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Abstract

This commentary celebrates the publication of the 5th edition of the World Health Organization Laboratory Manual 
for the Examination and Processing of Human Semen.  This is the most complete text to date on the creation of a 
conventional semen profile and includes invaluable reference limits for specific aspects of semen quality based on the 
analysis of over 1 900 recent fathers.  The new edition of the manual also includes detailed protocols for monitoring 
different aspects of sperm function and new chapters on the preparation of spermatozoa for assisted conception and 
cryopreservation.  Given that this publication is the definitive statement on how to perform a descriptive semen analysis, 
we might speculate on the future of this field and the sorts of tests that might feature in future editions of the manual.  
Cell biologists are currently being empowered by the ’omics revolution, which is placing at their disposal technologies 
of unprecedented power to examine the biochemical composition of cells such as spermatozoa.  Indeed, spermatozoa 
are perfect vehicles for this kind of analysis because they can be obtained as extremely pure suspensions, exist naturally 
in isolation and can be induced to express their capacity for fertilization and the initiation of embryonic development 
in vitro.  The application of ’omics technologies to these cells, in concert with detailed assessments of their functional 
competence, should provide insights into the biochemical basis of defective semen quality.  This information will then 
help us understand the causes of male infertility and to develop rational methods for its treatment and possible prevention.  
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1    In the beginning

A long long time ago, when in vitro fertilization 
(IVF) was in its first flush of youth and Intracytoplasmic 
sperm injection (ICSI) had not driven seminology into 
the reproductive wilderness, the development of robust 
methods for the diagnosis and treatment of male infertility 
was regarded as a noble cause worthy of engagement.  

In those far-off days, the descriptive semen profile was 
the only means we had of determining the fertility of 
men attending infertility clinics.  This profile focused on 
an analysis of sperm number, motility and morphology 
underpinned by the fundamental belief that fertility is 
essentially a war of attrition.  According to this model, the 
ejaculate must contain more than a certain critical number 
of motile, morphologically normal spermatozoa in order to 
withstand the cellular carnage that inevitably accompanies 
the perilous transition from the point of insemination to the 
site of fertilization.  In diagnostic terms, the concept that 
male fertility is essentially ‘a numbers game’ resulted in 
a preoccupation with threshold counts for sperm number, 
motility and morphology that define the conventional 
semen profile, even to this day.  The belief that fertility 
is entirely dependent on sperm number was, ironically, 



Laboratory andrology
R John Aitken

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

100

npg

dispelled by experiments designed to develop hormonal 
methods of male contraception.  In these studies, a small 
proportion of normal men treated with exogenous steroids 
experienced a dramatic decline in sperm concentrations 
well into the pathological range (≤ 3 million mL−1) and 
yet could still impregnate their partners, although it might 
have taken some time [1, 2].  A similar situation pertains 
when men experiencing a lack of gonadotrophic drive to 
the testes because of hypogonadotrophic hypogonadism 
are treated in adulthood with gonadotrophins or pulsatile 
gonadotrophin-releasing hormone [3].  As these men have 
small testes, they generate low numbers of spermatozoa.  
However, because the only deficiency in these men is a 
lack of gonadotrophins, endocrine replacement therapy 
initiates a spermatogenic process that is fundamentally 
normal.  As a result, spermatozoa generated under 
these circumstances are functional and, given sufficient 
time, can eventually initiate pregnancies although the 
concentration of spermatozoa in the ejaculate would have 
been considered pathological in conventional terms [3, 
4].  Such data simply serve to emphasize that there is 
more to the definition of fertility than sperm number.  The 
conventional semen profile is of diagnostic significance 
because it reflects the quality of the underlying spermato­
genic process, and it is the latter that determines the func
tional competence of the spermatozoa and the fertilizing 
potential of the ejaculate.

In many ways, if the quality of spermatogenesis is 
the target of our analysis, the conventional semen profile, 
with its emphasis on sperm concentration, is possibly 
not the best way to make such an assessment.  Sperm 
concentration is highly dependent on ejaculate volume, 
which, in turn, has as much to do with the frequency of 
ejaculation as the quality of spermatogenesis.  It was 
once suggested to me by Rune Eliasson that a more valid 
read-out of the quality of spermatogenesis might be the 
total sperm count divided by the testicular volume as 
determined by an orchidometer.  Although this seems 
like an eminently sensible suggestion, the conventional 
criteria of semen quality have become so well entrenched 
in routine laboratory practice that it is probably too late to 
make a change.  

If we are stuck with the conventional semen profile, 
then it is incumbent on us to ensure that such analyses are 
performed carefully, according to a universally agreed-
upon set of guidelines using standard operating procedures.  
When I first entered the andrological arena 30 years ago, 
there was no real consensus in this area and quality control 
was a distant glint in David Mortimer’s eye.  An important 
element of order and reason was brought to this chaotic 
situation through successive revisions of the World Health 
Organization (WHO) semen manual.  It is staggering how 
many methodological variations can exist for something 

as simple as a sperm count, but this is a reality in this type 
of science.  When it comes to something as complex as 
sperm morphology or as dynamic as sperm motility, the 
difficulties encountered in delivering high-quality, robust 
data are magnified.  Addressing such methodological 
issues is critical because only through such means can we 
hope to generate reliable information on semen quality that 
can be accurately compared across different laboratories.  
Once a high level of standardization has been achieved, it 
will be possible to mount international studies on changes 
in semen quality in relation to such factors as workplace 
exposure, geographical location or even the passage of 
time.  Similarly, standardized robust protocols will be 
necessary if we are to generate comparable data from 
different centres on the effectiveness of new approaches to 
male contraception.  

This edition of the Asian Journal of Andrology is 
celebrating the latest, and certainly the most extensive, 
edition of the WHO manual to date.  Fittingly, this 
manual is dedicated to Geoffrey Waites, former manager 
of the WHO Male Task Force and a pioneer in the 
application of rigorous scientific principles to the study 
of male reproduction.  This version of the manual is also 
a testament to the editorial rigour, dedication, sagacity, 
wisdom, persistence and enthusiasm of one of Geoff’s 
protégés, the Editor-in-Chief Trevor Cooper.  This new 
version of the manual has been dramatically improved 
relative to all previous versions and contains a wealth of 
methodological detail about how to construct the various 
elements of the conventional semen profile, as well as 
new chapters on sperm preparation for assisted conception 
and cryopreservation.  The text also incorporates a series 
of detailed standardized protocols for undertaking more 
advanced assessments of semen quality, including the 
detection of leukocytes, the identification of precursor 
germ cells and the determination of anti-sperm antibodies.  
Most importantly, there is a completely revised chapter 
on quality control and, for the first time, data supporting 
reference limits.  The latter were acquired by analysing 
semen samples from 1 800 recent fathers (time-to-
pregnancy of ≤ 12 months) living in eight countries 
on three continents.  From these data, one-sided lower 
reference limits were generated based on the 5th percentile 
of the data distribution.  These values amount to long-
needed evidence-based thresholds that should be a 
considerable benefit to patients and clinicians alike 
in calculating the relative fertility of a given donor.  
Intriguingly, the values generated via this process are 
not a million miles away from the existing thresholds of 
normality for the conventional semen profile.  

Notwithstanding the considerable importance of this 
manual for the standardized creation and interpretation of 
semen profile data, this form of laboratory assessment is 
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not (as Churchill would have said) ‘the end, not even the 
beginning of the end, but simply the end of the beginning’ 
as far as the diagnosis of male infertility is concerned.  It 
should be possible to add value to this fundamental form 
of analysis by conducting direct tests of sperm function, 
rather than indirectly inferring this property from the 
semen profile.  In order to facilitate such functional 
analyses, the new manual has also incorporated a series 
of standardized protocols for undertaking more advanced 
evaluations of semen quality, including assessments 
of cervical mucus penetration, zona binding assays, 
techniques for measuring the acrosome reaction, the 
Hamster oocyte penetration test and computer-assisted 
sperm analysis  (CASA) analysis of sperm movement.  

Despite the evident value of these protocols to gamete 
biologists with an intense interest in sperm biology, it is also 
important to recognize that ICSI is now a major therapeutic 
option for male infertility, for which assessments of sperm 
function are largely irrelevant.  However, for this form of 
therapy, analysis of sperm chromatin integrity has become 
extremely important in light of the wealth of circumstantial 
evidence linking DNA damage in human spermatozoa 
with adverse clinical outcomes, including poor fertilization 
rates, impaired embryonic development, an increased risk 
of miscarriage and morbidity in the offspring, including 
childhood cancer [5–8].  The manual touches on this area 
but does not develop it.  The lack of attention to this area 
is partly due to the fact that the manual has taken 3.5 years 
to produce, from the initial gathering of the working group 
in Geneva to the date of publication.  In the interim, a 
great deal of data have been generated on the nature and 
significance of DNA damage in the male germ line that 
was not available when the text was being prepared.  This 
is clearly an area of diagnostic seminology that must be 
developed further in future editions of the manual.  

2     The future

So, what of the future? In terms of basic seminology, 
the 5th edition of the WHO manual may prove to be a 
definitive account of how such assessments should be 
performed.  I also doubt whether future editions will 
add a great deal to the functional assay section of the 
manual because the prevalence of ICSI as a therapeutic 
procedure has dampened clinical enthusiasm for detailed, 
expensive and time-consuming assessments of fertilizing 
potential.  However, I do believe the functional assays 
described in the manual are fundamental to the future of 
diagnostic andrology.  This is not because these assays have 
diagnostic utility in their own right (even if some do), but 
rather because they serve as valuable research tools that 
will allow researchers to investigate the molecular basis of 
defective sperm function.  On the basis of this information, 

insights into the aetiology of male infertility should be 
generated.  

The information generated by conventional semen 
analysis allows the classification of patients into descriptive 
groups such as oligozoospermic, asthenozoospermic and 
so on.  However, we should never confuse such descriptive 
categories with our ultimate goal, which is a diagnosis.  
A single condition such oligozoospermia may involve a 
multitude of different aetiologies.  It is not until we resolve 
the causes of male infertility at a molecular level that we 
shall really be able to achieve the holy trinity of diagnosis, 
treatment and prevention.

In the 21st century, molecular andrologists will have 
an ever more powerful range of investigative ’omics with 
which to examine the defective spermatozoa of infertile 
patients and gain a deeper understanding of the underlying 
aetiology.  This ’omics revolution has already begun, as 
shown by the recent publication of a detailed proteomic 
analysis of human spermatozoa [9], together with initial 
attempts to determine how the protein structure of normal 
and defective spermatozoa compare [10–12].  However, 
such comparisons are meaningless unless the functional 
defects in the spermatozoa have been precisely defined 
[13, 14].  It is only when we are in possession of such 
functional information that meaningful analyses of 
structure–function relationships can be undertaken.  In 
this context, the protocols provided by the manual 
for assessing the functional competence of human 
spermatozoa will prove an invaluable partner to the 
biochemical data generated by the new generation of 
proteomic technologies.  

Similarly, metabolomic analyses will help us 
pinpoint the metabolic defects in these cells that might be 
associated with impaired function or DNA damage.  In 
this context, oxidative stress is increasingly recognized 
as a major causative factor in the aetiology of male infer
tility [15–18].  However, we have only just begun to 
understand the origins of such stress and the central role 
played by the mitochondria in the generation of reactive 
oxygen species by the male gamete [19].  The importance 
of such insights lies in the opportunities afforded for 
therapeutic intervention.  If oxidative stress is part of the 
cause of male infertility, then antioxidant therapy must 
surely be part of the cure.  This concept has been in the 
literature since the 1940s, when α-tocopherol was first 
shown to be an essential vitamin for the preservation 
of male fertility in rats.  Unfortunately, in the interim, 
no definitive antioxidant trials have been conducted 
on patients to support this concept.  One of the major 
reasons for this lack of progress lies in the lack of robust 
methods for measuring oxidative stress in the male germ 
line.  However, new sensitive flow cytometry methods for 
measuring lipid peroxidation and oxidative DNA damage 
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have been developed, which are of direct relevance to this 
objective [20, 21].  Novel, robust criteria for assessing 
the causes or consequences of oxidative stress in the male 
germ line may also become apparent when lipidomics 
are applied to the analysis of human sperm quality [22, 
23].  Furthermore, glycomic analyses might help resolve 
the causes of defective sperm–zona interaction [14].  
Modern advances in diagnostic genomics might also help 
us to identify genotypes associated with specific defects 
in semen quality [24, 25].  Such information will be an 
invaluable aid to the diagnosis of certain forms of male 
infertility and facilitate informed decision making by the 
couple.

The role the spermatozoon may play in the origins 
of genetic mutations may also be a feature of diagnostic 
andrology in the future.  It has been clear for many 
decades that most, if not all, dominant genetic diseases 
originate in the male germ line and are highly correlated 
with male age [26].  Although the aetiology of these 
diseases has traditionally been laid at the door of 
replication error, this hypothesis does not account for all 
of the facts, particularly in the case of achondroplasia [27, 
28].  As an alternative explanation, we have suggested 
that such mutations arise as a consequence of the aberrant 
repair of sperm DNA by the oocyte between the moment 
of fertilization and S-phase of the first mitotic division [16, 
29].  In these circumstances, DNA damage in spermatozoa 
can be seen as a form of pro-mutation that inadvertently 
becomes converted into a mutation by the egg in a flawed 
attempt at DNA repair.  Such an explanation might also 
account for the wide range of polygenic neurological 
disorders (epilepsy, bipolar disease, spontaneous schizoph
renia, autism) that occur in children and that are correlated 
with paternal age at the moment of conception [5, 6, 30–
32].  This model might also explain the childhood cancer 
associated with DNA damage induced in spermatozoa 
by the fathers’ heavy smoking [33, 34].  In light of these 
considerations, detailed examination of DNA damage 
in human spermatozoa would certainly be an important 
objective for future versions of the WHO manual.  At 
present, we have an array of assays (including Comet, 
TUNEL, SCSA and the sperm chromatin dispersal test), 
but no clear indication as to which test is optimal, why 
it is optimal and which protocol should be used in its 
execution.  Future versions of the WHO manual must 
address these critical issues.  

It should also be recognized that DNA damage 
may not simply be a matter of base adducts or strand 
breakage.  Several studies have emphasized the presence 
of epigenetic defects in spermatozoa that could have an 
impact on the developmental normality of the developing 
embryo.  Such epigenetic factors include (i) a functional 
centrosome to regulate cell division in the embryo; (ii) an 

appropriate pattern of chromatin remodelling, including 
the presence of protamines 1 and 2 in the ratio 1:1, and, 
in the case of human spermatozoa, suitably modified 
histones; (iii) an appropriate population of mRNA and 
miRNA species that will be transferred to the zygote by 
the fertilizing spermatozoon and may play a key role in 
the regulation of early embryonic development; and (iv) 
an appropriate pattern of DNA methylation.  Several 
recent papers indicate that the DNA methylation profile is 
dramatically altered in the spermatozoa of infertile men 
[35–37].  Moreover, we already know that the incidence 
of imprinting defects such as Angelman syndrome (AS) 
and Beckwith–Weidemann syndrome (BWS) is elevated 
in children born as a result of assisted conception [38].  
Assessment of such factors is likely to be a key issue 
for the 6th edition of the WHO manual as we move 
the consideration of normal sperm function beyond the 
traditional realms of ‘fertilizing potential’ and into the 
factors responsible for the initiation of normal embryonic 
development.

Hopefully, future editions of the WHO manual will 
also contain protocols for measuring aspects of semen 
quality that are not only diagnostically significant, but 
also therapeutically instructive in that they are linked to 
strategies for either the prevention or the correction of 
the underlying pathology.  In a perfect world, consensus 
protocols for the treatment of the infertile male, such as 
optimized antioxidant regimes, will ultimately find their 
way into the manual.  In this way, robust methods for the 
diagnosis and management of male infertility could be 
effectively linked within a single reference volume.  

Clearly, laboratory seminology is still very much in its 
infancy.  Inasmuch as the creation of a conventional semen 
profile will always represent the foundations of male 
fertility evaluation, the 5th edition of the WHO manual is 
a definitive statement on how such assessments should be 
carried out and how the quality should be controlled.  It is 
to be hoped that andrologists will read the text carefully 
and adopt the protocols with such enthusiasm and 
precision that data sets from different laboratories will be 
directly comparable.  However, as diagnostic laboratory 
andrology develops as a discipline, future editions of the 
WHO manual will inevitably move beyond the provision 
of consensus protocols for the conventional semen profile 
and into the assessment of biochemical criteria, which 
will shed light on the underlying pathophysiology of the 
infertile condition and suggest strategies for its effective 
management and prevention.  
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