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Introduction

and Future Horizons

R. John Aitken

In this impressive volume, the editors have pulled
together an international cast of distinguished
authors, who present a detailed account of sperm
function testing in terms of rationale, methodologies
and clinical significance. In this introduction, my
intention is to give a historical perspective on the
evolution of these techniques and a view of where this
field will head in the future. For what it is worth,
I should also mention that these reflections are pre-
sented from the standpoint of someone who has spent
the best part of half-a-century considering how we
can reliably and effectively monitor the functional
quality of human spermatozoa.

0.1 Inthe Beginning ...

When a male patient comes into a clinic asking for an
assessment of his fertility, the first instrument we
reach for is the conventional semen profile. The
assumption that underpins such traditional diagnos-
tic assessments is that fertility is only possible if a
patient possesses more than a certain critical number
of motile, morphologically normal spermatozoa in his
ejaculate. It is, ultimately, a descriptive approach to
infertility diagnosis designed to indicate whether the
various parameters of semen quality are within the
normal range. The World Health Organization has
played a major role in both the standardization of the
laboratory techniques used to create a conventional
semen profile and the thresholds of normality that
can be used for calibration purposes, via the publica-
tion of its laboratory manual [1]. This manual is now
in its fifth edition, available online, and is a credit to
the hard work and dedication displayed by a small
group of andrologists over many years, to bring this
project to fruition. Its publication has helped build a
significant level of consensus around the laboratory
techniques that we should use to analyse human
semen and has provided the field with a careful,
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detailed analysis of what “normal” looks like [2].
Notwithstanding the amount of effort that has gone
into refining the conventional semen analyses, there
are still areas where disagreement abounds.

The first, and most fundamental, is whether the
diagnosis of infertility can be approached on the basis
of “thresholds of normality”, no matter how carefully
the latter are established. I am sure that most will
agree that the binary classification of males as “fertile”
or “infertile” is a gross oversimplification of the truth.
In reality, fertility is a continuous variable; it cannot
be depicted in terms of black and white but should
acknowledge the existence of multiple shades of grey.
This may mean that we have to educate patients not
to expect a diagnosis of “fertile” or “infertile” but a
“percentage probability of spontaneous conception as
a function of time”. In practice, we shall only be able
to create the data bases needed to establish such
prognoses if we contemplate establishing pre-
conception cohort studies, which involve the collec-
tion of semen quality data and the long-term follow-
up of couples to determine their reproductive fate.

Even if we did go to the expense and considerable
effort of establishing such databases, what would we
learn? Those limited prospective studies that have
been conducted suggest that the conventional semen
profile is of little diagnostic value outside of extreme
oligo- or azoo- spermia [3, 4]. It is for this reason that
we see a high (~30 percent) incidence of unexplained
infertility in the general patient population, where the
semen profile is normal and yet functional deficien-
cies exist [5]. Such poor prognostic value is a reflec-
tion of the obvious limitations of the semen profile
since all it can provide is an assessment of “normality”
relative to a spontaneously fertile population. It may
generate an indication of the relative quality of the
underlying spermatogenic process but the descriptive
criteria at its core cannot supply accurate information
on the fertilizing capacity of the ejaculate.
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0.2 The Birth of Functional Assays

Realization that descriptive criteria were of little value
in determining the fertilizing potential of human
spermatozoa sparked interest in developing a more
functional approach to male infertility diagnoses. One
of the first aspects of sperm function to be considered
during this phase in the evolution of diagnostic
laboratory  andrology = was sperm  motility.
A quantum leap in the quality of sperm motility data
was achieved with the development of Computer
Aided Sperm Analysis (CASA) systems that permitted
accurate quantification of the movement characteris-
tics of human spermatozoa and research into which
aspects of sperm movement are significant in defining
the fertilizing potential of these cells.

One of the first areas to be addressed using this
newly developed technology was the quality of sperm
movement needed to achieve penetration of cervical
mucus since failure to penetrate this barrier was, at
the time, a well-established cause of infertility [6]. In
these studies, the amplitude of the flagellar wave was
shown to be critical for mucus penetration, as
reflected in the amplitude of lateral sperm head dis-
placement [7, 8]. Interestingly, this research revealed
patients in whom inadequacies in the flagellar wave-
form was the only detectable defect in their ejaculate
[8]. For those laboratories not possessing CASA
systems, the identification of such patients was
achieved using simple penetration tests based on
human or bovine cervical mucus or artificial poly-
mers possessing similar physico-chemical characteris-
tics [9, 10].

Failure to penetrate the zona pellucida was
another recognized cause of infertility related to the
movement characteristics of the spermatozoa defined
by CASA technology. In this case, the key attribute of
sperm motility needed to effect zona penetration was
their ability to establish a state of hyperactivation,
characterized by large amplitude, high frequency,
asymmetrical flagellar waves capable of generating
significant propulsive force. Accordingly, CASA cri-
teria were developed to enable the accurate classifica-
tion of such cells [11]. Such measurements were
shown to be helpful in positively identifying sperm
populations capable of fertilizing human oocytes in
vitro. However, they were much less effective in iden-
tifying cases of fertilization failure [12]. Clearly, not
all aspects of sperm function are reflected in the
capacity of these cells for movement.

0.3 Fertilization Bioassays

In order to address this deficiency, the field searched
for an in vitro fertilization bioassay that could be used
to address other aspects of sperm function aside from
their motility including their ability to capacitate,
acrosome react and achieve fusion with the oocyte.
Of course, human oocytes could not be used for such
diagnostic purposes for ethical reasons. However, an
alternative was identified by one of the greatest
gamete biologists the world has ever seen, Ryuzo
Yanagimachi (Yana). Yana made the unexpected dis-
covery that the vitelline membrane of hamster oocytes
was able to fuse with human spermatozoa providing
these cells had capacitated, acrosome reacted and
generated a fusogenic equatorial segment, just as they
must in vivo [13]. The ultrastructural details of
sperm-oocyte fusion in this heterologous model
exactly reflected the homologous situation, inviting
speculation that this in vitro fertilization model might
be used to generate diagnostic information of clinical
significance. In the event, this test was found to be a
very good diagnostic criterion for sperm function,
accurately predicting the fertility of male patients in
prospective studies, under circumstances where the
conventional semen profile was shown to be of
limited diagnostic value [3, 14-16]. When the results
of this assay were combined with data describing
sperm movement and the conventional semen profile,
multivariate discriminant equations could be written
that predicted the fertility of cryostored semen
samples in a donor insemination program with more
than 80 percent accuracy [17]. While the biochemical
basis for this bioassay has recently been resolved (the
hamster egg receptor, Juno, apparently binding to the
human sperm ligand, Izumol [18]), the test is clearly
not a key part of our current diagnostic armament-
arium. Why is this?

The fundamental problem with the hamster
oocyte penetration test is that it is a bioassay. It is
complex, extremely labour intensive, involves the use
of animals and is difficult, if not impossible, to stand-
ardize. The World Health Organization did every-
thing it could to generate a standard method for
performing the assay [19]. However, a survey of the
relevant literature reveals a wide range of protocols
used to conduct this assay and a correspondingly wide
variation in the conclusions drawn as to its diagnostic
validity. In truth, this assay was never intended to be a
routine diagnostic test but rather a unique model that
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might help us understand the biochemical basis of
defective sperm function. Achievement of this goal
would provide a logical basis for the development of
standardize-able biochemical assays with which to
generate the same diagnostic information as provided
by the bioassay.

Exactly the same argument could be made for
bioassays looking at sperm-zona interaction. In the
right hands, assessments of sperm-zona interaction
using, for example, the hemi-zona assay, are highly
predictive of fertility [20]. However, the logistical
complexities of running and standardizing the assay
has meant that it has not been widely adopted as a
front-line diagnostic procedure. As our understand-
ing of the fundamental biochemical processes under-
pinning sperm-zona interaction improves [21] so we
can anticipate opportunities arising to replace this
bioassay with biochemical tests that will generate the
same information at a fraction of the cost and time
required to run the bioassay.

0.4 Oxidative Stress

One of the key findings secured with the hamster egg
penetration assay was that in infertile males, levels of
sperm-oocyte fusion were reduced even if a calcium
signal was artificially generated in the cell using the
ionophore, A23187 [22]. These data suggested that a
common defect in human spermatozoa is an inabil-
ity to complete membrane fusion events, such as the
acrosome reaction and oocyte fusion, in response to
a calcium stimulus. In looking for a membrane
defect that might impair the responsiveness of the
sperm plasma membrane to calcium, we established
the importance of reactive oxygen species (ROS)
generation and lipid peroxidation [23-25] in the
pathophysiology of defective sperm function.
Insertion of the terms “oxidative stress” and “male
infertility” into PubMed currently generates 1465
hits. Several chapters of this book are devoted to this
particular topic so I shall not elaborate here. Suffice
it to say that exposure to ROS emanating from infil-
trating leukocytes or the spermatozoa themselves
and/or exposure to an environment low in extracel-
lular antioxidant protection leads to a state of oxida-
tive stress in these cells. A major consequence of this
stress is to initiate lipid peroxidation cascades that
culminate in the generation of toxic electrophilic
aldehydes such as 4-hydroxynonenal and acrolein
[26]. These aldehydes bind to the vulnerable
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nucleophilic centres of proteins in the immediate
vicinity (cysteine, histidine and lysine residues in
particular) stimulating increased levels of ROS gen-
eration by the mitochondria, the suppression of
sperm motility and the impairment of sperm-egg
recognition [27-29]. In addition, oxidative stress
attacks the DNA in the sperm nucleus leading to
oxidative DNA damage and strand breakage [30].
There are chapters in this book by internationally
recognized pioneers in the field such as Don
Evenson, who was among the first to understand
that DNA damage to the male germ line is a deter-
minant not just of fertility but also, potentially, the
mutational load carried by the offspring [31].

0.5 The Future of Sperm
Function Testing

We have moved a long way since the conventional
semen profile was established as the foundation stone
of male infertility assessments. It is now clear that
defective sperm function can exist under conditions
where the conventional semen profile is normal, due
to biochemical lesions in the spermatozoa that impair
both their fertilizing potential and their ability to
establish a normal pregnancy. Unfortunately,
research in this important area suffered a setback
from the introduction of ICSI as a method of oocyte
insemination. ICSI is very forgiving of defects in the
functional competence and genetic integrity of
spermatozoa and, as a result, the clinical demand for
sperm function testing waned. Hopefully, we have
now reached a point in the evolution of this field
where the importance of assessing sperm quality is
becoming more apparent. Such assessments may help
us develop rational approaches towards the assign-
ment of patients to IVF or ICSI, or even avoid assisted
conception altogether. Furthermore, measurements
of DNA damage may help us to understand potential
paternal impacts on the health and wellbeing of off-
spring and open the door to therapies that will reduce
levels of DNA damage prior to the initiation of
assisted reproductive technology (ART).

It has been a long journey but the time for more
extensive sperm function testing may have finally
arrived. For anyone engaging with this complex
field, this book will provide the reader with an
authoritative snapshot of all that is current in assess-
ing the functional qualities of these infinitely com-
plex, fascinating cells.
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Lars Bjorndahl

1.1 Introduction

The aim of this chapter is not to provide all practical
details necessary for proper semen examination.
There already exist other sources for that type of
information [1, 2]. The purpose of this chapter is
therefore to focus on biological and physiological
aspects that are relevant to the examination of human
ejaculates. It is aimed to give the clinician a proper
background to set requirements for a qualitative
laboratory service needed to diagnose and treat men
with disorders in the male reproductive organs con-
tributing to couple infertility.

The investigation of the human ejaculate includes
observations (e.g. color, odor, viscosity and liquefac-
tion) as well as measurements and assessments
(volume, concentration, motility, vitality and morph-
ology). It is therefore adequate to refer to semen
examination that is considered to be a concept that
is wider than analysis, also including observations and
not only measurements.

The examination of the ejaculate is an essential
cornerstone in the evaluation of the reproductive
functions of the human male. The ejaculate is differ-
ent from all other body fluids possible to analyze in a
modern medical laboratory, and many delusions still
exist concerning what the ejaculate is and what it can
tell about the man and his fertility. Since the rise of
Assisted Reproductive Technologies (ART) with the
introduction and the development of In Vitro
Fertilization (IVF) and Intra Cytoplasmic Sperm
Injection (ICSI), the main focus in studies of ejaculate
examination has been on its usefulness to predict the
probability for spontaneous and assisted conceptions,
pregnancies and live births of children. However,
since many factors affecting a couple’s fertility are
independent from semen examination results, most
isolated male or female factors cannot be expected to
solely be a major determinant of a couple’s probabil-
ity for a successful pregnancy. Still, if simplistic

Standard Semen Examination:
Manual Semen Analysis

testing of isolated ejaculate parameters is abandoned
in favor of multifactorial ejaculate evaluations, useful
predictive information regarding spontaneous and
assisted pregnancies can be achieved [3, 4]. Thus,
although not completely without interest, this
predominant focus on ejaculate examination as a
pregnancy predictor has drawn the attention from
the information that can be gained about the func-
tions of the male reproductive organs. In the light of a
possible decrease in general human male reproductive
function [5] it is essential that ejaculate examination
for the evaluation of the function of the male repro-
ductive organs is in focus.

Another aspect that is essential to the understand-
ing of semen examination is that the “semen sample”
only exists in the laboratory. Semen does not even exist
in the body: the ejaculate is formed instantly during the
process of ejaculation: spermatozoa are transported
from the cauda epididymides to the urethra where they
are suspended in prostatic fluid concomitantly emptied
from the small prostatic gland acini and expelled in the
first ejaculate fractions. The seminal vesicles empty
into the urethra after the bulk of spermatozoa has been
ejaculated [6]. In general, the seminal vesicular fluid
appears to be hostile to sperm function (motility),
survival and DNA protection [7]. There is no evidence
that the seminal vesicular fluid is in any way beneficial
for sperm function in vivo and there is no evidence that
exposure of spermatozoa to seminal vesicular fluid ever
occurs in vivo [6, 8]. In contrast, examination of ejacu-
lates in vitro is based on collection of all parts of the
ejaculate in one device, where the entire ejaculate is
included in the gel-like substance originating from the
seminal vesicles. This structure is then subsequently
decomposed by enzymes of prostatic origin. The effect
of this process — called liquefaction - is not only that
the ejaculate becomes more watery in appearance, but
the process also means that the osmolality of ejaculates
increase in vitro [9, 10].
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1.2 Pre-Examination Aspects

The composition and quantity of each ejaculate
depends on several factors, among them the rate of
sperm production but not limited to that. The pro-
curement of an ejaculate for examination is highly
dependent on the man himself. Frequency of ejacula-
tion - and not only time of sexual abstinence before
collection of the examination sample — will have influ-
ence on characteristics like sperm number, motility
and morphology. Also the duration and quality of
sexual arousal during sample collection is important
[11]. In addition, truthful information on the com-
pleteness of sample collection is required for correct
interpretation of ejaculate examination results.

Due to the continuous changes (osmolality, pH)
occurring in the ejaculate in vitro leading to deterior-
ation of sperm motility and changes in morphological
appearance, standardized temperature and time to
initiation of assessments is required.

1.3 Examination Aspects
1.3.1 Ejaculate Volume

The ejaculate volume is important to achieve reliable
data on total sperm number as well as measures of
secretory contributions from the epididymides, pro-
state and seminal vesicles.

There is a highly variable and significant volume
loss when using pipettes for measuring ejaculate
volume or transferring to reliable measuring devices
[12]. Practically, a reliable and more correct volume is
best obtained by weighing the collection device before
and after sample collection. The specific weight (dens-
ity) of human semen has been assessed to be
1.03-1.04 g/mL [13], indicating that the error in
volume, based on ejaculate weight, would be less than
4 percent even when assuming a specific weight of 1.0
g/mL. A 4 percent error is much less than can be
expected from measurements where the ejaculate
must be removed from the collection device and an
unknown volume is left in the collection device.

1.3.2 Sperm Concentration

The accuracy of sperm concentration assessment
depends on several factors. The most basic is that
the examined aliquots are representative of the entire
ejaculate. Macroscopically well mixed ejaculates quite
often still show considerable variation between

1.3 Examination Aspects

different fields of vision in the microscope (10 pL
aliquot). Based on this typical finding the recommen-
dation is that aliquots of at least 50 pL should be used
to reduce the risk for poor representation of the entire
ejaculate. Furthermore, comparison of two separate
aliquots should be examined and compared, to fur-
ther reduce the risk for poor representation and other
errors that may occur in the process of establishing
the correct number of spermatozoa.

Another essential aspect is the use of dilutions.
One important reason is that it is much easier to
assess non-moving objects than live motile spermato-
zoa. Another equally important reason is that with
adequate dilutions counting is easier when spermato-
zoa are evenly spread within and between the micro-
scopic fields; densely packed spermatozoa or too
diluted makes counting more difficult, time consum-
ing, exhausting and less reliable.

A third important aspect is to reduce the influence
of random factors that cause a spermatozoon to occur
or not occur in the area of observation. If only a few
spermatozoa are observed, the influence of random
factors can influence the final result considerably.
Therefore, the number of observations is crucial. As
can be seen in Figure 1.1, the uncertainty of a cell
counting result varies with the number of observa-
tions. The recommendation of assessing at least
400 spermatozoa is based on the fact that statistically
a total of 400 observations reduces the random vari-
ability to £10 percent of the observed value [2].

Further sources of possible causes of significant
errors and variability lie in the accuracy of the volume
assessed in the counting chamber. While the area
examined can be very precisely determined, the depth
can vary. A shallow chamber (10 pm) would cause a
10 percent volume error if the cover is only 1 pm
wrong. However, in a 100-pm deep hemocytometer,
the same absolute error would only cause a 1 percent
error in the volume.

1.3.3 Sperm Motility

The only practical way of assessing sperm motility
“manually” in the microscope means using wet prep-
arations with a depth of approximately 10-20 pm,
meaning that a 10 pL aliquot under a 22 mm X
22 mm cover slip is appropriate. It is necessary also
for the representativity of the aliquots to examine at
least two aliquots and compare results to minimize
random error.
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Standard Semen Analysis: Manual Semen Analysis

Range of random uncertainty

0 350 100 150 200 250 300 350 400 600

800 1000

Total number of observed cells

Figure 1.1 Range of uncertainty of sperm concentration results based on different numbers of observations (100 represents calculated value;
lines show range of 95 percent Confidence Interval for the different numbers of observations).

Sperm velocity is very dependent on the tempera-
ture. While “room temperature” is not well defined
and can vary significantly in most laboratories, the
recommendation is to standardize microscope stage
temperature to 37°C and preferably to use pre-
warmed slides.

The same statistical consideration as for sperm
concentration assessment is relevant for the motility
assessment. Thus, at least 400 spermatozoa should be
included in the assessment of each sample to reduce
the random error to £10 percent of the observed
value.

1.3.4 Sperm Vitality

Vitality assessment is only important when many
spermatozoa are immotile. The investigation is
essential to identify samples with many live but
immotile spermatozoa to distinguish from disorders
where reduced sperm motility is due to poor sperm
survival.

Since the assessment of sperm vitality by eosin-
nigrosine staining [14, 15] does not appear to be
sensitive to aliquot representativity (compared to
sperm concentration and sperm motility assessment),
replicate assessment and comparison is not con-
sidered necessary for the purpose of distinguishing
between samples with immotile dead spermatozoa
and samples with immotile live spermatozoa [16]. It
is more important to use adequate equipment (bright
field, high magnification (x1000), high resolution
microscopy) and count at least 200 spermatozoa in
each ejaculate.

1.3.5 Sperm Morphology

The assessment of human sperm morphology may be
the most controversial part of basic semen examin-
ation. The usefulness of the examination has mainly
been assessed in relation to ART. There are, however,
many reasons why this is a too simplistic argumenta-
tion. One important point is that investigations of
spermatozoa that have been able to reach the site of
fertilization are much more uniform in appearance
than spermatozoa in the ejaculate [17, 18]. The defin-
ition of sperm morphology based on observations of
spermatozoa passing through cervical mucus and
binding to the zona pellucida (Tygerberg Strict
Criteria) is the basis for the current World Health
Organization recommendations [1]. One argument
raised against the use of the Tygerberg Strict
Criteria is that very few spermatozoa in the ejaculate
have a morphology that fulfil the criteria. However,
the number of spermatozoa that can reach the site of
fertilization is very low, in the magnitude of 100-1000
spermatozoa from a normal ejaculate [19]. From a
statistical point of view, sufficient numbers of sperm-
atozoa with “normal” morphology are very likely to
exist, although not possible to detect when 200 or 400
spermatozoa from the ejaculate are randomly chosen
and assessed. The distribution of morphological
abnormalities still gives information about the func-
tion of the spermatogenesis. Therefore, a very import-
ant use of sperm morphology is to understand the
function of the testicles, rather than only predict the
outcome of spontaneous or assisted fertilization.
Together with data on sperm number and motility,
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morphology data provides information on qualitative
and quantitative aspects of testicular function.

The general assessment of the morphology of
each spermatozoon should include at least four
aspects: head, neck/midpiece, tail and presence of
cytoplasmic residues. Only recording head abnor-
malities excludes essential information. Presence
of more than one type of abnormality appears to
indicate more severe problems, often testicular
problems [18, 20]. A specific assessment that is
useful when evaluating fertilization failure is the
acrosome index, measuring the presence of normal
acrosomes [21].

To obtain useful data, the choice of staining is
essential. Without staining, phase contrast is neces-
sary to see spermatozoa, but the level of details
possible to discern will be too low. Among the dif-
ferent staining procedures available, the sperm
adapted Papanicolaou stain is considered the best
overall staining of all parts of the spermatozoon
[1]. Replicate assessments with comparisons appear
to be less critical than correct equipment, as well as
proper training to obtain reliable and consistent
results [16].

1.4 Post-Examination Aspects

For the proper interpretation of data, it is essential
that the laboratory not only presents the basic exam-
ination result. Critical information like time between
ejaculate collection and initiation of assessments
should always be included, as well as the abstinence
time (days). Any aberrant macroscopic property

1.5 Conclusions

(color, liquefaction, odor, viscosity) should also be
reported. The total number of spermatozoa is more
important than concentration, since the latter is
largely dependent on the rate of secretion from the
seminal vesicles and the prostate. For motility not
only the proportion of motile spermatozoa is of
interest, rather the proportion of progressively
motile spermatozoa is important. In contrast to the
2010 edition of the World Health Organization rec-
ommendations [1], the proportion of rapidly pro-
gressive spermatozoa provides essential information:
lack of rapid progressive spermatozoa is the
strongest negative predictor of common IVF success
(16, 22].

1.5 Conclusions

Examination of the human ejaculate is basic to the
evaluation of the man in an infertile couple. Results
primarily provide information about the functions of
the male reproductive organs and can thereby give
clues to essential investigations and treatments of the
man. Ejaculate examination can also contribute to the
choice of proper modalities for assisted fertilization
for the couple.

As the case with all laboratory investigations, basic
semen examination must be performed with insights
of possible causes for errors and how systematic and
random errors can be minimized. With proper
training, and internal and external quality control,
reliable results can be obtained, but also patients must
be involved to provide essential information on
abstinence time and sample collection.
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