZP and subsequent studies identified it in mouse, hamster, horse,
donkey, zebra, rat, guinea pig, chinchilla, dog and human (Tardif et al.,
unpubl. data).**™*” Importantly, sperm—ZP adhesion activity confers
species specificity and to date, zonadhesin is the only sperm protein
among sperm—ZP adhesion candidates showing species specificity
during fertilisation. This was established by the high affinity of zonad-
hesin for native ZP between homologous gametes and, more recently,
using zonadhesin-null mice.*® Interestingly, mouse zonadhesin was
only detectable at the sperm surface of live spermatozoa after incuba-
tion in conditions supporting sperm capacitation. Preliminary data
suggest that the same is true for human cells and the question is—can
this intra-acrosomal protein be used as a potential biomarker for
human sperm function/dysfunction?
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Table 1 Selection of sperm for ICSI using HA binding?

Clinical
pregnancy

Women's
mean ages

Implantation

Good-quality
embryos (%)

No. of embryos Fertilisation

No. of oocytes

Patient

Method(s) and P

value

rate (%)

rate (%)

injected transferred rate (%)

no. Cycles (years)

Putative selection against

Study type

Reference

35.2 17.1 328

2.8+0.8 326 93.4

HA-ICSI Retrospective  DNA damage, chromosomal 293 331 34.8+3.4
2.6+0.6

Parmegiani et al.

87.1 22.3 10.3 21.6

96

97 35.0+3.6

86

aneuploidy and poor
nuclear morphology

DNA fragmentation and

Conventional ICSI

Pvalue

(2010)%°

NS

0.047
12.4

0.011
358

NS
2.1+0.1
2.1+0.1

NS
37.5x0.4

24.8

91.6

125
105

125
107

112

Prospective

HA-ICSI

Parmegiani et al.

24.1 20.9
NS

24.1

85.8

37.1+0.4

94

abnormal spermatozoon

nucleus
Immature spermatozoa

Conventional ICSI

Pvalue

(2010)%

NS
46

0.046
96.4+14.1

NS
79.4+26.0
67.7+23.5

NS
4.98+2.57
5.34+2.42

NS

20
16
NS

1.44+0.89
1.70+£1.31

Prospective 50
50

HA-ICSI

Nasr-Esfahani et al.

40

97.6+8.7

Conventional ICSI

Pvalue

(2008)*

NS

NS

0.02

NS

NS
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@Results compared to control (conventional ICSI). Selection of three studies based on clinical trials using HA binding in comparison to traditional ICSI. Studies for inclusion were selected from articles published on PubMed over
the last 4 years. Studies were excluded based on use of animal models, cryopreserved samples, lack of clinical pregnancy rate and/or experimental methods. Significance P<0.05. Note no significant improvement was observed

Abbreviations: HA, hyaluronic acid; ICSI, intracytoplasmic sperm injection; NS, not significant.
in clinical pregnancy rates using HA binding.

Asian Journal of Andrology



Diagnostic tools in male infertility
CLR Barratt et al

56

Based on the zonadhesin exposure during capacitation in the
mouse, we proposed a putative model (Figure 1), where human
zonadhesin could be exposed after capacitation (or latter stages of)
differently between fertile and subfertile men. Zonadhesin exposure
could be reduced in spermatozoa unable to undergo capacitation due
possibly to problems in protein trafficking. Conversely, under non-
capacitating conditions zonadhesin exposure would not be expected
or only present in a very small percentage of cells, but in some sub-
fertile men there may be premature exposure due to a misregulation of
transduction events.

Currently there is a paucity of markers of human sperm function at
a molecular level. One variation between fertile and subfertile men
could reside in how the proteins are post-translationally modified as
opposed to their mere presence or absence. In this context we have
observed, in two different subfertile patients who experienced failed
fertilisation at IVF, significantly different polypeptide distribution and
processing of zonadhesin compared to controls (Tardif et al., unpubl.

Non ion
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Figure 1 Putative model of human zonadhesin exposure during sperm incuba-
tion under (a) non-capacitating or (b) capacitating conditions in fertile and sub-
fertile men. Diagram indicates time course of sperm capacitation (red and blue)
and zonadhesin exposure (pink and green) in fertile and subfertile men respect-
ively. This model suggests that sperm capacitation is closely related to zonadhe-
sin exposure in fertile men; however, a decrease of zonadhesin exposure could
be associated with subfertile men related to compromised capacitation. Shaded
area in (b) represents the fertilisation window.
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data). Whilst preliminary, our data suggest that zonadhesin has the
potential to be a biomarker for evaluating a fertile sperm population.

POTENTIAL NEW PARADIGMS—HOME TESTING FOR MALE
INFERTILITY

An area which has seen considerable progress is the development of a
number of putative home sperm tests.*” > The details of these and
arguments for and against their use are presented elsewhere,”>>' but
for widespread acceptance these assays need to be: (i) testing some
functional capacity of the cell rather than numbers; (ii) robust; (iii)
cheap; and (iv) widely available. Whilst currently no test fulfils all of
these criteria, with the rapid developments in new technologies, it is
likely that new and more robust versions of home test will become
available in the very near future. Interestingly, these tests may also be
taken a step further—from diagnosis to treatment. For example, they
may indicate that the man has sperm present but that these cells are
functionally defective, e.g., produce high levels of lipid peroxidation
end products. If antioxidant therapy is, in the future, a proven treat-
ment for oxidative stress, then it is feasible that a man could have a
diagnosis and order (self-) treatment (for example vitamin E) all
within one hour! Although exciting, this is at present a fantasy.
Critically, what has to be established is where in the patient’s pathway
these assays will be of most benefit? The original hypothesis was that
they would be the first stage for a couple who were enquiring about
their fertility.”>>' Following the test, the couple could make a choice
(depending on the result) to continue trying or seek earlier referral.
The logic was that seeking earlier referral would increase the chances of
conception particularly in couples where female age was a pressing
problem. However, whilst attractive, this concept remains untested
and although patients may find home testing very appealing, there is as
yet no direct evidence that over the counter tests would improve the
chances of conception.

FUTURE MARKERS OF SPERM DYSFUNCTION—NEW
TECHNOLOGIES

This is a particular exciting time in andrology. For example, following
the somewhat controversial discovery of mRNA in mature human
sperm,® there have been a number of studies suggesting that these
mRNAs could be used as a diagnostic tool—equivalent to a transcrip-
tome.” Whilst the data to support this is in its infancy, this is likely to
be an area of rapid development which holds great promise.

The power of proteomics is now increasingly being applied to mature
spermatozoa.”® Although technical difficulties are preventing the com-
plete sperm proteome from being available, the cataloguing to date is
impressive and consistently brings new thoughts to the field on how the
cell works.>® Comparison to the proteome of other species could answer
fundamental questions such as: what is the basic machinery necessary to
make a functionally mature male gamete?”” Complementary to com-
pleting the tool kit of the sperm proteome, another area where proteo-
mics is having an impact is the identification of putative candidate
biomarkers of high- and poor-quality cells. Impressive data are rapidly
appearing, for example comparing potential differences in men with
specific pathologies, e.g., asthenozoospermia.”

Driven by the overwhelming clinical need to identify subfertile men
without the requirement for a semen assessment, we may soon be able
to obtain metabolomic profiling on blood samples which act as a
surrogate for fertility. This is a very difficult area as comparable experi-
ments in other disciplines, e.g., cancer highlights the herculean chal-
lenges in the identification of robust candidates of dysfunction which
can be readily translated into clinical practice.”® However, this is



potentially very exciting. Additionally, other techniques such as
Raman spectroscopy are beginning to be used to identify (non-
invasively) genetically compromised cells driven by the imperative
to inject the most genetically functional cell at ICSL.®

Whatever new tests of sperm function, or reworking of old ones are
proposed, we need to heed the lessons of the past. A classic example is
the sperm chromatin/DNA damage assays. The primary data support-
ing these was presented in 1980 and although they are consistently
suggested as important tools in the armamentarium, they face con-
siderable challenges before they can become part of routine clinical
management.®'

SUMMARY—WHERE TO GO NOW?

The arguments presented suggest that for semen analysis, there is little
to be gained from more studies identifying/categorizing various popu-
lations of men. Where an effort is required is making sure the analysis
is performed in an appropriate high-quality way.

Technological development is likely to bring the reality of sperm
function testing closer to implementation into the clinical pathways.
In doing this, these assays must be: (i) robust; (ii) cheap (or more
appropriately termed cost effective); (iii) easy to use; and (iv) clinically
useful. To achieve the last tenet is a major challenge that requires
special consideration. If these assays are to be routinely used, there
must be a rigorous examination of their application using standar-
dized procedures.> Additionally, there needs to be a critical deter-
mination of where these assays fit within the patient pathway.*® To
date, assays of the functional competence of sperm have not yet been
evaluated in this critical manner. Real progress depends on enforcing
these tenets.

There is a palpable excitement in andrology. Importantly, clinical
requirements are acting as a catalysts and focus on the detection of
high-quality cells in ART which is having a direct effect on the pro-
liferation of basic research. Additionally, there are very clear advances
in our understanding of the mature cell in no small part being brought
about by application of proven technology from other areas. This is an
exciting time to be an andrologist and, likely, a fruitful one.
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