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In about one-half of all couples who are plagued by
infertility, the male partner has a deficiency in his
sperm. 

Infertility in the male has two very peculiar char-
acteristics. First, even though details of the pathology
of the sperm deficiency are not at all understood in
most cases, there is a very good therapeutic modality
which overcomes these problems and is still able to
transmit the male partner’s genetic message to the next
generation. This therapeutic modality is, of course,
intracytoplasmic sperm injection (ICSI). This success-
ful therapy has made it seem less urgent to investigate
the pathophysiology of male infertility. This is unfor-
tunate, as there is an inner concern and some evidence
that ICSI may transmit to succeeding generations the
seeds of an increased incidence of sperm defects.

Section 1 and several chapters of Sections 2 and 3
of this book tell us what is known about this area and
thus serve as a launching pad for the further necessary
investigation of the pathophysiology of sperm defi-
ciencies. These chapters also alert the clinician to our
ignorance of the molecular details of at least some
sperm problems, which may lead to the passing of
these defects to the next generation by ICSI. There is
no doubt, however, that ICSI is one of the major
breakthrough ‘blockbuster’ treatments resulting in the
enjoyment of children for couples who otherwise
would not be able to.

The second peculiar characteristic of male infer-
tility is that it is often diagnosed by a most unlikely
specialist – the gynecologist – simply because it is this

specialist who is most likely to be consulted first by
those who are infertile. Thus, it is not surprising that
the editors of this book are gynecologists who have
specialized in problems of reproduction and super-
specialized in problems of male infertility. Hence has
come into existence the subspecialty of andrology,
which has found a home most often within the broad
field of obstetrics and gynecology. Special problems of
infertility in the male are treated by the urologist, and
in some countries by dermatologists, but the therapy
of last resort, i.e. ICSI, is in the hands of reproductive
endocrinologists who have at their fingertips the tech-
nology of in vitro fertilization (IVF).

It is noteworthy that Male Infertility: Diagnosis
and Treatment is a synthesis of current knowledge
about human andrology, and comes from two depart-
ments of obstetrics and gynecology where it was real-
ized, even before the era of IVF, that a new perspective
was required if true progress was to be made in solv-
ing the problems of male infertility.

Notwithstanding these considerations, the editors
have assembled an outstanding list of contributors
who thoroughly overview the approach to male infer-
tility not only from the perspective of the reproductive
endocrinologist but also from the urologist, dermatol-
ogist and medical scientist points of view.

Andrology is by no means a matured discipline, as
indicated above. However, this book is a superb sum-
mary of our current understanding of the art and sci-
ence of this dynamic approach to the solution of a
major portion of infertility.

Howard W Jones Jr MD

Professor Emeritus, The Jones Institute for 
Reproductive Medicine

Department of Obstetrics & Gynecology
Eastern Virginia Medical School

Norfolk, VA
USA
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Physicians dealing with childless couples are well
aware of the high incidence of male infertility.
Recent estimates indicate that a male factor is pres-
ent in up to 40–50% of cases consulting for infertil-
ity. While the causes of male infertility are multiple,
the therapeutic options have traditionally been more
limited. Urological and medical interventions have
been, and continue to be, successfully implemented
in defined clinical scenarios. But, undisputedly, the
explosive growth and efficiency of assisted reproduc-
tive technologies (ART) has changed the direction of
the field of andrology.

Without any doubt, the development of intracy-
toplasmic sperm injection (ICSI) constituted a sig-
nificant advancement not only in the treatment of
infertility but also in nurturing further development
of the discipline of clinical andrology. As a micro-
technique to assist fertilization, ICSI has allowed
men with severely compromised semen parameters
(patients with oligo-astheno-teratozoospermia, alone
or in combination, presenting with antisperm anti-
bodies and even with obstructive or non-obstructive
azoospermia) to achieve their desire to establish a
family.

Spermatozoa are highly differentiated cells that
have an essential function to fertilize the oocyte,
leading to embryo development. Functionally com-
petent sperm cells are the result of the complex
processes of spermatogenesis that involve cell differ-
entiation, multiplication (mitosis), acquisition of the
haploid stage (meiosis) and a dramatic metamorpho-
sis (spermiogenesis). Spermatozoa are released into

the epididymis (spermiation), where further matura-
tional, structural, biochemical and functional
changes (capacitation) take place. Gametogenesis
and seminiferous tubule functions occur under strict
endocrine and paracrine control. To fertilize the
oocyte successfully, the spermatozoon must be able
to perform the critical functions of migration, recog-
nition and binding to the zona pellucida, penetra-
tion of the zona pellucida, binding to the oolemma,
activation of the oocyte, nuclear decondensation and
participation in pronuclear formation leading to
syngamy. This complex sequence of events leads to
multiple potential opportunities for errors and inter-
ference by a multitude of pathogenic mechanisms.

Current treatment options for male infertility
include a large number of urological procedures
(reconstructive surgery in cases of ductal obstruction,
correction of varicocele and others), medical–
pharmacological interventions (use of hormones,
antibiotics), low-complexity assisted reproductive
procedures (such as intrauterine insemination ther-
apy) and the more advanced and complex ART.
However, despite that contemporary therapies have
enhanced the opportunities for conception in couples
suffering from male infertility, often these solutions
are raised in the absence of a defined etiological or
pathophysiological diagnosis. Male infertility is
unfortunately still considered ‘idiopathic’ in a large
proportion of cases.

The first in vitro fertilization (IVF) child in the
world, Louise Brown, was born in Bourn Hall, UK
in 1978. She was followed by the first IVF birth in

Preface
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Australia in 1980; in Norfolk, USA in 1981 (Eliza-
beth Carr); in continental Europe in 1982; and in
1984 in Tygerberg, South Africa (reviewed in Fauser
and Edwards 2005)1. Since the early 1980s, the effi-
ciency of IVF has improved dramatically, with clini-
cal pregnancy rates per transfer cycle increasing from
the mid-teens to 30–50%, according to the individ-
ual prognosis group. This accomplishment has been
achieved by continuing efforts resulting in improved
ovarian stimulation protocols, optimized gametes
and embryo in vitro culture conditions, superior
techniques of oocyte retrieval and embryo transfer,
and development of more efficient embryo cryop-
reservation programs.

The field of andrology has grown exponentially
in parallel to the developments in ART. A few of the
most significant milestones and some relevant clini-
cal papers are worth highlighting:

• Manual for the examination of semen (WHO
1980, fourth revised edition 1999)2;

• First paper on IVF and male infertility (Wood
1984)3;

• Aneuploidy in human sperm using fluorescence
in situ hybridization (FISH) (Joseph et al. 1984)4;

• Chromosomal abnormalities in human sperm
(Martin 1985)5;

• Male factor and IVF: first years of Norfolk expe-
rience (Van Uem et al. 1985)6;

• First human pregnancy by IVF with epididymal
sperm in obstructive azoospermia (Temple–
Smith et al. 1985)7;

• Sperm morphology as a prognostic factor for IVF
(Kruger et al. 1986)9;

• IVF and epididymal aspiration in congenital
absence of the vas deferens (Silber et al. 1987)8;

• Description and definition of the Tygerberg
Strict Criteria (R Menkveld 1987 – PD thesis);

• Births after microsurgical sperm aspiration/ IVF
in men with congenital absence of the vas defer-
ens (Patrizio et al. 1988)10;

• Definition of male factor in ART (Acosta et al.
1989)11;

• First pregnancies following preimplantation
genetic diagnosis (PGD) from biopsied embryos
sexed by Y-specific DNA amplification (Handy-
side et al. 1990)12;

• ICSI: first pregnancies (Palermo et al. 1992)13;

• Place of ICSI in the management of male infer-
tility (Oehninger 2001)14;

• Pregnancy after testicular sperm aspiration/ ICSI
(Schoysman et al. 1993)15;

• Microsurgical epididymal sperm aspiration/ ICSI
and congenital absence of the vas deferens (Tour-
naye et al. 1994)16;

• The essential partnership between diagnostic
andrology and ART (Mortimer 1994)17;

• Intrauterine insemination for male subfertility
(Ombelet et al. 1995)18;

• Pregnancies after ICSI with testicular sperm (Sil-
ber et al. 1995)19;

• Pregnancies after ICSI with testicular sperm in
non-obstructive azoospermia (Devroey et al.
1995)20;

• Deletions of the Y chromosome and severe
oligospermia (Reijo et al. 1996)21;

• Infertility in ICSI-derived sons (Kent-First et al.
1996)22;

• Prospective follow-up study of ICSI children
(Bonduelle et al. 1996)23;

• Thresholds for semen parameters in fertile versus
subfertile populations (Ombelet et al. 1997)24;

• Approaching the next millennium: management
of andrology diagnosis in the ICSI era
(Oehninger et al. 1997)25;

• Consensus workshop on diagnostic andrology
(European Society of Human Reproduction and
Embryology, ESHRE) (Fraser et al. 1997)26;

• Detection of aneuploidy in human sperm using
FISH (14 chromosomes) (Pang et al. 1999)27;

• Forging a partnership between total quality man-
agement and the andrology laboratory (De Jonge
2000)28;

• A meta-analysis of sperm function tests
(Oehninger et al. 2000)29;
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• Testicular dysgenesis syndrome (Skakkebaek et
al. 2001)30;

• ICSI should not be the treatment of choice for all
cases of in vitro conception (Oehninger and Gos-
den 2002)31;

• Multiple gestations in ART: an ongoing epidemic
(Adashi et al. 2003)32;

• Identification of the subfertile male in the gen-
eral population: suggested new thresholds (van
der Merwe et al. 2005)33.

The overall objective of this book is to deliver infor-
mation in an approachable fashion about the most
common pathogenic mechanisms involved in male
infertility and the state-of-the-art diagnostic tools,
and a detailed description of the current therapeutic
options available for the infertile man. The organiza-
tion of the book follows these goals. Objective evi-
dence, supported by a thorough and updated list of
references, is presented in each individual chapter.
The contributing authors have presented easy-to-
read chapters and the outlined information should
be readily understood by a variety of readers, includ-
ing medical and postgraduate students, physicians
and scientists interested in reproduction.

Indeed, the main expectation is that a wide range
of generalists and specialists (andrologists, reproduc-
tive endocrinologists, urologists, obstetricians and
gynecologists, primary-care practitioners) will bene-
fit from the information presented herein. It was not
our aim to present a manual with recipes of screen-
ing tests or techniques, but rather to examine the
rationale behind clinical management, always sup-
ported by evidence-based medicine. Notwithstand-
ing these considerations, methods have been suc-
cinctly mentioned and the interested reader can
access more technical details through the extensive
cited bibliography.

We were fortunate to assemble an outstanding
and international group of contributors: six of the
seven continents are represented (Europe, North and
South America, Africa, Australia and Asia). This
multidisciplinary group of authors includes clini-
cians and scientists who have had a significant
impact as pioneers and/or have made distinguished
contributions to the field of male infertility.

Section 1 critically discusses ‘Basic concepts:
sperm physiology and pathology’.

In Chapter 1, CF Hoogendijk, TF Kruger and R
Menkveld (from South Africa) provide a synopsis of
the ‘Functional anatomy and molecular morphology
of the spermatozoon’. The authors outline the basic
anatomy of the human spermatozoon through a
light- and electron-microscopic approach. In addi-
tion, they introduce the concepts of chromosomal
arrangement and the high degree of organization of
the sperm nuclear chromatin.

In Chapter 2, M Luconi and E Baldi (from Italy)
and GF Doncel (from the USA) present ‘The physi-
ology and pathophysiology of sperm motility’. The
authors describe with accuracy the mechanochemi-
cal basis of sperm movement, placing special em-
phasis on the regulatory factors involved in the
acquisition and maintenance of sperm motility,
hyperactivation and chemotaxis. The authors also
discuss the molecular defects associated with
asthenozoospermia, a sperm pathology that repre-
sents one of the main causes of male infertility, as
well as systemic and in vitro therapeutic approaches
for this condition.

In Chapter 3, CF Hoogendijk and R Henkel
(from Germany, now South Africa) delineate ‘The
pathophysiology and genetics of human male repro-
duction’. This chapter reviews in detail the genetic
controls that are operative at different steps of
spermatogenesis, the nuclear chromatin organization
levels and the role of spermatozoa in early embryo-
genesis.

In Chapter 4, G Barroso (from Mexico) and S
Oehninger (from the USA) describe the ‘Contribu-
tion of the male gamete to fertilization and embryo-
genesis’. A large body of evidence demonstrates that:
(1) the fertilizing spermatozoon plays a significant
part in bringing about the development of the
zygote, with its contributions being well beyond the
delivery of the paternal DNA; and (2) infertile men
with or without altered ‘classic’ semen parameters
may have associated sperm dysfunctions that can
result in aberrant embryogenesis. This review focuses
on examination of the paternal effects that become
manifest before and after the major activation of
embryonic gene expression.

In Chapter 5, O Mudrak and A Zalensky (from
the USA) present innovative work on ‘Genome
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architecture in human sperm cells: possible implica-
tions for male infertility and prediction of pregnancy
outcome’. The concepts of chromosome territories,
architecture, compactness and position, telomeres
localization and the dynamic modifications during
fertilization in the normal and abnormal situations
are elegantly set forth.

In Chapter 6, HE Chemes and VY Rawe (from
Argentina) describe ‘Sperm pathology: pathogenic
mechanisms and fertility potential in assisted repro-
duction’. The authors define sperm pathology as the
discipline that characterizes structural and functional
deficiencies in abnormal spermatozoa. They accu-
rately detail phenotypes associated with sperm
motility and morphology disturbances and the
impact of non-specific anomalies and systematic
defects of genetic origin.

In Chapter 7, N Jørgensen, C Asklund, K Bay
and NE Skakkebæk (from Denmark) present ‘Tes-
ticular dysgenesis syndrome: biological and clinical
significance’. It is proposed that testicular cancer,
hypospadias, cryptorchidism and low sperm counts
are symptoms of a disease complex, the testicular
dysgenesis syndrome (TDS), with a common origin
in fetal life. The knowledge of the etiology of TDS is
still rather limited, but environmental and life-style
factors are suggested as contributing factors. The
authors present a sophisticated description of how
genetic polymorphisms or aberrations may render
some individuals particularly susceptible to these
exogenous factors.

Section 2 discusses the ‘Diagnosis of male infer-
tility’. Notwithstanding the major impact of IVF
and ICSI, the approach to the assessment and treat-
ment of male infertility is much more than simply
ART. An exhaustive anamnesis and a thorough phys-
ical examination of the male partner are of para-
mount importance in the initial screening of the
infertile couple. The cornerstone of the andrological
evaluation in all cases is repeated semen analysis. A
urological, endocrine, genetic and/or imaging work-
up should be implemented as appropriate.

In Chapter 8, AP Cedenho (from Brazil)
describes the ‘Evaluation of the subfertile male’. This
chapter thoroughly delineates the clinical assessment
of the male partner consulting for infertility, and
how the work-up should be further individualized

according to the findings of the anamnesis and phys-
ical examination.

In Chapter 9, R Menkveld provides an excellent
state-of-the-art contribution on the ‘The basic
semen analysis’, including laboratory performance,
interpretation of results and quality-control guide-
lines.

In Chapter 10, K Coetzee (from New Zealand)
and TF Kruger present their extensive experience in
‘Advances in automated sperm morphology evalua-
tion’. Automated systems have the power to increase
the objectivity, precision and reproducibility of
sperm morphology evaluations. As attractive as this
option may seem, not many automated systems have
been introduced into routine andrology laboratories.
The majority of systems currently in operation are
used in more experimental situations, because of the
objective biological resolution of the systems.

In Chapter 11, DR Franken (from South Africa)
and TF Kruger give a powerful insight into why
‘Sperm morphology training and quality-control
programs are essential for clinically relevant results’.
The authors present prospective studies that clearly
illustrate that an external quality-control program
can be successfully implemented on condition that
continuous monitoring is part of the program.

In Chapter 12, R Menkveld updates ‘The role of
the acrosome index in prediction of fertilization out-
come’. Evidence is presented supporting the view
that careful assessment of acrosome morphology
provides extended information on the sperm fertiliz-
ing capacity.

In Chapter 13, DR Franken, HS Bastiaan (from
South Africa) and S Oehninger give a thorough pres-
entation of the ‘Acrosome reaction: physiology and
its value in clinical practice’. A simple and novel
microassay using minimal volumes of solubilized
zona pellucida is highlighted. The authors demon-
strate that the use of a calcium ionophore or the nat-
ural solubilized zona pellucida in combination with
fluorescent lectins constitute validated assays for
assessment of the induced acrosome reaction in live
sperm. The authors conclude that such tests should
therefore be implemented in the functional evalua-
tion of sperm from subfertile men, in order to guide
clinical management properly.

In Chapter 14, S Oehninger, M Arslan (from
Turkey) and DR Franken provide a detailed
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overview of ‘Sperm–zona pellucida binding assays’.
Clinical data have demonstrated that successful
sperm–zona pellucida binding is essential for the
achievement of in vitro fertilization, and that abnor-
malities of this binding step are frequently present in
subfertile men. Human sperm–zona pellucida inter-
action under in vitro conditions reflects multiple
sperm functions, including the acquisition and com-
pletion of capacitation, recognition and binding to
specific zona pellucida receptors and induction of
the physiological acrosome reaction. The authors
provide unequivocal evidence supportive of the use
of sperm–zona pellucida binding assays in the clini-
cal setting.

In Chapter 15, R Henkel (from Germany, now
South Africa) outlines ‘Detection of DNA damage
in sperm’. The author describes a variety of
techniques developed to examine sperm DNA, and
presents a compelling view that testing for DNA
integrity and damage should be introduced into the
routine andrological laboratory work-up.

In Chapter 16, P Patrizio, J Sepúlveda and S
Mehri (from the USA) accurately review the ‘Chro-
mosomal and genetic abnormalities in male infertil-
ity’. The authors outline a multitude of genetic and
chromosomal aberrations diagnosed in infertile men,
as well as detection methods and clinical signifi-
cance. Based on the evaluated data, the authors out-
line a defined algorithm for genetic evaluation of the
infertile male/infertile couple prior to and after
ICSI.

In Chapter 17, RJ Aitken and LE Bennetts (from
Australia) elegantly describe ‘Reactive oxygen species
and their impact on fertility’. The authors unequiv-
ocally demonstrate that excessive production or
exposure to reactive oxygen species is both statisti-
cally and causally associated with defective sperm
function and DNA damage.

In Chapter 18, TI Siebert (from South Africa),
FH van der Merwe (from South Africa), TF Kruger
(from South Africa) and W Ombelet (from Bel-
gium) outline ‘How do we define male subfertility
and what is the prevalence in the general popu-
lation?’. The authors critically discuss present stan-
dards for the definition of male subfertility/
infertility and their drawbacks, and introduce
new thresholds based upon worldwide-derived
experience.

In Chapter 19, R Henkel (from Germany, now
South Africa) presents detailed information on
‘DNA fragmentation and its influence on fertiliza-
tion and pregnancy outcome’. Over the past few
years, the interest of scientists and clinicians has
focused on the influence and involvement of sperm
DNA fragmentation on and in fertility, as this
parameter may have a serious impact on fertilization
and pregnancy. The author thoroughly describes the
potential mechanisms that may lead to DNA dam-
age during spermatogenesis and sperm maturation.

In Chapter 20, M-L Windt (from South Africa)
extends these concepts with a detailed analysis of
‘The impact of the paternal factor on embryo qual-
ity and development: the embryologist’s point of
view’. The author delineates the limitations of cur-
rent methodologies used in the IVF laboratory to
assess the impact of the male factor and to select
embryos for transfer. Many studies have focused on
embryo selection, and, especially since single-
embryo transfer has become a goal in many coun-
tries, methods for selection of the genetically normal
spermatozoon with the potential to contribute to
normal embryo development are under current and
active investigation.

Section 3 delineates the ‘Therapeutic alternatives
for male infertility’.

In Chapter 21, M Arslan, S Oehninger and TF
Kruger carry out a thorough description of the ‘Clin-
ical management of male infertility’. The authors
examine the causes and diagnostic and therapeutic
management of the most common clinical scenarios,
with emphasis on isolated and combined oligo-
astheno-teratozoospermia. The chapter provides
defined avenues to be pursued following a state-of-
the-art diagnostic screening.

In Chapter 22, VM Brugh and DF Lynch (from
the USA) present an update on ‘Urological interven-
tions for the treatment of male infertility’. This team
of urologists elegantly describes varicocele repair,
cryptorchidism and orchiopexy, disorders of ejacula-
tion, ductal obstruction, vasovasostomy versus ICSI,
congenital bilateral absence of the vas deferens and
testis biopsy techniques.

In Chapter 23, G Haidl (from Germany) out-
lines ‘Medical treatment of male infertility’. The
author carefully presents medical options based on
objective evidence as related to: (1) specific treat-
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ment (cases where hormonal supplementation is
indicated in the form of gonadotropins, gonado-
tropin releasing hormone (GnRH), androgens, treat-
ment of emission and ejaculatory disturbances and
anti-infectious agents); and (2) empirical treatment
(use of antiestrogens, aromatase inhibitors, puri-
fied/recombinant follicle stimulating hormone
(FSH), antioxidants, carnitines, mast-cell blockers,
phosphodiesterase inhibitors, zinc salts, kallidino-
genase, adrenoceptor antagonists and antiphlogistic
treatment).

In Chapter 24, FH Comhaire and AMA Mah-
moud (from Belgium) share their extensive experi-
ence on ‘Male tract infections: diagnosis and treat-
ment’. The understanding of the link between
infection of the accessory sex glands and reduced
male fertility is scientifically acquired and diagnostic
tools are available, but results of antibiotic treatment
in terms of fertility remain disappointing. The latter
is probably due to the irreversibility of functional
damage caused by chronic infection/inflammation.
The authors stress that prevention, early diagnosis
and adequate treatment of infections of the male
tract, both trivial and sexually transmitted, are of
pivotal importance.

In Chapter 25, GS Nakhuda and MV Sauer (from
the USA) describe ‘Sperm-washing techniques for the
HIV-infected male: rationale and experience’. The
authors review the clinical aspects of providing fertil-
ity care for HIV-positive men and their uninfected
female partners, focusing on the technical facets of
sperm processing and options available for treatment.

In Chapter 26, AE Semprini and L Hollander
present their extensive observations on ‘Treatment of
HIV-discordant couples – the Italian experience’,
and discuss the evidence regarding human immun-
odeficiency virus (HIV) transmission and safe par-
enthood in men infected with HIV. Reproductive
counseling and semen washing with ART are the
milestones in offering reproductive assistance to
these individuals.

In Chapter 27, W Ombelet and M Nijs (from
Belgium) outline the current status of ‘Artificial
insemination using homologous and donor semen’.
The authors argue that there is clear evidence in the
literature that this low-complexity therapy can be
offered as a first-line treatment in most cases of mild
and moderate male-factor infertility, resulting in

acceptable pregnancy rates, before starting more
invasive and more expensive techniques of assisted
reproduction such as IVF and ICSI. A detailed
description of indications, techniques, results and
cost-efficiency is presented.

In Chapter 28, A van Steirteghem (from Bel-
gium) reviews ‘Intracytoplasmic sperm injection: cur-
rent status of the technique and outcome’. Based on
the pioneer work performed at his center, the author
discusses the indications for and technique of ICSI,
the outcome and children’s health (including preg-
nancy complications, major malformations, possible
causes of adverse outcome and multiple pregnancies).

In Chapter 29, V Vernaeve (from Spain) and H
Tournaye (from Belgium) examine the techniques and
indications of ‘Sperm retrieval for intracytoplasmic
sperm injection’. The authors present a sophisticated
description of surgical sperm retrieval in patients
with obstructive and non-obstructive azoospermia,
and predictive factors for success and outcome. They
present an in-depth discussion of clinical questions,
including testicular sperm extraction (TESE) by
open biopsy or by percutaneous fine needle aspira-
tion, multiple testicular biopsies or a single testicular
biopsy, microsurgical or conventional testicular
sperm extraction, how many TESE procedures and
adverse effects of testicular sperm extractions.

In Chapter 30, G Huszar, A Jakab, C Celik-
Ozenci and GL Sati (from the USA) elegantly
describe ‘Hyaluronic acid binding by human sperm:
andrology evaluation of male fertility and sperm
selection for intracytoplasmic sperm injection’. This
group of authors introduces the novel concept of an
association between a testis-expressed chaperone
protein, sperm cellular maturity and function,
including fertilizing potential, and frequencies of
aneuploidy in human spermatozoa.

In Chapter 31, R Sa, M Sousa, N Cremades, C
Alves, J Silva and A Barros (from Portugal) outline
‘In vitro maturation of spermatozoa’. At present, the
major goal of somatic cell–germ cell coculture sys-
tems is to establish a minimum of conditions that
can artificially keep alive a more or less functional
epithelium for a reasonable period of time. This
group of investigators share their extensive experi-
ence with experimental studies of animal and human
spermiogenesis in vitro. The objectives are directed
not only to produce gametes in vitro for those cases
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Color plate 1 (Figure 5.1) Chromosome organization in human sperm. (a) Chromosome territory: chromosome 6 (CHR6) (green)
was localized using a painting probe. Total DNA counterstained with propidium iodide (PI) (red). (b) Centromeres (green) were
visualized using immunofluorescence with antibodies against CENP-A (centromere protein A). Total DNA counterstained with PI (red).
(c) Fluorescence in situ hybridization (FISH) using TTAGGG probe (yellow/green) shows that the majority of telomeres are joined as
dimers and tetramers. Subtelomeric sequences located at the p and q arms of one chromosome are spatially close. Total DNA
counterstained with PI (red). (d) Subtelomeric sequences located at the p and q arms of chromosome 3 (subTEL3q, pink; subTEL3p,
emerald) are spatially close. Total DNA counterstained with diamidino-2-phenylindole (DAPI) (blue). (e) FISH using arm-specific
probes microdissected from CHR1 (1q, green; 1p, red) indicates looping of this chromosome. Total DNA counterstained with DAPI
(blue). (f) Schematic model of sperm nuclear architecture. Selected chromosome territories (pink and ocher), telomeres (TEL) (green
circles) and centromeres (CEN) (red circles) are shown within a section through the nucleus. Non-homologous CEN are clustered
into a chromocenter, while TEL interact at the nuclear periphery. Modified from Ward and Zalensky 1996 (reference 38)
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Color plate 4 (Figure 30.1) Left panel: Mature (a) and diminished-maturity sperm with cytoplasmic retention (b–e) after creatine
kinase (CK) immunostaining. Right panel: CK-immunostained sperm–hemizona complex. Observe that only the clear-headed
mature spermatozoa without cytoplasmic retention are able to bind
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Color plate 2 (Figure 2.3) Immunofluorescence analysis of fixed and permeabilized human spermatozoa. Confocal microscopy
of double immunolabeling for tyrosine phosphorylated proteins ((b), PY20 antibody, green) and Akinase anchoring protein 3
(AKAP3) ((d), anti-AKAP3 antibody, red) reveals positivity for both antibodies in sperm tails. Simultaneous analysis of dual
fluorescence confirms that tyrosine phosphorylation corresponds to AKAP3 in the tail ((f), double fluorescence, yellow). (a), (c), (e),
negative controls without primary antibody. From reference 9, with permission
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Color plate 3 (Figure 5.2) Determination of chromosome intranuclear localization using fluorescence in situ hybridization (FISH)
with painting probes. (a) Typical patterns of chromosome 1 (CHR1) painting probe hybridization (yellow) in normal sperm. (b) Typical
patterns of CHR1 arm-specific probe hybridization (1p, green; 1q, red) in normal sperm. (c) Patterns of CHR1 hybridization in three
samples of abnormal sperm. 
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Color plate 5 (Figure 30.2) Human testicular biopsy tissues
immunostained with HspA2 antiserum. Sections represent
lower (upper panel) and high (lower panel) magnifications to
illustrate the tubular structure, and staining pattern of the
adluminal area. HspA2 expression begins in meiotic
spermatocytes, but is predominant during terminal spermio-
genesis in elongated spermatids and spermatozoa

RB

HspA2 expression

Plasma membrane remodeling
(Zona-binding site)

Normal maturation

↑LP

Abnormal head shape

Chromosomal
aneuploidies

Cytoplasmic
retention

Cytoplasmic extrusion
DNA degeneration

Deficient zona binding

Diminished fertility in
conventional fertilization

Diminished maturation

HspA2

Color plate 6 (Figure 30.3) A model of normal and
diminished maturation of human sperm. In normal sperm,
maturation HspA2 is expressed in the synaptonemal complex
of spermatocytes, supporting meiosis. HspA2 is likely also
involved in the processes of late spermiogenesis, such as
cytoplasmic extrusion (represented by loss of the residual
body, RB), plasma membrane remodeling and formation of the
zona pellucida- and hyaluronic acid-binding sites (change from
blue to red membrane and stubs). Diminished-maturity sperm
lack HspA2 expression, which causes meiotic defects and a
higher rate of retention of creatine kinase (CK) and other
cytoplasmic enzymes, increased levels of lipid peroxidation
(LP) and consequent DNA fragmentation, abnormal sperm
morphology and deficiency in zona and hyaluronic acid binding
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Color plate 7 (Figure 30.4) Sperm movement patterns on the hyaluronic acid-coated spots used for sperm selection. Mature
sperm are bound, and diminished-maturity sperm remain motile. Sperm are stained with cyber green DNA stain (Molecular Probes,
Eugene, OR) that permeates viable sperm

ba

Color plate 8 (Figure 31.4) Cocultures. Fluorescence in situ hybridization (FISH) analysis of spermatogonia A (SGA), primary
spermatocytes (ST1), secondary spermatocytes (ST2) and early round spermatids (Sa1). 18 = violet, X = yellow, Y = red
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Section 1

Basic concepts: sperm physiology
and pathology
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3

1

Anatomy and molecular morphology of the
spermatozoon

Christaan F Hoogendijk, Thinus F Kruger, Roelof Menkveld

INTRODUCTION

This chapter summarizes light and electronmicro-
scopic features that outline the basic character-
istics of the anatomy of the human spermatozoon.
Furthermore, sperm chromosomes are discussed
in terms of the highly ordered and specific struc-
ture and packaging of the chromatin, together
with the potential relationship between the
increased incidence of numerical chromosomal
aberrations and abnormal sperm morphology
observed in infertile men.

LIGHT AND ELECTRON MICROSCOPIC
MORPHOLOGICAL CHARACTERISTICS
OF SPERMATOZOA

Spermatozoa are highly specialized and condensed
cells that do not grow or divide. A spermatozoon
consists of a head, containing the paternal hered-
ity material (DNA), and a tail, which provides
motility (Figures 1.1 and 1.2). The spermatozoon
is endowed with a large nucleus, but lacks the
large cytoplasm that is characteristic of most
somatic cells. Men are unique among mammals in
the degree of morphological heterogeneity of
spermatozoa found in the ejaculate1–3.

Head

Connecting piece

Midpiece

Flagellum

Principal piece

End segment

Acrosomal cap

Equatorial segment

Postacrosomal region

Figure 1.1 Schematic drawing of light microscopic human
spermatozoon

Sperm head

Light microscopy

Human spermatozoa are classified using bright-
field microscope optics on fixed, stained speci-
mens2,3. The heads of stained human spermatozoa
are slightly smaller than the heads of living
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spermatozoa in the original semen, although the
shapes are not appreciably different4. The normal
head should be oval in shape. Allowing for the
slight shrinkage that fixation and staining induce,
the length of the head is about 3–5 µm, and the
width 2–3 µm. These values span the 95% confi-
dence limits of comparative data for both Papani-
colaou-stained and living sperm heads4. Two
slightly different types of normal spermatozoa
head forms have been described, based on sper-
matozoa found in endocervical canal mucus after
coitus3. The first and most common form, as
identified under the microscope with bright-field
illumination, is the perfectly smooth oval head;
the second form is oval, still having a smooth or
regular contour, but being slightly tapered at the
postacrosomal end3. Since diversity is a fact of all
biological systems, trivial variations must be
regarded as normal3.

The following head aberrations can be
observed: head shape/size defects, including large,

small, tapering, pyriform, amorphous, vacuolated
(> 20% of the head surface occupied by unstained
vacuolar areas), and double heads, or any combi-
nation of these5. Human spermatozoa have a well-
defined acrosomal region constituting about two-
thirds of the anterior head area2,3,5. They do not
exhibit an apical thickening like many other
species, but show a uniform thickness/thinning
towards the end, forming the equatorial segment.
Because of this thinning, the area is visualized as
more intensely stained when examined with the
light microscope. Depending on this staining
intensity, the acrosome will appear to cover
40–70% of the sperm head.

Scanning electron microscopy

Scanning electron microscopy (SEM) is useful for
demonstration of the surface structures of sperma-
tozoa in great detail. Owing to its three-
dimensional image, furthermore, it is possible to
observe and interpret the complex structure of a

Mature spermatozoon Head

Neck

Midpiece

Proximal part of tail

Distal and end
part of tail

Mitochondria

9 Peripheral fibrils

9 Double fibrils

Fibril sheath

2 Central fibrils

Nucleus

Acrosome

Vacuoles

Cell membrane

Postacrosomal
envelope

Figure 1.2 Light and electron microscopic diagrams of human spermatozoon
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human spermatozoon more easily and completely
than with either light or transmission electron
microscopy. The sperm head is divided into two
unequal parts by a furrow that completely encir-
cles the head, i.e. the acrosomal and postacroso-
mal regions. The acrosomal region can represent
up to two-thirds of the head length and, in some
cases, a depression is noted in this area, which is
regarded as morphologically normal. The equato-
rial segment is not always clearly visible with
SEM. Just after the equatorial segment is the
beginning of the postacrosomal region, which is
marked by maximal thickness and width of the
spermatozoon. The postacrosomal region is
divided into two parts by the posterior ring, form-
ing two equal bands. The band closest to the acro-
some stands out1. The surface of the human sper-
matozoon, washed free of seminal plasma, appears
smooth, without coarse particles. The only excep-
tion is the acrosome, especially the anterior part,
that may frequently appear rough1.

Light and electron microscopic and molecular
morphological characteristics of spermatozoa

The electron microscopic morphological charac-
teristics of human spermatozoa are presented in
Figures 1.2–1.6. The sperm head is a flattened
ovoid structure consisting primarily of the
nucleus. The acrosome is a cap-like structure cov-
ering the anterior two-thirds of the sperm head
(Figures 1.2 and 1.3), which arises from the Golgi
apparatus of the spermatid as it differentiates into
a spermatozoon. Unlike in other mammalian
species, the acrosome of the human spermatozoon
does not exhibit apical thickening, but has an
anterior segment of uniform thickness. The acro-
some contains several hydrolytic enzymes, includ-
ing hyaluronidase and proacrosin, which are nec-
essary for fertilization1.

During fertilization of the egg, the enzyme-
rich contents of the acrosome are released at the
time of acrosome reaction. During fusion of the
outer acrosomal membrane with the plasma mem-
brane at multiple sites, the acrosomal enzymes are
released. The anterior half of the head is then

Acrosome
cap

Vacuoles

Nucleus

Proximal
centriole

Equatorial 
segment
of acrosome

Neck region

Mitochondria

Figure 1.3 Schematic drawing of longitudinal section of
sperm head

devoid of plasma and outer acrosomal membrane
and is covered only by the inner acrosomal mem-
brane6. The equatorial segment of the acrosome
persists more or less intact, since it does not par-
ticipate in the acrosome reaction (Figure 1.3).

The posterior portion of the sperm head is cov-
ered by the postnuclear cap, which is a single
membrane. The equatorial segment consists of an
overlap of the acrosome and the postnuclear cap
(Figure 1.3). The nucleus (Figure 1.3), constitut-
ing 65% of the head, is composed of DNA conju-
gated with protein. The chromatin within the
nucleus is very compact, and no distinct chromo-
somes are visible. Sperm nuclei can have incom-
plete condensation with apparent vacuoles. The
genetic information carried by the spermatozoon
is ‘encoded’ and stored in the DNA molecule,
which is made up of many nucleotides. The hered-
itary characteristics transmitted by the sperm
nucleus include sex determination1.
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Molecular morphology

The sperm chromosome structure is very com-
plex. Some of the attributes are similar to somatic
cell DNA organization and others are unique to
spermatogenic cells. Sperm DNA packaging can
be subdivided into four levels.

Level I: chromosomal anchoring by the nuclear
annulus The two strands of naked DNA which
make up each chromosome are attached to a
sperm-specific structure, the nuclear annulus. This
represents a novel type of DNA organization,
termed chromosomal anchoring, that is found
only in spermatogenic cells. The nuclear annulus
is shaped like a bent ring, and is about 2 µm in
length. It is found only in sperm nuclei, although
it is currently unknown at what stage of spermio-
genesis it is first formed. So far there is no evi-
dence for a nuclear annulus-like structure in any
somatic cell type. In contrast, there is evidence of
its existence in hamster7, human8, mouse and
Xenopus sperm nuclei. Its existence in a wide vari-
ety of species suggests a fundamental role in sperm
function.

Unique DNA sequences were found to be asso-
ciated with the nuclear annulus. Ward9 termed
these sequences NA-DNA. The existence of these
unique sequences suggests that the nuclear annu-
lus anchors chromosomes according to particular
sequences and not by random DNA binding. By
organizing the chromosomes so that the NA-
DNA sites of each chromosome are aggregated
onto one structure, the nuclear annulus may also
affect the determination of sperm nuclear shape.
For example, in the hamster spermatozoon, the
longer chromosomes may extend into the thinner
hook of the nucleus, while a portion of every chro-
mosome is located at the nuclear annulus. This is
supported by image analysis of the distribution of
DNA throughout the hamster sperm nucleus,
which demonstrates that the highest concentra-
tion of DNA in the packaged sperm nucleus is at
the base, where the nuclear annulus is located; in
contrast, the lowest concentration of DNA is in
the hooked portion10.
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This hypothesis is further supported by elec-
tron microscopic evidence that the chromatin near
the implantation fossa is one of the first areas to
condense during spermiogenesis11. Thus, the
nuclear annulus may represent the only known
aspect of sperm chromatin condensation that is
specific for individual chromosome sites.

Level II: sperm DNA loop domain organiza-
tion Anchored chromosomes are organized into
DNA loop domains. Parts of the nuclear matrix,
protein structural fibers, attach to the DNA every
30–50 kb by specific sequences termed matrix
attachment regions (MARs). This arranges the
chromosome strands into a series of loops. This
type of organization can be visualized experimen-
tally in preparations known as nuclear halos.
Halos consist of loops of naked DNA, 25–100 kb
in length, attached at their bases to the matrix.
Each loop domain visible in the nuclear halo con-
sists of a structural unit of chromatin that exists in
vivo in a condensed form.

The organization of DNA into loop domains
is the only type of structural organization resolved
thus far that is present in both somatic and sperm
cells. In somatic cells, DNA is coiled into nucleo-
somes, then further coiled into a 30-nm solenoid-
like fiber and then organized into DNA loop
domains. The corresponding structures in sperm
chromatin have a very different appearance. Prot-
amine binding causes a different type of coiling,
and DNA is folded into densely packed toroids,
but still organized into loop domains. Mammalian
sperm nuclei contain a small amount of histones
that are presumably organized into nucleo-
somes12,13, but most of the DNA is reorganized by
protamines. This means that with the evolution-
ary pressure to condense sperm DNA, all aspects
of chromatin structure are sacrificed other than
organization of the DNA into loop domains. This
suggests that DNA loop domains play a crucial
role in sperm DNA function.

Level III: protamine decondensation The binding
of protamines condenses the DNA loops into
tightly packaged chromatin. DNA protamine
binding forms toroidal or doughnut-shaped struc-
tures in which the DNA is very concentrated14.
During spermiogenesis, histones, the DNA-
binding proteins of somatic spermatogenic pre-
cursor cells, are replaced by protamines. Since his-
tone-bound DNA requires much more volume
than the same amount of DNA bound to pro-
tamines15, this change in chromatin structure
probably accounts for some of the nuclear con-
densation that occurs during spermiogenesis. Pro-
tamines bind DNA along the major groove; this
completely neutralizes DNA so that neighboring
DNA strands bind to each other by van der Waals
forces. Protamine binding leads to condensation
and preservation of the DNA loop domain organ-
ization present in the round spermatid9.

Level IV: chromosome organization The results of
several studies10,16,17 have led to the proposal of a
model18 in which there are limited constraints on
the actual position of the chromosomes in the
sperm nucleus. The NA-DNA sequences are

Midpiece

Dense 
fibers

Cell membrane

Flagellum

MitochondriaDoublet tubules

Central pair

Fibrous sheath

Principal piece

Figure 1.6 Cross-section of human sperm tail
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located at the base of the nucleus, centromeres are
located centrally and telomeres are located periph-
erally. Outside these three constraints, the folding
of the chromosomal p and q arms is flexible.

Sperm tail

Light microscopy

Sperm tail formation arises at the spermatid stage.
During spermatogenesis the centriole is differenti-
ated into three parts: midpiece, main or principal
piece and endpiece (Figures 1.1 and 1.2). The
midpiece is of similar length to the head, and is
separated from the tailpiece by a ring, the annulus
(Figure 1.5). The following tail aberrations can be
observed:

• Neck and midpiece aberrations include their
absence (seen as ‘free’ or ‘loose’ heads), non-
inserted or ‘bent’ tail (the tail forms an angle of
about 90° with the long axis of the head), dis-
tended/irregular/bent midpiece, abnormally
thin midpiece (i.e. no mitochondrial sheath) or
any combination of these5;

• Tail aberrations include short, multiple, hair-
pin, broken (angulation > 90°) tails, irregular
width, coiling tails with terminal droplets or
any combination of these5;

• Cytoplasmic droplets greater than one-third of
the area of a normal sperm head are considered
abnormal. They are usually located in the
neck/midpiece region of the tail, although
some immature spermatozoa may have a cyto-
plasmic droplet at other locations along the
tail3,5. The endpiece is not distinctly visualized
by light microscopy.

Scanning electron microscopy

With SEM the tail can be subdivided into three
distinct parts, i.e. midpiece, principal piece and
endpiece. In the midpiece the mitochondrial
spirals can be clearly visualized. This ends abruptly
at the beginning of the midpiece. The midpiece

narrows towards the posterior end. A longitudinal
column and transverse ribs are visible. The short
endpiece has a small diameter due to the absence
of outer fibers1.

Transmission electron microscopy

The midpiece possesses a cytoplasmic portion and
a lipid-rich mitochondrial sheath that consists of
several spiral mitochondria, surrounding the axial
filament in a helical fashion (Figures 1.2, 1.5 and
1.6). The midpiece provides the sperm with the
energy necessary for motility. The central axial
core of eleven fibrils is surrounded by an addi-
tional outer ring of nine coarser fibrils (Figures 1.2
and 1.6). Individual mitochondria are wrapped
around these outer fibrils in a spiral manner to
form the mitochondrial sheath, which contains
the enzymes involved in the oxidative metabolism
of the sperm (Figures 1.2 and 1.4–1.6). The mito-
chondrial sheath of the midpiece is relatively
short, being slightly longer than the combined
length of the head and neck1.

The principal piece (main piece), the longest
part of the tail, provides most of the propellant
machinery. The coarse nine fibrils of the outer
ring diminish in thickness and finally disappear,
leaving only the inner fibrils in the axial core for
much of the length of the principal piece (Figure
1.2)19. The fibrils of the principal piece are sur-
rounded by a fibrous tail sheath, which consists of
branching and anastomosing semicircular strands
or ‘ribs’ held together by their attachment to two
bands that run lengthwise along opposite sides of
the tail1. The tail terminates in the endpiece with
a length of 4–10 µm and a diameter of < 1 µm.
The small diameter is due to the absence of the
outer fibers and sheath and distal fading of micro-
tubules.

SPERM MORPHOLOGY AND
CHROMOSOMAL ANEUPLOIDIES

Many authors have studied the association
between abnormal sperm shape and increased

MALE INFERTILITY8
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morphology. In men with increased levels of
globozoospermia, shortened flagella syndrome or
sperm with acrosomal abnormalities, no assoc-
iation was found between sperm shape and
numerical chromosomal aberrations31.

In another study, De Vos and co-workers32

determined the influence of individual sperm
morphology on fertilization, embryo morphology
and pregnancy outcome after intracytoplasmic
sperm injection (ICSI). With regard to the differ-
ent morphological defects observed, they found
the following fertilization rates: 63.4% (52 of 82)
for spermatozoa with elongated heads; 63.3%
(124 of 196) for spermatozoa with cytoplasmic
droplets; 59.6% (223 of 374) for spermatozoa
with amorphous heads; and 34.1% (15 of 44) for
spermatozoa with broken necks. One hundred
and one injected spermatozoa showed a combina-
tion of two morphological defects (overall fertil-
ization rate, 57.4%). No fertilization ensued from
six round-headed spermatozoa lacking acrosomes,
and 12 spermatozoa showing vacuoles in their
acrosomes provided a fertilization rate of 66.6%.
These authors concluded that sperm morphology
assessed at the moment of ICSI correlated well
with fertilization outcome but did not affect
embryo development. Furthermore, the implanta-
tion rate was lower when only embryos resulting
from injection of abnormal spermatozoa were
available.

Recently, Celik-Ozenci and co-workers33 stud-
ied the relationship between sperm shape and
numerical chromosomal aberrations in individual
spermatozoa, using FISH, objective morphometry
and sperm dimension and shape assessment, along
with Tygerberg strict criteria. The results indicate
that numerical chromosomal aberrations can be
present in sperm heads of any size or shape, but
the risk is greater with amorphous sperm. Even
the most normal-appearing sperm with normal
head and tail size could be disomic or diploid,
although diploidy is less prevalent with normal
sperm dimensions and shape.

ANATOMY AND MOLECULAR MORPHOLOGY OF THE SPERMATOZOON 9

frequency of aneuploidies. The conclusions of
these studies are inconsistent; this is most proba-
bly because the sperm attributes were evaluated in
the same semen sample, but not in the same
sperm. As early as 1991, Martin studied sperm
karyotypes20. She demonstrated that all chromo-
somes undergo nondisjunction during spermio-
genesis, but that the G-group chromosomes (21
and 22) and the sex chromosomes have a signifi-
cantly increased frequency of aneuploidy. Using
fluorescence in situ hybridization (FISH), Spriggs
and co-workers21 determined that most chromo-
somes have a disomy frequency of approximately
0.1% (1/1000); in contrast, the sex chromosomes
and chromosomes 21 and 22 have a significantly
increased frequency of aneuploidy. Thus, the sex
chromosome bivalent and the G-group chromo-
somes are more susceptible to nondisjunction dur-
ing spermatogenesis.

Bernardini et al.22 suggested a relationship
between increased frequencies of aneuploidy and
diploidy in semen samples containing spermato-
zoa with enlarged heads. Several other studies have
concluded that morphologically abnormal sperm
may also have a significantly increased risk for
being aneuploid23–27. An interesting report, based
on the examination of sperm injected into mouse
oocytes, suggested that in semen samples with
high incidences of amorphous, round and elon-
gated sperm heads, there was an increased propor-
tion of structural chromosome abnormalities,
such as chromosome and chromatid fragments
and dicentric and ring chromosomes, but no
increase in numerical chromosomal aberrations28.
Further, Ryu et al.29 studied 120 normal and
abnormal sperm (according to Tygerberg strict cri-
teria) each in eight men, and concluded that nor-
mal morphology is not a valid indicator for the
selection of sperm with haploid nuclei. Rives et
al.30 showed that although the disomy frequencies
of infertile males were directly related to the sever-
ity of oligozoospermia, there was no relationship
between aneuploidy frequency and abnormal
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CONCLUSIONS

Although many of the structures described here,
especially the ultrastructural characteristics based
on electron microscopy studies, are not visible by
standard light microscopic examination, a basic
knowledge of these structures is very important
for the correct evaluation and interpretation of
sperm morphology. In turn, this information will
assist the clinician in the estimation of male fertil-
ity potential.

From the molecular structure of the sperm, it
is evident that the sperm DNA is packaged within
the nucleus in an extremely complex and ordered
fashion; there is, however, some degree of flexibil-
ity to this organization. A detailed model of how
chromosomes are packaged in the sperm nucleus
is gradually emerging; implications of this knowl-
edge are already having an impact upon the study
of fertility, particularly in preparations of nuclei
for ICSI, diagnosis of semen samples and under-
standing the fate of sperm DNA after fertiliza-
tion. As our knowledge of sperm chromatin
increases, it is becoming more evident that visual
assessment is an unreliable method for selection
of sperm for ICSI. More specific methods for
sperm selection, such as hyaluronic acid bind-
ing34, may alleviate the problem of fertilization
with sperm of diminished maturity and genetic
integrity during ICSI.
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2

Physiology and pathophysiology of sperm
motility

Michaela Luconi, Elisabetta Baldi, Gustavo F Doncel 

INTRODUCTION

Mammalian spermatozoa become motile and
acquire the ability to swim during their transit
from the testis to the oviduct. These changes are
initiated and controlled by several extra- and
intracellular factors, which also play a pivotal role
in regulating the acquisition of hyperactivated
motility and chemotaxis.

This chapter summarizes the mechanochem-
ical basis of sperm movement, placing special
emphasis on the regulatory factors involved in
acquisition and maintenance of sperm motility,
hyperactivation and chemotaxis. It also covers the
molecular basis of asthenozoospermia, a sperm
pathology characterized by reduced sperm motil-
ity, which represents one of the main causes of
male infertility. Finally, it presents systemic and in
vitro therapeutic approaches for asthenozoosper-
mia, along with the most recent findings on phar-
macological and physiological molecules capable
of stimulating sperm motility.

MECHANOCHEMICAL BASIS OF SPERM
MOTILITY

Sperm swimming is characterized by a rhythmic,
three-dimensional, asymmetric movement of the
flagellum. This unique movement is assured by

the complex organization of the flagellum (Figure
2.1). With the exception of the distal part (end-
piece) containing only the central couple of
microtubules, the entire flagellum is organized in
a cylindrical structure called the axoneme, consist-
ing of nine pairs of tubulin A and B microtubules
(doublets) connected to each other by nexin arms
and to the central doublet by radial spokes. Each
microtubule doublet is externally anchored to
nine asymmetric outer dense fibers (ODFs),
which are surrounded by the fibrous sheath in the
principal piece and packed by mitochondria in the
middle piece of the sperm tail (Figure 2.1). The
base of the flagellum is thickened by a connecting
piece consisting of nine segmented columns which
distally fuse with the corresponding ODFs2, and is
responsible for the transmission of tail movement
to the head. The reciprocal sliding of each pair of
microtubules originates from the sequential
anchoring of the dynein arms to the neighboring
doublet and adenosine triphosphate (ATP)-
dependent generation of sliding force. This sliding
results in bends of alternating direction, which
propagate the oscillation along the tail. The asym-
metry of the axonemal structure as well as the
outer microtubule connections to the central
doublet and the ODF–fibrous sheath complexes
confer a helical shape to the propagating flagellar
beat. ODFs are essential for the development of
forward motility in the mature sperm, and their
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structure and number are highly conserved
throughout evolution. In particular, their cross-
sectional area correlates positively with the length
of the flagellum3.

Oscillations can originate in different regions
of the flagellum; however, the beat frequency
seems to be controlled by the basal region, which
acts as a sort of pacemaker. Although different
models have been proposed, the mechanism
underlying the initiation of a new bend at the fla-
gellar base is still unknown4. A recent paper on a
knock-out mouse model for the functional dynein
heavy chain has demonstrated the importance of
these arms on the development of sperm motility5.
In fact, mice in which the dynein inner-arm heavy

chain gene has been deleted show asthenozoosper-
mic characteristics, with the majority of spermato-
zoa unable to achieve forward progressive motility.
In such spermatozoa, the outer dense fibers retain
their attachments to the inner surface of the mito-
chondria. These links are essential in normal sper-
matozoa for midpiece development, but disappear
when spermatozoa acquire the ability to swim
upon release from the epididymis. Conversely, dis-
ruption of dynein inner-arm heavy chains in
knock-out mice results in insufficient force to
overcome these bridges, and spermatozoa are
unable to undergo normal tail bending.

Energy to support the sliding force of the
microtubules is provided by ATP, which is

Microtubule
pairs (MP) Outer dynein arm

Inner dynein arm

B-subunit

A subunit

Radial spoke
(RS)

Nexin link

Plasma
membrane (PM)

Outer dense
fibers (ODF)

Central pair (CP)

1
2

3

4

5
6

7

8

9Principal
piece

Endpiece

Midpiece

MP
CP

MS

ODF

PM
DA

RS

ODF

FS

PM
FS

PM

Connecting
piece

Annulus

Figure 2.1 Schematic representation of a human spermatozoon. (a) Longitudinal section showing head, middle piece, principal
piece and endpiece. The insets on the right show the cytoskeletal organization of the sperm tail in transverse sections at different
levels: middle (top), principal (center) and endpiece (bottom). Electron microscopy of transverse sections of the sperm tail at the
levels of the middle (left) and the principal piece (right) are presented in (c). (b) Drawing showing organization of the axoneme. CP,
central pair; MS, mitochondria; ODF, outer dense fibers; PM, plasma membrane; DA, dynein arms; RS, radial spoke; MP,
microtubule pairs; FS, fibrous sheath. Modified from reference 1, with permission
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hydrolyzed by the dynein ATPase arms associated
with the outer doublets of the microtubules.
Although oxidative phosphorylation in midpiece
mitochondria has long been considered a major
source of ATP, local production of energy in the
sperm principal piece through an alternative gly-
colytic enzyme pathway has recently been pro-
posed as the main source of energy for flagellar
movement. In fact, albeit reduced, motility is still
present when mitochondrial oxidative phosphory-
lation is uncoupled in sperm6. Moreover, these
two metabolic processes are strictly compartmen-
talized to the middle and principal pieces of the
sperm flagellum, and although oxidative phospho-
rylation is more efficient than glycolysis in pro-
ducing ATP, it is unlikely that ATP diffusion from
the former to the latter compartment could supply
enough energy to support flagellar movement in
the distal region of the flagellum. Miki et al.7 ele-
gantly demonstrated that the sperm-specific gly-
colytic enzyme glyceraldehyde-3-phosphate dehy-
drogenase-S (GAPDS, and its human ortholog
GAPD2) is necessary for sperm motility and fer-
tility, since sperm from Gapds(–/–) knock-out
mice, in which oxidative phosphorylation is unaf-
fected, generate only 10.4% of the ATP produced
in wild-type controls. Moreover, sperm motility
was impaired, with virtual absence of forward
movement, and the mice were infertile7. There-
fore, glycolysis seems to be the pivotal metabolism
producing ATP for sperm motility. This concept is
reinforced by the presence of sperm-specific iso-
forms of other glycolytic enzymes such as hexo-
kinase and lactate dehydrogenase, which are
selectively expressed in the sperm principal piece8.

REGULATION OF SPERM
MOTILITY

Upon release from the testis, human and all mam-
malian spermatozoa are immotile. In order to
reach and fertilize the oocyte, they acquire the
ability to swim during their transit through the
epididymis and the female genital tract. Several

extra- and intracellular factors are important for
the development and maintenance of sperm
motility (Figure 2.2). These two processes appear
to be regulated in a similar way. However, the
majority of in vitro studies have been focused on
the maintenance of sperm motility, using ejacu-
lated or caudal epididymal spermatozoa. The fol-
lowing are some of the main factors regulating
sperm movement.

Calcium

Under physiological conditions, calcium is one of
the most important ions regulating human sperm
motility10. However, the role of calcium in acti-
vating spermatozoa has always been regarded as
controversial. Indeed, voltage-gated, cyclic
nucleotide-gated and transient receptor potential
calcium channels have been described along the
plasma membrane of the entire flagellum (for
reviews see references 11 and 12), thus suggesting
the importance of calcium entry for motility.
Transient receptor potential calcium channels
have recently been demonstrated in the sperm tail
and are involved in stimulation of sperm motility
by capacitation-dependent calcium entry13.
Knock-out mice for the newly discovered CatSper
calcium channel specifically expressed in the tail
are infertile due to loss of progressive motility14.
An increase in intracellular calcium levels is also
indirectly implicated in the activation of intra-
cellular calcium stores via inositol 1,4,5-triphos-
phate (IP3) signaling15,16. Upon entry, calcium
activates phospholipases and modulates several
enzyme activities. In particular, the activated
calcium/calmodulin (CaM) complex has been
shown to stimulate sperm motility through direct
interaction with soluble adenylate cyclase
(sAC)17,18, protein kinases19,20, phosphatases21 and
phosphodiesterases22, finally leading to an increase
in cyclic adenosine monophosphate (cAMP) and
phosphorylation of sperm proteins. CaM has been
characterized in sperm axonema and proposed as
the intracellular calcium sensor regulating motil-
ity23. CaM levels are reduced in sperm from
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asthenozoospermic patients24, and inhibitors of
this enzyme negatively affect sperm motility25.
Among CaM target enzymes, Marin-Briggiler et
al.19 characterized a CaM-dependent protein
kinase. Inhibition of the isoform IV of this kinase
results in a specific decrease in motion parameters
and ATP levels without affecting sperm viability,
protein tyrosine phosphorylation or acrosome
reaction19. Incubation of motile sperm in the
absence of calcium dramatically reduces motion
parameters19, suggesting the importance of cal-
cium in the maintenance of human sperm motility.

Extracellular calcium has been demonstrated
to be essential for sperm motility. Evidence also
suggests that its intracellular concentrations must
be strictly regulated to allow for precise timing of
sperm activation26,27. Decreasing levels of external
calcium between the caput and cauda of the epi-
didymis are associated with progressive develop-
ment of sperm motility and an increase in protein

tyrosine phosphorylation28,29. Calcium addition
to demembranated human sperm suppresses
motility30, and increased intracellular calcium
levels following cryopreservation negatively corre-
late with sperm motility and fertilizing ability31.

Although many papers have focused on the
role of calcium entry channels, very little is known
about calcium extrusion from the cell. Recently,
plasma membrane Ca2+/calmodulin-dependent
Ca2+ ATPases (PMCA) have been demonstrated to
be essential for maintaining intracellular calcium
homeostasis32. Indeed, homozygous male mice
with a targeted gene deletion of PMCA isoform 4,
which is highly enriched in the sperm tail, are
infertile due to severely impaired sperm motility.
Furthermore, this detrimental effect can be mim-
icked by inhibition of the enzyme in wild-type
animals, thus supporting the hypothesis of a piv-
otal role of PMCA4 in the regulation of sperm
function and intracellular Ca2+ levels32.

4. Ejaculation5. Forward motility

6. Capacitation

7. Hyperactivation

9. Acrosome reaction

8. Chemotaxis

PAF

ATP
ROS

pH

Cyclic
nucleotides

Ovum

Temperature

Osmolarity

Intracellular Ca2+

Extracellular Ca2+

Phosphatases

HCO3
–

Kinases

10. Fertilization

1. Spermatogenesis

2. Spermiation

3. Epididymal
maturation and
storage

Figure 2.2 Factors regulating sperm motility during the ‘sperm journey’ from the testis (right) to the ovary (left). External and
intracellular factors controlling sperm motility are indicated (oval labels) together with the activation processes (numbered) that
spermatozoa undergo during their transit through the male and female reproductive tracts. ATP, adenosine triphosphate; PAF,
platelet-activating factors; ROS, reactive oxygen species. Modified from reference 9, with permission
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The molecular mechanisms underlying such
striking stimulatory and detrimental effects of cal-
cium on sperm motility are still unclear; however,
they seem to be linked to the activation of con-
current signaling pathways such as those involving
protein kinases and phosphatases. Indeed, calcium
levels must be kept low in order to prevent activa-
tion of phosphatases such as calcineurin27, which
dephosphorylates and inactivates tail proteins
involved in sperm motility27,33. An alternative
hypothesis developed by Aitken’s group suggests
that keeping internal calcium homeostasis in the
presence of high extracellular calcium decreases
ATP availability for tyrosine phosphorylation and
sperm movement34.

Bicarbonate and adenylate cyclases

Bicarbonate has long been demonstrated to
enhance sperm motility in different species both
in vitro and in vivo 35–38. The importance of this
molecule in regulating sperm activation in vivo is
further suggested by the increasing millimolar gra-
dient of HCO3

– that spermatozoa encounter dur-
ing their journey from the testis to the site of fer-
tilization. The increased level of HCO3

– in
seminal plasma compared with the epididymal
fluid may allow motility to develop in the ejacu-
late. Okamura et al.39 showed a positive correla-
tion between lower levels of HCO3- in the semen
of infertile men with poor sperm motility. How-
ever, in male reproductive fluids, HCO3- levels
must be kept low to prevent spermatozoa from
undergoing premature activation and hyperacti-
vated motility, processes that are stimulated by the
3–4-fold higher HCO3

– concentrations present in
the female reproductive tract40.

The molecular mechanism by which HCO3
–

stimulates sperm motility involves a direct activa-
tion of sperm sAC, independent of intracellular
pH41. sAC, which is insensitive to forskolin and
G-protein regulation, and is selectively acti-
vated42–44 by HCO3

–, appears to be the main
adenylate cyclase present in mature spermatozoa,
although different isoforms of the membrane

adenylate cyclase (mAC) have also been
described45–47. In somatic cells, the precise com-
partmentalization of sAC in distinct subcellular
microdomains provides the mechanism for local-
ized cAMP rise specifically to activate protein
kinase A (PKA) in different cellular compart-
ments48,49. In fact, unlike mAC, sAC could diffuse
and generate cAMP at the site where its target
enzyme, PKA, is localized50. Sperm sAC activity,
however, seems to be predominantly associated
with the sperm particulate fraction51.

Mice defective for sAC are infertile, apparently
due to impairment of sperm motility52. Interest-
ingly, motility can be restored in sAC knock-out
mice by cAMP administration52. However, such
treatment does not reverse hyperactivation and
tyrosine phosphorylation defects or the sperm
inability to fertilize, suggesting that sAC is also
necessary for appropriate spermatogenesis and/or
epididymal maturation53. Treating sperm with an
inhibitor of sAC, KH7, the same authors were
able to distinguish between sAC-dependent and
independent processes during mouse sperm capac-
itation, showing that tyrosine phosphorylation of
protein as well as sperm motility and hyperacti-
vation are regulated by sAC, while the acrosome
reaction is not53. A role played by mAC in con-
trolling sperm motility, however, cannot be ruled
out. In fact, selective knock-out of membrane
olfactory adenylate cyclase 3 is associated with
male infertility due to the sperm’s inability to pen-
etrate the zona pellucida. These spermatozoa show
a significant reduction in both motility and acro-
some reaction54.

Kinases and phosphatases

Although abundant evidence indicates the
importance of protein phosphorylation as one of
the key processes in transducing the stimulatory
signals governing motility, little is known about
the specific kinases and phosphatases involved.
Generally, sperm motility has been demonstrated
to be associated with increased tyrosine phospho-
rylation of specific sperm-tail proteins following
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tyrosine and serine–threonine kinase activation.
Furthermore, sperm motility is negatively associ-
ated with phosphatase activation26,29,33,55. Tyrosine
phosphorylated proteins in response to sperm
capacitation are mainly localized in sperm
tails56–58. A defect in the tyrosine phosphorylation
of specific sperm proteins in response to capacita-
tion has been described in asthenozoospermic
patients, associated with reduced motility and
hyperactivation capacity59,60. This defect in pro-
tein tyrosine phosphorylation seems to be linked
to membrane fluidity in spermatozoa from
asthenozoospermic patients60 and infertile men
with varicocele61. Interestingly, even semen from
normozoospermic men present distinct sperm
subpopulations that show different plasma mem-
brane fluidity and ability to undergo protein tyro-
sine phosphorylation and hyperactivation in
response to capacitation62.

Sperm protein phosphorylation is regulated by
a finely tuned balance between kinase and phos-
phatase activities33,63. In particular, the adenylate
cyclase/cAMP/PKA system has been demonstrated
to be involved in tyrosine phosphorylation of dif-
ferent sperm proteins associated with motil-
ity27,56,63–66. cAMP produced by the activation of
adenylate cyclase binds to PKA holoenzyme,
inducing the release and activation of the catalytic
subunit. Sperm treatments enhancing intracellular
cAMP and PKA activity stimulate motility64,67.
Since protein kinase A is a serine–threonine kinase,
it is assumed that in order to stimulate tyrosine
phosphorylation it activates some intermediate
tyrosine kinases. An alternative pathway involving
tyrosine kinase activation upstream to PKA has
recently been reported by our groups55,68,69. In fact,
both inhibition of phosphatidylinositol 3-kinase
(PI3K) by LY294002 and physiological activation
of sAC by bicarbonate stimulate an increase in
intracellular cAMP levels in concurrence with
enhanced tyrosine phosphorylation of the tail scaf-
folding protein, A kinase anchoring protein 3
(AKAP3). Confocal microscopy of fixed and per-
meabilized spermatozoa confirms that capacita-
tion-induced tyrosine phosphorylation of sperm

proteins occurs mainly at the tail and, in particular,
on AKAP3 (Figure 2.3). The stimulated phospho-
rylation of AKAP3 results in an increased binding
of PKA regulatory subunit RIIβ, which is thus
selectively recruited and activated in the sperm tail,
where it interacts with its targets, finally resulting
in an increase in sperm motility. Disruption of
PKA–AKAP3 interaction results in the inhibition
of sperm motility68. Sperm treatment with the
PKA inhibitor H89 results in the inhibition of
sperm motility, but not of AKAP3 tyrosine phos-
phorylation55,68, thus suggesting that PKA is
involved in the regulation of sperm motility down-
stream to tyrosine kinases. Inhibition of motility
and tyrosine phosphorylation following sperm
treatment with H89 has been reported by other
authors, conversely suggesting an upstream effect
of PKA70–72. Such discrepancy could be explained
either by differences in H89 concentrations and
timing of H89 addition or by hypothesizing that
tyrosine phosphorylation affects different targets
upstream and downstream of PKA activation.

The importance of AKAP scaffolding proteins
in regulating sperm motility has recently been
highlighted by targeted disruption of the Akap4
gene, whose product, AKAP4, is closely related to
AKAP3. These mutant mice show defects in
sperm flagella and motility resulting in infertil-
ity73. Contradictory reports exist regarding the
alteration of AKAP genes in men affected by dys-
plasia of the fibrous sheath74,75. However, defects
in the ability of such scaffolding proteins to
undergo tyrosine phosphorylation, thus affecting
PKA recruitment, have not been excluded.

Cell volume and osmolarity

During their transit and maturation through the
epididymis, spermatozoa acquire the ability to reg-
ulate cell volume, a very important process for the
adequate development of motility. In fact, the
osmolarity of the luminal fluid increases from the
testis to the epididymis, and normal spermatozoa
counteract shrinkage by increasing the uptake of
organic osmolytes such as L-carnitine and amino
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Figure 2.3 Immunofluorescence analysis of fixed and permeabilized human spermatozoa. Confocal microscopy of double
immunolabeling for tyrosine phosphorylated proteins ((b), PY20 antibody, green) and A kinase anchoring protein 3 (AKAP3) ((d),
anti-AKAP3 antibody, red) reveals positivity for both antibodies in sperm tails. Simultaneous analysis of dual fluorescence confirms
that tyrosine phosphorylation corresponds to AKAP3 in the tail ((f), double fluorescence, yellow). (a), (c), (e), negative controls
without primary antibody. From reference 9, with permission. See also Color plate 2 on page xxvi
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The role of fluid resorption in sperm matura-
tion in the apical region of the epididymis has
been extensively investigated81. Estrogens control
differential expression of Na+/H+ exchangers82 and
aquaporin channels83 through estrogen receptor α
in the initial segment and caput of the epididymis.
Aquaporin channels (e.g. AQ7) are also expressed
in sperm tails and seem to be important for the
control of cell volume, motility and fertility84.
Therefore, it is conceivable that sperm maturation
in the epididymis may be modulated by active
water transport at two levels: the non-ciliated
epidydimal epithelium and the sperm plasma
membrane. L-carnitine, which is one of the main
osmolytes captured by sperm during their transit
through the epididymis, is essential for acyl trans-
port in the mitochondrial β-oxidation of long-
chain fatty acids, and may also prevent sperm
DNA and membrane damage induced by reactive
oxygen species. Indeed, a positive effect of oral
administration of carnitine in increasing semen
quality, in particular sperm forward motility, in
oligoasthenoteratozoospermic and astheno-
zoospermic patients has been demonstrated in
clinical trials85,86.

Reactive oxygen species

Reactive oxygen species (ROS), in particular hyd-
rogen peroxide, produced either by spermatozoa

acids secreted by the epithelium76. Conversely,
upon ejaculation, spermatozoa are subjected to the
relatively hyposmotic environment of the female
genital tract (osmotic pressure falls from 420 to
300 mmol/kg, from the epididymal cauda to the
uterus76,77), and in order to prevent swelling, sper-
matozoa lose water and osmolytes acquired in the
epididymis. Defects in such a delicate mechanism
of volume regulation can cause an abnormal
increase in sperm head volume and angulation of
the sperm tail76, resulting in defects of sperm
motility and fertility.

A similar hairpin shape in the sperm tail and its
detrimental consequence on motility has been
demonstrated in both c-ros knock-out mice and
following sperm treatment with the ion-channel
blocker quinine78. Interestingly, seminal plasma
osmolarity (intermediate between epididymis and
uterus) is significantly higher in asthenozoo-
spermic patients, irrespective of the cause of
asthenozoospermia, than in normozoospermic
men79. Moreover, seminal osmolarity correlates
negatively with sperm progressive motility and
kinetic characteristics80, suggesting a potential
pathological role for seminal hyperosmolarity in
the reduction of sperm motility in asthenozoo-
spermic subjects. Sperm exposure to low-
osmolarity media such as oviductal and uterine
fluids activates an influx of Ca2+ through
osmolarity-sensitive calcium channels79.
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or seminal leukocytes, have been described to
affect different sperm functions including motil-
ity87. Their effects appear to depend on the con-
centration of ROS; low levels can induce the
cAMP–PKA signaling cascade leading to an
increase in sperm motility and tyrosine phospho-
rylation of proteins associated with capacitation,
while high levels exert an inhibitory effect88,89.
The detrimental action of ROS on sperm motility
has been associated with increased lipid peroxida-
tion of the plasma membrane90.

High production of ROS as well as low anti-
oxidant capacity may account for certain types of
sperm pathology, in particular asthenozoo-
spermia91. In such cases, the use of antioxidants
may be indicated92,93. However, levels of glu-
tathione-dependent seleno-enzymes in human
spermatozoa, which are responsible for more
general protection against ROS, have been
reported to be similar in spermatozoa isolated
from both normozoospermic and asthenozoo-
spermic subjects94.

HYPERACTIVATED MOTILITY

Hyperactivation is a special type of sperm motility
developed in association with the process of capac-
itation in the female genital tract. It can also be
achieved in vitro by seminal plasma removal and
incubation of sperm in capacitating media95. It is
characterized by a more energetic and less sym-
metric flagellar beat, which helps sperm to
progress through the cervical mucus, the oviduct
and, finally, the cumulus oophorus and zona pel-
lucida surrounding the oocyte96–98. Furthermore,
in species in which the oviductal isthmus repre-
sents a reservoir for spermatozoa, this particular
swimming pattern seems to be important for the
release of sperm entrapped in the folds and crypts
of the oviductal epithelium98. In these cases, ovu-
lation appears to induce a modification in the
carbohydrate moieties of the oviductal epithelium,
resulting in the release of fully activated sperm
which have developed hyperactivation. This

phenomenon ensures appropriate timing for the
acquisition of sperm fertilization potential99. The
development of hyperactivation, especially at the
oviducts, may be orchestrated by ovulation, since
follicular fluid has been demonstrated to have a
dose-dependent stimulatory effect on sperm
hyperactivation100,101. The specific component
capable of directly affecting sperm motility, how-
ever, has not yet been isolated102,103.

The importance of adequate timing for hyper-
activation has been demonstrated by the infertile
t-haplotype mice, whose spermatozoa undergo
premature hyperactivation in the female reproduc-
tive tract104. Interestingly, forward progressive
motility and hyperactivation appear to be discon-
tinuous and reversible processes, allowing sperm
to switch alternately from one pattern to the
other105.

Capacitation and hyperactivation are two com-
plementary aspects of sperm activation and
develop simultaneously under physiological con-
ditions. If capacitation is conceptualized as the
complex of physiological changes enabling sperm
to fertilize95, hyperactivation should be considered
as part of such a process. However, they occur as
independent pheomonena. In t-haplotype mice,
spermatozoa show premature hyperactivation, but
normal timing of capacitation in vitro. Although
sharing similar signaling pathways, capacitation
and hyperactivation are distinct processes that
show different thresholds for activating factors.
Indeed, the calcium and bicarbonate concentra-
tions required for hyperactivation are far higher
than those needed for capacitation16,97.

The molecular bases underlying hyperactiva-
tion have been studied by different investigators,
especially using a demembranated sperm model in
which both plasma and mitochondrial mem-
branes were removed by Triton X 100, leaving the
axonemal structure intact and functional97. The
development of hyperactivated and activated
motility share the same signaling pathways and
molecular players; however, different activation
thresholds are involved. In particular, although
ATP and cAMP are able to stimulate motility of
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demembranated spermatozoa, it is only following
the addition of calcium that hyperactivation
begins106, suggesting that this ion is a key regula-
tor of the process97.

Both external sources and intracellular stores
are important for the increase in intracellular cal-
cium levels associated with hyperactivation. Intra-
cellular calcium stores showing inositol 1,4,5-
trisphosphate receptors (IP3R) have been
demonstrated not only in the acrosome15, but also
in the neck of the sperm16. In the distal region of
the sperm neck, the axoneme associates with
mitochondria and is surrounded by a redundant
nuclear envelope, whose enlarged cisternae repre-
sent the flagellum intracellular calcium stores16.
The release of calcium from this structure through
IP3-gated channels seems to initiate sperm hyper-
activation directly97,107, perhaps through the acti-
vation of calmodulin-dependent kinases. Calmod-
ulin kinase II is one of the few discovered calcium
targets in spermatozoa. Upon its activation by the
calcium/calmodulin complex, it specifically stim-
ulates hyperactivation20.

Hyperactivation is also modulated by calcium
entry through plasma membrane-specific channels
such as voltage-gated, receptor-associated, store-
operated and cyclic nucleotide-gated channels (for
reviews see references 11 and 12). A recently dis-
covered family of sperm-specific voltage-operated
calcium channels, the CatSper family, plays a piv-
otal role in the development and maintenance of
sperm motility. The four members of the family
are differentially expressed along the tail. While
CatSper1 seems to regulate sperm-activated motil-
ity14, CatSper2 is important for hyperactivation.
CatSper2 knock-out mice are infertile due to their
inability to develop hyperactivation and penetrate
the zona pellucida; however, capacitation, motility
and the acrosome reaction are normal108. Interest-
ingly, male infertility in a mutant CatSper2 family
has recently been described109.

Similar to activated motility, hyperactivation is
regulated by a complex balance between kinase
and phosphatase activity. Increased tyrosine phos-
phorylation of several sperm proteins in the tail

has been described to be associated with physio-
logical59,66,69,110 and temperature-induced hyper-
activation111. Inhibition of tyrosine and cAMP-
dependent kinases decreases hyperactivated
motility55,69,112, whereas an increase in intracellu-
lar cAMP enhances this type of motility55,69,113.

CHEMOTAXIS AND SPERM MOTILITY

Spermatozoa from invertebrates and mammals
demonstrate attraction to chemoattractants
secreted by the egg. This mechanism plays a piv-
otal role in guiding sperm towards the oocyte,
which is particularly important for those species
characterized by external fertilization. By binding
to sperm-specific receptors, these molecules affect
sperm motility, inducing a directed movement
towards the chemical gradient of the chemoattrac-
tant (chemotaxis). In the sea urchin, speract
secreted by the eggs induces, in a species-specific
manner, a sperm chemotactic response by stimu-
lating a transmembrane guanylate cyclase receptor
complex associated with K+ channels preferentially
localized along the flagellum, which results in an
increase in intracellular cAMP and calcium114,115.

In vitro induction of chemotaxis by follicular
fluid (FF) has been extensively demonstrated in
human sperm116. Progesterone117 and chemokines
such as RANTES (T)118 have been suggested to be
the active components of FF involved in sperm
chemotaxis, even when the major effect of the
steroid appears to be on sperm hyperactivation
rather than on chemotaxis119. Furthermore,
odorant-like molecules, through their specific
olfactory receptors expressed on human sperm-
atozoa, induce a membrane adenylate cyclase-
dependent increase in intracellular calcium, result-
ing in redirection of sperm along the ascending
gradient of the odorant120,121. Sperm chemoattrac-
tants are secreted by the preovulatory follicle as
well as the mature oocyte and its surrounding
cumulus122, contributing to guiding sperm to the
site of fertilization. However, the physiological
role of chemotaxis in human spermatozoa is still
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controversial. Rather than being important in
guiding sperm toward the oocyte, chemotaxis in
humans seems more likely to be involved in
recruiting a selected, activated subpopulation of
spermatozoa123,124.

COMPUTER-ASSISTED ASSESSMENT
OF SPERM MOTILITY

Classically, sperm motility has been assessed using
phase-contrast microscopy, subjectively classifying
sperm trajectories as forward progression (a and
b), in situ (c) and immotile (d) according to the
World Health Organization (WHO) Manual for
the Examination of Human Semen and Sperm–
Cervical Mucus Interaction (1999)125. The defini-
tion of asthenozoospermia is based on this classifi-
cation, using 50% of forward-motile sperm as the
normal cut-off. Computer-assisted analysis of
sperm movement has significantly increased the
objectivity of this assessment, providing a series of
measurements such as sperm velocity, amplitude
of head displacement and flagellar beat frequency,
which otherwise could not be obtained with clas-
sical subjective microscopic evaluation. Further-
more, computer-assisted sperm analysis (CASA)
systems are capable of sorting sperm subpopula-
tions according to established threshold values,
allowing for the quick and accurate determination
of the percentage of spermatozoa displaying
hyperactivated motility (for review see Mortimer
1997)126.

The sensitivity and confidence of these instru-
ments have greatly improved in the past few years,
and they can now be referred to as potent research
and clinical tools to measure both basic and
hyperactivation parameters1. Essentially, CASA
allows for the simultaneous evaluation of kine-
matic parameters in a high number of spermato-
zoa in a short period. All parameters are measured
by CASA using the sperm head (centroid-derived
movement) instead of the tail, as head movement
passively reflects the flagellar beat and can be more
easily followed due to its lower frequency of move-

VCL

ALH
VAP

A

B

BCF

VSL

Figure 2.4 Schematic representation of a digitized sperm
trajectory analyzed by a computer-assisted sperm analysis
(CASA) system. VCL, curvilinear velocity; VSL, straight-line
velocity; VAP, average path velocity; BCF, beat cross frequency;
ALH, lateral head displacement; LIN, linearity = VSL/VSL; STR,
straightness = VSL/VAP. From reference 9, with permission

ment. Velocity values are based on curvilinear
velocity (VCL), straight-line velocity (VSL) and
average path velocity (VAP). The VCL is referred
to as the real distance that the sperm head covers
during the observation time; the VAP is the dis-
tance that the sperm covers in the average direc-
tion of movement; and the VSL is the straight-line
distance between the starting and the ending
points of the sperm trajectory (Figure 2.4). More
strictly associated with sperm head characteristics,
lateral head displacement (ALH) and beat cross
frequency (BCF) measure, respectively, the width
of lateral movement and the number of times that
the sperm head crosses the direction of movement.

As indicated above, CASA systems can also
derive from the obtained data in terms of a sort
fraction, which represents the percentage of sper-
matozoa showing hyperactivation. The criteria for
sorting hyperactivated sperm at 60 Hz can be
manually set, and have been defined as VCL
> 150 µm/s, ALHmax > 7.0 µm, linearity LIN
< 50%127. Modern CASA instruments capture 60
images per second, which is ideal for properly
characterizing sperm hyperactivated motility. To
allow for unimpeded tridimensional sperm move-
ment, motility should be analyzed in > 30-µm
chambers, prewarmed to 37°C128.
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Besides its undisputed utility for research stud-
ies, CASA has also been widely adopted in the
clinic. Several studies have correlated CASA
parameters with assisted reproductive technologies
(ART) outcomes129–131. Although no single
parameter has shown good predictive value, some
are valuable contributors to a multiparameter
equation that predicts fertilization potential.

ETIOLOGY AND PATHOPHYSIOLOGY OF
ASTHENOZOOSPERMIA

Alterations in the previously described external
and internal factors regulating sperm motion and
metabolism in the flagellar structure may result in
defects in sperm motility and infertility. A recent
study reported that out of 1085 sperm samples
analyzed from infertile subjects, 81% had defec-
tive motility, 20% of which presented pure
asthenozoospermia132. Thus, asthenozoospermia is
one of the main seminal pathologies underlying
male infertility.

Severe asthenozoospermia is frequently caused
by flagellar alterations133. Ultrastructural studies
of men with severe asthenozoospermia revealed
two types of tail abnormalities: non-specific
flagellar anomalies, which are random secondary
alterations that affect variable numbers of sperma-
tozoa in different samples, and dysplasia of the
fibrous sheath (DFS), which is a systemic primary
anomaly that affects most spermatozoa and is
associated with respiratory pathology and familial
incidence134,135.

Non-specific flagellar anomalies constitute the
most frequent flagellar pathology underlying
asthenozoospermia. Its structural phenotype of
random microtubular alterations is characteristi-
cally heterogeneous, and is sometimes associated
with other andrological disorders (e.g. varicocele).
Some of these patients respond to conservative
treatment, while others require ART136.

Dysplasia of the fibrous sheath is a different
condition associated with extreme astheno-
zoospermia or total sperm immobility. It has a

homogeneous and distinctive phenotype charac-
terized by distortions of the fibrous sheath and
other axonemal and periaxonemal structures135,136.
It has been postulated to be a variant of the
immotile cilia syndrome, also known as primary
ciliary dyskinesia, a congenital anomaly presenting
with respiratory disease and male infertility. The
axonemes of the respiratory cilia and sperm fla-
gella show missing dynein arms, radial spokes and
central microtubules, and general microtubular
translocations137. In the Kartagener’s syndrome
presentation, the ciliary/flagellar immotility is
accompanied by dextrocardia. The familial clus-
tering of these syndromes strongly suggests a
genetic origin of the disease134. Intracytoplasmic
sperm injection is the treatment of choice, but
genetic counseling is required138.

Not all cases of asthenozoospermia, especially
those that are not severe in nature, are associated
with structural anomalies of the flagellum, how-
ever. Our studies demonstrate that spermatozoa
from less severe asthenozoospermic patients show
a clear impairment in motility and their capacity
to develop hyperactivation, which is associated
with low membrane fluidity and a concomitant
inability to undergo protein tyrosine phosphoryla-
tion59,60. This is particularly evident when sper-
matozoa are challenged with a capacitating incu-
bation (e.g. 6 hours at 37°C, 5% CO2, in
protein-supplemented medium) (Figure 2.5).

Changes in membrane dynamics have been
associated with tyrosine phosphorylation, as well
as sperm function and fertilizing ability139,140.
Spermatozoa from asthenozoospermic patients
reveal significantly less fluid membranes before
and after capacitation, in comparison with nor-
mozoospermic patients and proven-fertile
donors60. Such a difference in membrane fluidity
could be due to the increased susceptibility of
these spermatozoa to suffer peroxidative dam-
age91, as the generation of membrane lipid
hydroperoxides has been associated with mem-
brane fluidity reduction141,142. This susceptibility
of asthenozoospermic sperm could be explained,
in part, by their membrane composition, which is
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responsible for their reported higher oxidation
coefficient91. Sperm membranes of astheno-
zoospermic samples contain high levels of
polyunsaturated fatty acids, making them more
prone to attack by reactive oxygen species. Since
oxidizing conditions are normal during sperm
capacitation and have been linked to signal trans-
duction and tyrosine phosphorylation87,143, the
predisposition of the asthenozoospermic samples
to oxidative damage may be the origin of their
membrane dysfunction, resulting in tyrosine

phosphorylation deficiency and alteration of
motility.

TREATMENT OF ASTHENOZOOSPERMIA

Systemic modalities

Before considering any treatment, a correct diag-
nosis has to be established. Hence, the evaluation
of subfertile men begins with a detailed history
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Figure 2.5 Tyrosine phosphorylation, hyperactivation and membrane fluidity deficiencies in asthenozoospermic samples in
comparison with samples from normozoospermic and proven-fertile men. Spermatozoa were incubated for 0 (T0, baseline) or 6 h
under capacitating conditions and the incidence of hyperactivated motility (a), the incidence (immunofluorescence) and intensity
(Western blot) of tyrosine phosphorylation (b) and (c) and the sperm membrane fluidity (fluorometry) (d) were determined. Asterisks
(*) and letters (a vs. b, c vs. d, a vs. c and b vs. d) above bars indicate statistical significance. In the Western blot image (c), A =
normozoospermic, B = asthenozoospermic, C = proven-fertile. In the membrane fluidity plot (d) GP is Laurdan’s general
polarization. From reference 60, with permission
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and physical examination. The history should
identify the duration of attempted conception,
intercourse timing and frequency, erectile func-
tion, ejaculation, life-style factors (alcohol, smok-
ing, etc.) and any medications144. Other pertinent
details include previous mumps orchitis,
chemotherapy and/or radiation for cancer, cryp-
torchidism, previous reproductive tract infections,
prior illnesses and any systemic disease. Physical
examination should seek any sign of hypogo-
nadism (virilization, body proportions, gyneco-
mastia, etc.); a careful genitourinary examination
should be performed to evaluate testicular size and
consistency and the presence of masses and even-
tual penile pathology (hypospadias, etc.), and to
identify the presence of the most common condi-
tion associated with male infertility – varico-
cele145,146. Severe ultrastructural sperm anomalies
such as dysplasia of the fibrous sheath should also
be ruled out.

If a treatable condition responsible for male
factor infertility, such as hypogonadism, varico-
cele, infections, immunologic infertility, obstruc-
tions and cryptorchidism, is found, then it should
be corrected using current medical and/or surgi-
cal therapies147. Conversely, if a diagnosis of
idiopathic asthenozoospermia is made, there are a
few treatment options that have some degree of
evidence-based support.

Placebo-controlled double-blind randomized
trials of men with idiopathic asthenozoospermia
have demonstrated that L-carnitine and its
analogs, especially L-acetyl-carnitine, after daily
oral administration, increase sperm motility and
kinematic parameters85,148,149. Although these
studies do not have enough statistical power in
themselves to draw unequivocal conclusions, they
all show clear trends toward improvement of
motility. This was especially notable in patients
who started with the lower values of motility and
motion parameters.

Although the etiopathogenic mechanisms
being modified by the oral administration of
carnitines are not clearly established, increases in
mitochondrial energy production and total

antioxidant capacity have been suggested85,86,149,150.
Glutathione and coenzyme Q10 administration
may also have beneficial effects in the treatment of
idiopathic asthenozoospermia151,152.

Another systemic treatment that has been
tested in ART patients presenting with oligo-
zoospermia or combined oligoasthenoterato-
zoospermia is pure follicle stimulating hormone
(FSH). Although results are still controversial, sev-
eral studies show an improvement of in vitro fer-
tilization (IVF) outcome153–157.

Assisted reproductive modalities

To date, albeit not curative, the most efficient
treatment for asthenozoospermia is ART. Improv-
ing sperm motility in vitro before insemination is
a common practice for moderate asthenozoo-
spermic samples.

Certain molecules have been demonstrated to
be capable of improving sperm motility in vitro.
Among them are inhibitors of phosphodiesterases
such as pentoxifylline (PF), analogs of cAMP and
a plasma membrane phospholipid, platelet-
activating factor (PAF), which is physiologically
produced and released by sperm158. PF is often
used in ART to improve the fertilization rate and
outcome in couples with male factor infertil-
ity159,160, since this compound not only stimulates
motility in sperm obtained from asthenozoosper-
mic subjects, but also positively affects sperm
capacitation, binding to the zona pellucida and
the acrosome reaction161. Sperm treatment with
PF before IVF has been demonstrated not to be
teratogenic for the developing embryo160; how-
ever, potential toxic effects cannot be definitively
ruled out162. Furthermore, the presence of non-
responder subjects decreases the overall efficacy of
the treatment163. The most striking negative side-
effect exerted by the majority of these compounds,
including PF, is their ability also to stimulate the
acrosome reaction102. Unfortunately, acrosome-
reacted spermatozoa are unable to bind the
oocyte’s zona pellucida, thus decreasing their effi-
cacy in conventional IVF.

Kruger Chapter 02  28/7/06  14:07  Page 25



MALE INFERTILITY26

In this regard, during the past few years, our
research has been focused on two molecules which
seem very good candidates for potential adjuvant
in vitro treatment of asthenozoospermia.
LY294002 is a pharmacological inhibitor of phos-
phatidylinositol 3-kinase (PI3K), a kinase which
phosphorylates in the 3-OH position, the inositol
ring of the plasma membrane phosphoinosi-
tides164. This enzyme has been demonstrated to
play a negative role in the control of sperm motil-
ity68,165–167, and its inhibition by LY294002 stim-
ulates a significant increase in forward and rapid
motility in both ejaculated and selected human
spermatozoa, independently from the technique
used for selection10,68,166.This stimulatory effect
was more evident on samples from oligoastheno-
zoospermic compared with normozoospermic
subjects10,165,166. In particular, direct addition of
LY294002 to seminal samples of severe astheno-
zoospermic subjects increases the number of
sperm showing forward motility recovered after a
swim-up selection for ART166. PI3K inhibition by
LY294002 stimulates tyrosine phosphorylation of
AKAP3 in the fibrous sheath of sperm tails, allow-
ing local recruitment and activation of PKA by
increased binding of PKA regulatory subunit RIIβ
to the phosphorylated form of AKAP310,68,167.
PKA activation finally results in stimulation of
sperm motility and hyperactivation68. Interest-
ingly, in contrast to the above-mentioned mole-
cules, LY294002 effects on sperm motility are not
associated with an increase in the acrosome reac-
tion165. Moreover, no toxic effect on embryo
development has been demonstrated following
sperm, oocyte or embryo treatment with
LY294002 in a mouse model168. All these findings
support the possible use of this drug as well as
other PI3K inhibitors as potential tools to
improve sperm motility in ART.

In addition to the use of this pharmacological
tool, our group (University of Florence) has also
focused its attention on a physiological stimulus of
sperm motility, the bicarbonate ion (HCO3

–).
We have recently demonstrated that in swim-
up-selected human spermatozoa, physiological

concentrations of bicarbonate (15 and 75 mmol/l)
rapidly stimulate an increase in intracellular
cAMP levels and tyrosine phosphorylation of
AKAP3, the latter phenomenon resulting in an
increased amount of PKA bound to this scaffold-
ing protein, in a manner resembling LY294002
effects68,69. The stimulatory effects of bicarbonate
on both sperm motility and AKAP3 phosphoryla-
tion seem to involve entry of the ion into the cell
and activation of sAC, since they are inhibited by
4,4′-diisothiocyanostilbene-2,2′-disulfonic acid, a
specific blocker of bicarbonate transporter, and by
2OH-estradiol, a selective inhibitor of sAC69.
Thus, our findings strongly suggest that both
HCO3

– and LY294002 increase sperm motility by
converging on the same signaling pathway involv-
ing stimulation of cAMP production by sAC and
tyrosine phosphorylation of AKAP3 in the sperm
tail. Redundancy of the signaling pathways lead-
ing to AKAP3 phosphorylation further highlights
the importance of this process in regulating sperm
motility. Molecules acting in promoting phospho-
rylation could potentially be used for increasing
the number of motile spermatozoa selected for
ART, offering infertile couples better chances for
less invasive and expensive techniques.

CONCLUSIONS AND FUTURE
DIRECTIONS

Although progress has been significant, much
remains to be elucidated concerning the biochem-
ical pathways that regulate and maintain sperm
motility. In particular, it is still unclear how sper-
matozoa begin to move following their release
from the testis and their transit through the epi-
didymis, and which signals are necessary for such
activation. The identification of molecules
involved in controlling sperm motility appears dif-
ficult, however. Genetic studies in mice show that
many genes are involved in the development and
maintenance of sperm motility. Some of them are
testis-specific genes belonging to the fibrous
sheath of the principal piece. Clarifying the

Kruger Chapter 02  28/7/06  14:07  Page 26



PHYSIOLOGY AND PATHOPHYSIOLOGY OF SPERM MOTILITY 27

molecular mechanisms involved in the onset of
sperm motility will be of great benefit for the
development of possible therapeutic strategies.
Indeed, although some systemic therapies (such as
oral administration of carnitine and antioxidants)
have proved to be relatively efficacious, at present
in vitro treatments remain the best option for the
treatment of asthenozoospermia.
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The pathophysiology and genetics of
human male reproduction

Christaan F Hoogendijk, Ralf Henkel

INTRODUCTION

The male germ cells, the spermatozoa, are pro-
duced in a unique process named spermato-
genesis. During this process, spermatogenic stem
cells undergo reduction of the genome from
diploid cells to haploid cells, as well as unequaled
morphological and functional changes. In this
respect, spermatozoa are not only the smallest
(length of sperm head: 4–5 µm) and most polar-
ized cells (sperm head in front, flagellum at rear)
in the body, but also the only cells that fulfill their
function outside the body, even in a different indi-
vidual, the female reproductive tract. Therefore,
spermatozoa are highly specialized cells, simply a
‘means of transportation’, that transfer the genetic
information from the male to the female, the
oocyte for which specific physiological functions
of these cells are required. For the sperm cells to
acquire these functions, morphological and physi-
ological development of the spermatozoa has to
take place. In addition, proper chromosomal and
genetic constitution is mandatory, i.e. chromoso-
mal and DNA integrity must be given.

During spermatogenesis, spermatozoa acquire
the morphological and physiological foundations,
which eventually have to mature during epididy-
mal maturation, for normal sperm function. This
means that if the processes taking place in the
course of spermatogenesis are defective, this will

result in malformed, dysfunctional male germ
cells. Therefore, to understand the physiology of
fertilization, the understanding of spermatogene-
sis and its morphological and genetic processes is
of paramount importance.

GENETIC CONTROL OF
SPERMATOGENESIS

The relationship between structurally abnormal
and genetically defective spermatozoa poses a cru-
cial unknown. The long sequence of events
involved in spermatogenesis, from germ cell dif-
ferentiation to functionally mature spermatozoa,
is fraught with the possibility of both structural
and genetic damage. Spermatogenesis consists of
three distinct phases: (1) proliferation and differ-
entiation of diploid spermatogonial stem cells, (2)
meiosis where chromosome pairing and genetic
recombination occurs and (3) spermiogenesis, a
unique series of events in which the rather com-
monplace-appearing, albeit haploid, round sper-
matids differentiate into species-specific-shaped
spermatozoa. Collectively, these intervals consist
of many developmental events, which offer
numerous opportunities for the introduction of
damage into the genome of the male gamete.
These concerns are exacerbated by the ability of
scientists and embryologists to use differentiating
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male germ cells, prior to the completion of sper-
matogenesis, for fertilization. This raises the ques-
tion: are we not introducing ‘incomplete’ male
gametes into oocytes?

Spermatogonial differentiation

The intricate mechanisms whereby stem cells
maintain a population of proliferating and differ-
entiating cells are only beginning to be unraveled1.
In the mammalian testis, spermatogonial type A
stem cells proliferate, producing three classes of
spermatogonia: (1) a group of presumably identi-
cal spermatogonial stem cells, (2) a population of
differentiating spermatogonia and (3) a large
number of cells that undergo cell death by apop-
tosis2. The originators of this developmental cas-
cade, type A spermatogonia, represent a mixed
population of cell types designated type A0, A1,
A2, A3 or A4 spermatogonia. Among these cells,
the identity of ‘true’ stem cells is yet to be defini-
tively established. Although multiple stem-cell
renewal models have been put forward, one com-
monly accepted model proposes that type A0 sper-
matogonia represents a reserve population of stem
cells, which divide slowly and can repopulate the
testis after damage3. Thus, types A1–A4 spermato-
gonia are believed to be the renewing stem-cell
spermatogonia, and these cells maintain the fertil-
ity of a man.

Type A spermatogonia differentiate into inter-
mediate and type B spermatogonia, which in turn
divide and enter the differentiating pathway lead-
ing to spermatozoa. These cellular programming
events appear to be irreversible, because once com-
mitted to differentiation, the spermatogonia
appear incapable of re-entering the pathway that
produces stem cells. The implications of geneti-
cally defective spermatogonia are substantial, since
it is these cells that will function as the precursors
of spermatozoa throughout the life of the individ-
ual. The large number of spermatogonial stem
cells that undergo apoptosis suggests that a soph-
isticated monitoring system has evolved in which
‘defective’ stem cells are removed. Currently,

much effort is being directed towards studies
defining mechanisms of apoptosis in somatic cells.
Research efforts need to be extended to define the
mechanisms by which specific populations of stem
cells are selected to be targets for cell death. Specif-
ically in the testis, an understanding of how the
differentiating germ cells are continually being
assessed, presumably by a self-monitoring system,
will help greatly to minimize the production of
genetically defective germ cells.

Meiosis

Meiosis represents a fascinating interval of sper-
matogenesis in which genetic alterations, includ-
ing genetic damage, are intentionally introduced
into the genome, which in turn contributes to the
evolutionary change of species. In addition to its
essential role in producing haploid gametes from
diploid stem cells, the extended interval of meiotic
prophase has evolved to provide the critical cellu-
lar milieu for precise genetic recombination4.

Meiotic prophase commences with prelep-
totene primary spermatocytes, the cell type in
which the last semiconservative DNA replication
of the male germ cell occurs. All subsequent DNA
synthesis in differentiating male germ cells repre-
sents DNA repair synthesis. Chromosome con-
densation initiates concomitantly with the move-
ment of leptotene and zygotene spermatocytes to
the adluminal compartment of the seminiferous
tubule from the basal membrane region. Align-
ment and complete pairing of the chromosomal
homologs are completed in pachytene spermato-
cytes. As the chromosomes condense, axial ele-
ments appear between the two sister chromatids of
each chromosomal homolog. The addition of a
visible central element to the chromosomes pro-
duces the synaptonemal complex, a highly con-
served structure in the meiotic cells of organisms
ranging from water mold to the human, that is
needed for effective synapsis. Because synapsis of
chromosomes represents an event unique and crit-
ical to genetic recombination, meiotic cells con-
tain many novel structural proteins and enzymes

Kruger Chapter 03  12/7/06  11:04  Page 36



PATHOPHYSIOLOGY AND GENETICS OF HUMAN MALE REPRODUCTION 37

needed for chromosome and DNA alignment,
DNA breakage, recombination and DNA repair.

Among the proteins recently shown to be
important in the genetic recombination process
are Rad 51, a human homolog of a bacterial
recombination protein5; BRCA1, a tumor-
suppressor gene implicated in familial breast and
ovarian cancers5; ATM-related genes, members of
a gene family proposed to prevent DNA dam-
age6–8; a ubiquitin-conjugating repair enzyme
believed to be involved in protein turnover9,10; a
mammalian homolog to a meiosis-specific DNA
double-strand breaking enzyme11; DNA recombi-
nation genes12,13; and a meiotic-specific heat
shock protein14. Since meiosis is crucial for the
survival of a species, an elaborate series of safe-
guards has evolved to pair, break and repair chro-
mosomal DNA. Despite such regulatory mecha-
nisms, it is well known that translocations and
aneuploidy are regularly introduced during the
meiotic divisions. Moreover, in a sizeable popula-
tion of infertile men, germ cell differentiation
arrests during meiosis15. Anomalies in pairing and
chromosome segregation are likely to contribute
to this population of infertile men. Moreover, the
many specific molecular processes essential for
meiosis provide many targets for both genetic
damage and for the introduction of structural
defects, leading to the arrest of germ cell develop-
ment. Our rapidly advancing knowledge of the
mechanisms of meiosis in both males and females
will provide substantial insights into a significant
cause of male infertility.

Spermiogenesis

Spermiogenesis represents an interval of spermato-
genesis that appears exceptionally susceptible to
the introduction of both genetic and structural
defects in the maturing male gamete, as the round
spermatid is transformed into the highly elon-
gated and polarized (sperm head in front, flagel-
lum at rear) spermatozoon at a time of reduced
repair capabilities. Moreover, during spermiogen-
esis, a major reorganization of the cell occurs. The

nucleus elongates and an acrosome containing a
group of proteolytic enzymes develops. At the
chromosomal level, the histones, the predominant
chromatin proteins of somatic cells, are replaced
by the highly basic transition proteins, which in
turn are replaced by the protamines, producing a
tightly compacted nucleus with extensive disulfide
bridge crosslinking. In fact, sperm chromatin con-
densation during spermiogenesis results in DNA
taking up about 90% of the total volume of the
sperm nucleus. In contrast, in normal somatic
cells, the DNA takes up only 5% of the nucleus
volume, while in mitotic chromosomes DNA
takes up about 15% of the nuclear volume16.

Displacement of the histones from the nucleo-
somes during spermiogenesis may leave the DNA
of the haploid genome especially susceptible to
damage at a time of limited repair capabilities.
Although unscheduled DNA repair has been
demonstrated to occur in early stages of spermatid
development17, as spermiogenesis proceeds, un-
scheduled DNA synthesis diminishes, and it is not
known whether any of the sophisticated DNA
repair mechanisms that function during meiosis
are still operational. In addition to the major
nuclear restructuring taking place during spermio-
genesis, the axoneme and tail of the developing
male germ cell are produced, requiring synthesis
of many structural proteins, including those of the
fibrous sheath18 and the outer dense fiber pro-
teins19. These cellular changes require extensive
gene expression from the actively transcribed hap-
loid genome before it matures into a genetically
quiescent nucleus. In fact, transcription of RNA
ceases during mid-spermiogenesis20, and transla-
tional regulation plays a prominent regulatory role
in the extensive protein synthesis throughout the
latter half of spermiogenesis that is required to
produce spermatozoa21–23.

The major reorganizational events of the dif-
ferentiating spermatid are accompanied by signif-
icant alterations in the energy suppliers of the cell,
the mitochondria. Mitochondria exhibit several
distinct morphologies as germ cell differentiation
proceeds24. Spermatogonia and somatic testicular
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cells contain the ‘cigar-shaped’ mitochondria
found in most somatic tissues. During meiosis,
mitochondria with diffuse and vacuolated matri-
ces start replacing the ‘somatic’ mitochondria. By
the beginning of spermiogenesis, the ‘somatic’
mitochondria have been totally replaced by ‘germ
cell’ mitochondria, which in turn are replaced by
the crescent-shaped mitochondria of spermatozoa.
These structural changes in mitochondria are
accompanied by major changes in protein compo-
sition25,26. Although spermatocytes and sper-
matids are estimated to contain over 103 mito-
chondria, each spermatozoa midpiece contains
only approximately 75 uniquely helically shaped
mitochondria. This requires the reduction or pos-
sibly selection of mitochondria as the germ cells
differentiate27. At the conclusion of spermiogene-
sis, most of the cytoplasm of the elongated sper-
matid is removed as the residual body is pinched
off, leaving spermatozoa with little cytoplasm, and
no cytoplasmic ribosomes. Although cytoplasmic
protein synthesis does not occur in spermatozoa,
cytoplasmic mitochondrial protein synthesis
continues28.

Considering the massive changes that occur
during spermiogenesis, it is not surprising that
many cases of germ cell blockage during spermio-
genesis lead to infertility in men. Defects in the
synthesis of the midpiece, axoneme, mitochondria
or tail assembly would result in structurally abnor-
mal spermatozoa often with poor motility, while
mutations in proteins needed for the compaction
of sperm nuclei or sperm head shaping would lead
to spermatozoa with abnormal heads. Despite the
presence of aberrant-appearing spermatozoa, it is
premature to equate morphological aberrations
with genetic aberrations. More disquieting, minor
base-pair substitutions in critical genes that would
not alter spermatozoon morphology would lead
to genetically defective but normal-appearing
spermatozoa!

Our inability to detect genetically defective
male gametes is of great concern when round sper-
matid nucleus injections (ROSNI) and round
spermatid injections (ROSI) are used to overcome

the sterility of men incapable of completing sper-
matogenesis29,30. The success of ROSNI and
ROSI has demonstrated that although spermio-
genesis is essential for reorganization of the male
germ cell to become a motile cell, it is not needed
for fertilization. Thus, the normal physiological
selection processes leading to fertilization can be
bypassed in mice and men. Unfortunately, mor-
phological examination of the spermatids tells lit-
tle of any underlying genetic defects in the sper-
matid chosen for injection. A major research effort
must be undertaken with a mammalian model
system such as the mouse in which a large popula-
tion of progeny produced by ROSNI and ROSI
are produced and evaluated. Among the concerns
raised by these procedures is whether we are cir-
cumventing gene imprinting in the male genome.
The detection of DNA methylation of spermato-
zoa in the epididymis also raises questions31.
Without a detailed analysis of this approach in an
animal system, we could be facing major genetic
dangers introduced by the ROSNI and ROSI
technologies.

GENETICS OF THE SPERMATOZOON

During the past few years, many exciting discov-
eries, previously unsuspected by scientists, have
been made about the structure and function of
sperm DNA. For example, the paternal genome
has been shown to contain endogenous nicks,
probably as a normal part of spermiogenesis32. In
patients in whom these nicks are left unrepaired
during the final stages of spermiogenesis, fertility
is decreased33. Topoisomerases, the enzymes
thought to be responsible for these nicks, are
present throughout spermatogenesis; nonetheless,
they are not present in spermatozoa34,35. Evenson
and colleagues36–38 developed the sperm chro-
matin structure assay (SCSA) that assesses the
potential of sperm DNA to denature under
certain conditions. This potential also correlates
with reduced fertility39. Perhaps most surprising of
all, evidence published by Spadafora and
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colleagues40,41 shows that fully mature mouse
spermatozoa have the potential to incorporate
exogenous DNA sequences into the paternal
genome. Finally, since a sheep has been cloned
from an adult cell42, and this technique has also
been successful in several other mammalian
species such as cattle, the mouse, goat, pig, cat and
rabbit and even a primate, the rhesus monkey, this
has raised the question of the importance of the
paternal genome and its unique structure in
embryogenesis.

The above-mentioned discoveries have forced
us to rethink the idea of sperm DNA structure in
which we visualize the paternal genome as being
so tightly packaged into an almost crystalline state
that it is virtually inert until it is unfolded during
fertilization. The sperm chromosome structure is,
in fact, very complex – some attributes are similar
to somatic cell DNA organization, and others are
unique to spermatogenic cells.

When discussing sperm chromatin packaging,
several different aspects of structure need to be
addressed. These can be divided into different lev-
els of complexity based on the length of DNA
being discussed. Each chromosome consists of one
double-stranded DNA molecule, containing
telomeric repeats at both ends, and centromeric
repeats somewhere along its length. Chromo-
somes are in the order of several million base pairs
in length, and, when fully decondensed, are each
many times longer than the sperm nucleus itself.
At the other end of the spectrum are sperm-
specific protamines, each of which bind to only a
few base pairs of DNA.

Sperm DNA packaging can be subdivided into
four levels. In the following paragraphs, we discuss
the structural relationship between the different
levels of DNA packaging in the mature sperm
nucleus.

Level I: chromosomal anchoring by the
nuclear annulus

In the first step of the assembly of sperm chro-
matin, the two strands of naked DNA that make

up the chromosomes are attached to a sperm-
specific structure, the nuclear annulus. This repre-
sents a novel type of DNA organization, termed
chromosomal anchoring, that is found only in
spermatogenic cells. Spermatozoa that are washed
with non-ionic detergents such as NP-40, and
then treated with high salt and reducing agents to
extract the protamines, will decondense com-
pletely, leaving no trace of nuclear structure. The
DNA, however, remains anchored to the base of
the tail, so that the sperm chromatin resembles a
broom, with the tail acting as the handle43. Since
this chromosomal anchoring is maintained in
sperm nuclei from which protamines have been
extracted, it is independent of protamine binding.
Ward and Coffey43 have isolated a small structure
that is located at the implantation fossa in hamster
spermatozoa, which they have termed the nuclear
annulus, to which the DNA is attached in these
decondensed nuclei. The nuclear annulus is
shaped like a bent ring, and is about 2 µm in
length. It is found only in sperm nuclei, although
it is currently unknown at what stage of spermio-
genesis it is first formed. Thus, so far, no evidence
for a nuclear annulus-like structure in any somatic
cell type has been found. In contrast, there is evi-
dence of its existence in hamster43, human44,
mouse and Xenopus sperm nuclei. Its existence in
a wide variety of species suggests a fundamental
role in sperm function.

Unique DNA sequences were found to be asso-
ciated with the nuclear annulus. Ward and Cof-
fey43 termed these sequences NA-DNA. The exis-
tence of these unique sequences suggests that the
nuclear annulus anchors chromosomes according
to particular sequences and not by random DNA
binding. They also hypothesized that NA-DNAs
on different chromosomes become associated early
during spermiogenesis, to initiate chromatin con-
densation by aggregating specific sites of each
chromosome to one point.

This hypothesis is supported by the work of
Zalensky et al.45, who suggested that sperm chro-
mosomes are packaged as extended fibers along
the length of the nucleus. Each chromosome so far
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examined has only one site at the base of the
nucleus, where the nuclear annulus is located. By
organizing the chromosomes so that the NA-
DNA sites of each chromosome are aggregated
onto one structure, the nuclear annulus may also
affect the determination of sperm nuclear shape.
For example, in the hamster spermatozoon the
longer chromosomes may extend into the thinner
hook of the nucleus, while a portion of every chro-
mosome is located at the nuclear annulus. This is
supported by image analysis of the distribution of
DNA throughout the hamster sperm nucleus,
which demonstrates that the highest concentra-
tion of DNA in the packaged sperm nucleus is at
the base, where the nuclear annulus is located; in
contrast, the lowest concentration of DNA is in
the hooked portion46.

The hypothesis is further supported by elec-
tron microscopic evidence that chromatin near the
implantation fossa is one of the first areas to con-
dense during spermiogenesis47. Thus, the nuclear
annulus may represent the only known aspect of
sperm chromatin condensation that is specific for
individual chromosome sites.

Level II: sperm DNA loop domain
organization

DNA loop domain organization

At this level, anchored chromosomes are organ-
ized into DNA loop domains. Parts of the nuclear
matrix, protein structural fibers, attach to the
DNA every 30–50 kb by specific sequences
termed matrix attachment regions (MARs). This
arranges the chromosome strands into a series of
loops. This type of organization can be visualized
experimentally in preparations, and is known as a
nuclear halo. A nuclear halo comprises the nuclear
matrix with a halo of DNA surrounding it. This
halo consists of loops of naked DNA, 25–100 kb
in length, attached at their bases to the matrix.
Each loop domain visible in the nuclear halo con-
sists of a structural unit of chromatin that exists in
vivo in a condensed form.

As with chromosomal anchoring, DNA loop
domain formation is independent of protamine
binding. The organization of DNA into loop
domains is the only type of structural organization
resolved thus far that is present in both somatic
and sperm cells. In somatic cells, DNA is coiled
into nucleosomes, then further coiled into a
30-nm solenoid-like fiber and then organized into
DNA loop domains. The corresponding struc-
tures in sperm chromatin have a very different
appearance. Protamine binding causes a different
type of coiling, and DNA is folded into densely
packed toroids, but still organized into loop
domains. Mammalian sperm nuclei contain a
small amount of histones, which are presumably
organized into nucleosomes48,49, but most of the
DNA is reorganized by protamines. This means
that with the evolutionary pressure to condense
sperm DNA, all aspects of chromatin structure are
sacrificed other than the organization of DNA
into loop domains. This suggests that DNA loop
domains play a crucial role in sperm DNA
function.

DNA loop domain function

In somatic cells, DNA loop domain organization
has been implicated in both the control of gene
expression and in DNA replication. Each DNA
loop domain replicates at a fixed site on the
nuclear matrix, by being reeled through the enzy-
matic machinery located at the base of the
loop50,51. DNA replication origins have been
localized to the nuclear matrix in mammals52, and
the varying sizes of replicons in different species
have been correlated with the sizes of loop
domains53. A replicon can be thought of as the
distance between two regions of replication. The
attachment sites of individual genes to the nuclear
matrix vary between cell types, and are also
involved in transcription. Active genes are tightly
associated with the nuclear matrix, but inactive
genes are usually located within the extended part
of the DNA loop54–58. In this manner, the three-
dimensional organization of DNA plays an
important role in DNA function.
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Possible function of sperm DNA loop domains

It has been demonstrated that the specific config-
urations of DNA loop domains are markedly dif-
ferent in sperm and somatic cells44,59. In somatic
cells, DNA replication and transcription are the
major functions in which DNA loop domain
structures are involved48–53,56–58. However, since
mature sperm nuclei perform neither process60, it
is not clear what is the function of sperm DNA
loop domain organization. Two possibilities exist.
First, the DNA loop domain structures in sper-
matozoa may be residual structures that were
required for transcription or DNA replication
that occurred during spermatogenesis. Second,
they may be involved in regulating these func-
tions during embryonic development, if the
embryo inherits them. If, for example, paternal
genes in the male pronucleus of a newly fertilized
egg were organized into the same DNA loop con-
figurations that they have in sperm nuclei, it
would suggest that this organization might help
to regulate transcription and DNA replication in
early embryonic development. This would have
the exciting implication that the sperm nucleus
provides the embryo with a specific chromosomal
architecture that may be functional during
embryogenesis.

Level III: protamine
decondensation

In the third step of assembly of the sperm chro-
matin structure, the binding of protamines con-
denses the DNA loops into tightly packaged chro-
matin. Hud et al.61 have demonstrated that when
protamines bind DNA, they form toroidal, or
doughnut-shaped, structures in which the DNA is
very concentrated. During spermiogenesis, his-
tones, the DNA-binding proteins of somatic sper-
matogenic precursor cells, are replaced by prota-
mines. Since histone-bound DNA requires much
more volume than the same amount of DNA
bound to protamines16, this change in chromatin
structure probably accounts for some of the

nuclear condensation that occurs during spermio-
genesis. Histones package DNA by organizing it
into nucleosomes, in which the DNA is wrapped
around an octamer of histone proteins. Prota-
mines, on the other hand, bind DNA in a
markedly different manner. These positively
charged proteins bind DNA along the major
groove, completely neutralizing the DNA so that
neighboring DNA strands bind to each other by
van der Waals forces. Protamines are believed to
coil the DNA into doughnut-like structures in
which the DNA exists in an almost crystalline-like
state61. If each toroid is a single DNA loop
domain62, protamine binding will lead to conden-
sation and preservation of the DNA loop domain
organization present in the round spermatid.

Level IV: chromosome
organization

The next level of sperm chromatin packaging is
the spatial arrangement of the condensed chromo-
somes within the mature sperm nucleus. This has
been investigated in several different ways. First,
Zalensky and co-workers45 demonstrated that, in
human sperm nuclei, the centromeres of all chro-
mosomes are aggregated in the center of the
nucleus, while the telomeres are located at the
periphery. In a second approach, Haaf and Ward63

analyzed whole chromosomes and found similar
results. Finally, Ward and co-workers64 mapped
the three-dimensional location of three genes in
the hamster sperm nucleus and found that while
each one tended to be located in the outer third of
the nucleus, there was otherwise little specificity to
the positioning of the genes. These data led to the
proposal of a model65 in which there are limited
constraints on the actual position of chromosomes
in the sperm nucleus. The NA-DNA sequences
are located at the base of the nucleus, centromeres
are located centrally and the telomeres are located
peripherally. Outside these three constraints, the
folding of the chromosomal p and q arms is flexi-
ble. Interestingly, this type of organization does
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not seem to be present in montreme mammal
spermatozoa. In these species, chromosomes are
aligned end-to-end66. In most eutherian mammals
examined, however, the centromeres are organized
in a central location, making such an end-to-end
arrangement impossible.

ROLE OF SPERMATOZOA IN
EMBRYOGENESIS

For many years, male fertility has been defined in
vitro as the possibility of sperm to fertilize the
oocyte, and to obtain early cleavage-stage
embryos. In human in vitro fertilization (IVF), the
gold-standard/test for sperm fertility potential was
the ability of a fertilized egg to develop into a
2–4-cell embryo. It was assumed that all embryos
obtained had the same developmental potential,
independent of the quality of sperm. Thereafter,
several authors67–69 observed that poor morpho-
logical embryonic quality and poor embryonic
developmental ability are associated with severe
sperm morphological defects and oligoastheno-
zoospermia. In addition, Janny and Ménézo70

observed a negative relationship between sperm
quality and the ability to reach the blastocyst
stage. We now know that differences in sperm fer-
tility are not simply related to sperm penetration
failure. The following is an analysis of the chron-
ology of the steps involved in these embryonic
failures.

Early defects at the time of
fertilization

The centrosome

The first epigenetic contribution of the spermato-
zoon is the centrosome, the microtubule-
organizing center of the cell. Correct assembly and
function of microtubules is fundamental for the
separation of chromosomes at meiosis and
migration of the male and female pronuclei.
Maternal inheritance of the centrosome observed

in mice brought about confusion until the work of
Schatten71 and Simerly et al.72. Considering the
semiconservative form of this organelle and its
critical role in mitosis, it seems obvious that a
functionally imperfect centrosome borne by a sub-
normal spermatozoon induces problems in early
embryogenesis, i.e. the formation of cytoplasmic
fragments and abnormal distribution of chromo-
somes72,73. Asch et al.74 reported that up to 25% of
non-segmented eggs are in fact fertilized but sub-
mitted to cell division defects. Centrin and
γ-tubulin could be involved in this pathology of
the centrosome75. In bovine oocytes, Navara et
al.76 observed a positive relationship between size
and quality of the sperm aster and reproductive
performance in bulls.

Oocyte activation factor(s)

The process of meiosis reinitiation is probably
completed through an exit from the M phase due
to cyclin B degradation and re-phosphorylation of
p34cdc2 following a decrease in cytostatic factor
(CSF)77. It is generally accepted that intracellular
Ca2+ is the universal signal for triggering oocytes
into metabolic activity. It is still not clear how the
spermatozoon causes this calcium oscillation. A
heat-sensitive78 and soluble protein called oscillin,
acting through the inositol phosphate path-
way, could be at the origin of these calcium
oscillations79.

Defects in oscillin (or other soluble activating
factors) could account for delays in zygote forma-
tion, as described by Ron-El et al.68. However, for
Eid et al.80, based on their observations in bovine
zygotes, this hypothesis might not be the only
one. In a group of embryos sired by low-fertility
bulls, they did not observe any delay in pronuclear
formation, but a delayed initiation and reduced
length of zygotic S-phase correlated with reduced
embryonic development in vitro. A longer S-phase
was correlated with higher fertility in vivo.

Poor chromatin packaging and/or anomalies in
DNA packaging could contribute to the failure of
sperm decondensation, independently of any acti-
vation problems81.
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Developmental arrests between
fertilization and the beginning of
genomic activation

It is quite surprising to expect a paternal-derived
influence between fertilization and genomic acti-
vation, i.e. before the appearance of the first prod-
ucts resulting from the first massive transcriptions
involving the paternal genome. It is now well doc-
umented that the longest cleavage stage is linked
to embryonic genome activation82. There is obvi-
ously a race against the clock between, first, the
ineluctable turnover of the maternal mRNA and,
on the other hand, the first massive synthesis of
the embryonic transcripts. The cumulative delays
observed, cycle after cycle, due to epigenetic
defects brought about by suboptimal spermatozoa
lead to developmental arrests, the maternal stores
being exhausted before the beginning of transcrip-
tion. Under in vitro conditions, one-third of
human IVF embryos block around the time of
genomic activation70.

Antisperm antibodies may also have a deleteri-
ous effect on early preimplantation development.
Naz83 observed that antibodies against very special
epitopes might block embryos, especially if cleav-
age signal proteins (CS-1) or regulatory products
of the OCT-3 gene are immunoneutralized.

Developmental arrests between
genomic activation and implantation
After genomic activation, the very sensitive transi-
tion between morula and blastocyst follows. Com-
plex remodeling within the embryo occurs with
the first differentiation. Janny and Ménézo70

observed a loss of blastocysts at this point, which
was significantly increased in men with poor
sperm quality (31% vs. 22% for the control
group). They concluded that poor-quality sperm
has a negative influence on preimplantation
development even after genomic activation.

The lesson from ICSI

One of the most exciting breakthroughs in the
treatment of male infertility is intracytoplasmic

sperm injection (ICSI). The success that we
observe in ICSI, considering the poor quality of
the sperm, can partially be ascribed to the follow-
ing. In human IVF with poor-quality sperm, delay
in the fertilization process68 and delays associated
with epigenetic problems, the cumulative effect
may be prolonged cell cycles and late divisions (2-
cell embryos on day 2, 4-cell on day 3), leading to
developmental arrest around genomic activation,
in relation to depletion of the mRNA maternal
store. In contrast, the fertilization process in ICSI
is shorter, since the sperm is introduced into the
cytoplasm.

Van Landuyt and co-workers84 showed that the
blastocyst formation rate after ICSI compares to
the rate after regular IVF. An in-depth analysis,
however, demonstrates that more patients have
embryos which are unable to reach the blastocyst
stage. Interestingly, there seems to be an ‘all or
nothing’ trend regarding blastocyst development.
If one blastocyst is obtained, then all embryos
from the patient in question normally develop
into blastocysts, whilst if no blastocysts are seen at
day 5, it is highly unlikely that any embryos will
go on to develop into blastocysts.

ICSI is of no use if performed 24 hours after
failed fertilization: the maternal mRNA reserves
are already at this point too depleted to allow
development from fertilization to genomic activa-
tion. It is very likely that major sperm defects can-
not be corrected by the application of ICSI.

The ICSI process itself carries other genetic-
related problems such as the genetic link between
oligoasthenoteratozoospermia and sperm genetic
disorders. Some of these features include micro-
deletions of the Y chromosome85. The negative
influence of suboptimal spermatozoa is linked to
the integrity and quality of the paternal DNA. In
1985, Bourrouillou and co-workers86 observed an
increase in chromosomal abnormalities as a
function of sperm count; in 1995, Moosani and
co-workers87 clearly demonstrated increased
chromosomal disorders in the sperm population
of infertile men with idiopathic infertility.
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In this context, it is also important to mention
the consequences of fertilization of oocytes with
sperm deriving from an ejaculate containing a
high incidence of disturbed DNA integrity in IVF
and, especially, in ICSI patients. According to
present knowledge, sperm DNA fragmentation
might cause not only impaired embryonic devel-
opment and early embryonic death74,88,89, but also
an increased risk of childhood cancer in the off-
spring90,91. The latter is due to the vulnerability of
human sperm DNA during late stages of sper-
matogenesis and epididymal maturation. At this
stage, DNA repair mechanisms have been
switched off, resulting in a genetic instability of
the male germ cells92, especially on the Y chromo-
some, resulting in male-specific cancers93. How-
ever, this DNA damage is not only caused by these
intrinsic factors, but can also be triggered by
extrinsic factors such as excess amounts of oxi-
dants producing leukocytes in the ejaculate94. The
influence of the spermatozoon-carried mitochon-
dria during ICSI, on early or late embryogenesis,
is, however, still a matter of debate.

Genomic imprinting

Experimental manipulations of mouse zygotes
have clearly proved the necessary complementary
relationship between the maternal and the pater-
nal genome to ensure normal embryonic develop-
ment. Even if implantation and late development
can be observed in the rabbit and mouse,
parthenogenesis never leads to live births. Surani
et al.95 observed that hypertrophy of the inner cell
mass and hypotrophy of the extraembryonic tissue
is related to gynogenesis. In contrast, androgenesis
performed by removal of the female pronucleus
followed by duplication of the paternal genome
leads to hypertrophy of extraembryonic tissues.
This is due to genomic imprinting, which occurs
as early as the pronuclear stage. Genomic imprint-
ing seems to be directly related to variations in the
methylation pattern of some genes. One of the
most important systems in genomic imprinting is
IGF2/IGF2-R96. The ligand is contributed by the

paternal genome and the receptor by the maternal
one. The maternal and paternal X chromosomes
are submitted to differential inactivation, related
to different methylation patterns of the Xist locus,
in the preimplantation period. Xist is the initiator
of methylation carried by the X chromosome.

The H19 gene, a tumor suppressor, is
expressed in the placenta but not in the mole. The
potential invasiveness of the placenta and/or pla-
cental tumors is directly related to the paternal
genome qualitatively and quantitatively97. Disor-
ganized imprinting may have harmful effects on
early-preimplantation and late-postimplantation
development.

CONCLUSIONS

As discussed, it is clear that paternal factors have
major effects on early embryogenesis. In the past
decade, major advances have been made in
assisted reproductive technologies. ICSI has been
proposed as a tool for overcoming sperm deficien-
cies observed at the time of fertilization. This tech-
nology can assist in overcoming some of the
defects affecting early-preimplantation develop-
ment. Time gained by direct sperm insertion into
the cytoplasm may help in avoiding delays that
impair early-preimplantation development.

However, it is unlikely that ICSI can univer-
sally compensate for male-factor defects. More-
over, it raises questions regarding the genetic basis
of some of the defects observed, and on some
other hidden genetic links. The growing number
of children that have followed the application of
ICSI is beginning to provide us with a good base
to evaluate the transmission of genetic defects. To
date, there is evidence showing that infertility in
fathers due to microdeletions in the Y chromo-
some is transmitted from one male generation to
the next98,99. These examples of male infertility are
believed to be due to deletion of genes such as the
DAZ (deleted in azoospermia) and RBM (RNA-
binding motif ) genes. These genes show mapping
to Y chromosome-linked microdeletions100–103.
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Contribution of the male gamete to
fertilization and embryogenesis

Gerardo Barroso, Sergio Oehninger 

INTRODUCTION

The normal progression of fertilization of mam-
malian oocytes followed by cleavage, blastocyst
formation and implantation is dependent upon
the successful activation of specific genetic and
developmental programs. Successful interaction of
the paternal and maternal gametes is required for
normal embryonic development. The oocyte con-
trols several important aspects of meiosis, fertiliza-
tion and early cleavage, and modulates the epige-
netic development of the embryonic genome that
manifests later in embryogenesis1.

The contributing role of the spermatozoon has
remained largely ignored. However, a large body
of evidence is accumulating demonstrating that
(1) the fertilizing spermatozoon plays a significant
part in bringing about the development of the
zygote, with its contributions being well beyond
the delivery of the paternal DNA; and (2) infertile
men with or without altered ‘classic’ semen
parameters may have associated sperm dysfunc-
tion(s) at different levels, including nuclear2,
organelle-cytoplasmic3 and cytoskeletal systems4,
that can result in aberrant embryogenesis.

The mechanism(s) underlying these phenom-
ena is/are not completely understood. This review
focuses on examination of the paternal effects that
become manifest before and after the major acti-
vation of embryonic gene expression.

BIOLOGY OF FERTILIZATION

Sperm–oocyte fusion

The sperm equatorial region plays a pivotal role in
gamete fusion. The inner and outer acrosomal
membranes and the plasma membrane of the
equatorial region remain intact after completion
of the acrosome reaction and zona penetration5.
Electron microscopic studies have shown convinc-
ingly that sperm–oocyte membrane fusion takes
place at the sperm equatorial region, whereas the
posterior acrosome itself is engulfed by the oocyte
microvilli in a phagocytic manner.

Acrosome-reacted sperm bind to and fuse with
eggs by using the plasma membrane at the
postacrosomal region of the sperm; this region is
capable of fusion only after acrosomal exocytosis
has taken place6. Binding of the sperm to the egg
plasma membrane appears to be mediated by a
member of the ADAM (a disintegrin and metallo-
protease) family of transmembrane proteins on
the sperm and integrin α6β1 receptors on the
egg7. Fertilin is a heterodimeric ADAM glycopro-
tein that was first identified in the guinea-pig
using monoclonal antibodies to sperm surface
antigens that could inhibit sperm–egg fusion8.
The protein is composed of an α and a β subunit
with similar domain structures9,10, and is proteoly-
tically processed during sperm development by
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removal of the prodomain and metalloprotease
domain. Processing of fertilin is crucial for expos-
ing the disintegrin domain that mediates
sperm–egg binding, and for allowing proper local-
ization of fertilin in the head of the mature
sperm11,12. More recently, a member of the
immunoglobulin superfamily (the membrane pro-
tein Izumo) has been found to be critically
involved in murine sperm–oocyte fusion13.

Equatorin is a sperm-head equatorial protein,
the antigenic molecule of the monoclonal anti-
body mMN914. In mice, after sperm–egg fusion,
equatorin dissociates from the sperm-head equa-
torial region and remains at the vicinity of the
decondensing male pronucleus. The equatorial
segment containing equatorin is maintained away
from the nuclei, possibly due to chromatin
swelling and nuclear membrane reconstruction. It
remains at the vicinity of the sperm head for a
considerable length of time during the first cell
cycle, and, after that, it is inherited by one of the
proembryonic cells. After intracytoplasmic sperm
injection (ICSI), the equatorial segment is directly
exposed to the oocyte cytoplasm without prior
interaction with the cortical membrane system,
but displays similar cellular events of equatorin
degeneration to the oocyte after in vitro fertiliza-
tion (IVF). These observations argue in favor of
membrane interaction not being a prerequisite for
shedding the equatorial posterior acrosome, equa-
torin, and their subsequent disintegration after
ICSI15.

The persistence of equatorin through early-
proembryonic cleavage is comparable with that of
sperm-tail microtubules and the midpiece mito-
chondrial sheath. The residual tail microtubules
are retained up to the 8-cell or blastocyst stage.
However, the residual equatorin seems to degener-
ate a little early, before the 4-cell stage15.

Oocyte activation

The oocyte and spermatozoon are metabolically
quiescent; sperm–oocyte binding and fusion initi-
ate a cascade of events that transform the dormant

oocyte into the dynamic, animated zygote. These
processes include metabolic oocyte activation and
resumption of meiosis. Although there are still
diverse opinions as to the precise manner in which
the spermatozoon activates this cascade, it is clear
in all fertilization systems that an elevation of intra-
cellular calcium ion concentration is the central
messenger in communicating the activating signal.

The signaling mechanism(s) utilized by the
spermatozoon to initiate and perpetuate these
responses is unclear. Two theories have been pro-
posed: the fusion and the receptor theories
(reviewed in reference 16). The fusion theory sug-
gests the presence of active calcium-releasing com-
ponents in the sperm head. It has experimental
support in that injections of sperm-derived
cytosolic fractions elicit calcium oscillations, and
also in that ICSI results in activation without
sperm interaction with the membrane.

It was recently reported that a cytosolic sperm
factor containing a 33-kDa protein called oscillin,
which is related to a prokaryote glucosamine
phosphate deaminase, appeared to be responsible
for causing the calcium oscillations that trigger
egg activation at fertilization in mammals17.
Oscillin is located in the equatorial segment of the
spermatozoon, the region where the sperm-
atozoon is fused with the oocyte in mammals.
However, multiple pieces of experimental evi-
dence have now shown that oscillin is not the
mammalian sperm calcium oscillogen (reviewed
in reference 16).

In eggs of all animal species, sperm-triggered
inositol (1,4,5)-triphosphate (IP3) production
regulates the vast array of calcium wave-patterns
observed. Present evidence supports the concept
that an IP3 receptor system is the main mediator
of calcium oscillations in oocytes (reviewed in ref-
erence 16). The spatial organization of calcium
waves is driven either by intracellular distribution
of the calcium-release machinery or by localized
and dynamic production of calcium-releasing sec-
ond messengers.

In the highly polarized egg cell, cortical endo-
plasmic reticulum-rich clusters act as pacemaker
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sites dedicated to the initiation of global calcium
waves. The polarized nature of the calcium signals
may in itself influence embryonic patterning by
regulating early embryonic cleavage. Finding out
whether calcium wave-patterns play a role in
later development will require studies that inter-
fere with the normal spatial–temporal pattern of
calcium waves without perturbing mitosis and
cleavage. The rather simple ascidian embryo,
which displays two different meiotic calcium-wave
pacemakers and develops into a swimming tad-
pole within a day, is particularly suited to studies
of the relationship between meiotic calcium waves
and development18. It should be possible in the
future to relate patterns of calcium waves and phe-
notypic differences in embryos.

In recent years, mitochondria have been shown
to be major regulators of intracellular calcium
homeostasis19,20. In cells such as sea urchin21 and
ascidian eggs22, mitochondria sequester calcium
during the fertilization calcium transients. Cal-
cium sequestration by mitochondria has two main
consequences. First, mitochondria act as passive
calcium buffers that can regulate intracellular cal-
cium release19,20. The second consequence is that
calcium in the mitochondrial matrix is a ‘multisite’
activator of oxidative phosphorylation (or mito-
chondrial adenosine triphosphate (ATP) synthe-
sis); it activates the dehydrogenases of the Krebs
cycle and the electron transport chain23,24 and has
a direct action on the F0/F1 ATP synthase25.

In somatic cells and in ascidian eggs, mito-
chondrial calcium uptake has been shown to stim-
ulate mitochondrial respiration by promoting the
reduction of mitochondrial nicotinamide–adenine
dinucleotide (NAD+) to NADH22,26–28. Further-
more, mitochondrial ATP production may
directly regulate intracellular calcium release: ATP
sensitizes the IP3 receptor to activation by
calcium29,30, while magnesium-complexed ATP is
consumed to refill the endoplasmic reticulum
calcium stores. The tight coupling of ATP supply
and demand therefore provides a major advantage
for early mammalian development. The mater-
nal inheritance of mitochondria requires that

mitochondria be protected from potentially dam-
aging reactive oxygen species (ROS).

The maintenance of a low level of oxidative
phosphorylation that can be stimulated upon
increased ATP demand provides a means of low-
ering the exposure of mitochondria to damaging
oxidative stress. Data suggest that calcium is the
functional link that provides a mechanism for
coupling ATP supply and demand. As maternal
aging is associated with increased oxidative stress
in human eggs31, it will be interesting to define
whether mitochondrial physiology and the cou-
pling of ATP supply and demand are impaired in
eggs from aged women.

It has recently been shown that the soluble
sperm factor that triggers calcium oscillations and
egg activation (oocyte activating factor, OAF) in
mammals is a novel form of phospholipase C
(PLC) referred to as PLCζ32. This has been
demonstrated by injection into eggs of both
cRNA encoding PLCζ and a recombinant
PLCζ32,33. According to a present hypothesis, after
fusion of the sperm and egg plasma membrane,
the sperm-derived PLCζ protein (possibly a sperm
cytosolic factor) diffuses into the egg cytoplasm.
This results in hydrolysis of phosphatidylinositol-
4,5-bisphosphate (PIP2) from an unknown source
to generate IP3 (reviewed in reference 34).

The earliest indicators of the transition to
embryos in mammalian eggs, or egg activation, are
cortical granule extrusion by exocytosis (CGE)
and resumption of meiosis. Although these events
are triggered by calcium oscillations as described
above, the pathways within the egg leading to
intracellular calcium release and to downstream
cellular events are not completely understood. The
calcium transients actuate resumption of the cell
cycle by decreasing the activity of both the M
phase-promoting factor and the cytostatic factor
(reviewed in reference 35). The calcium transients
and/or activation of PLCζ lead to CGE by an, as
yet, undefined mechanism36.

Src family kinases (SFKs) have been suggested
as possible inducers of some aspects of egg activa-
tion (reviewed in reference 37). A present model
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claims that sperm fusion with the egg membrane
results in hydrolysis of PIP2 to form IP3 and
diacylglycerol (DAG). IP3 triggers calcium release
from the endoplasmic reticulum via the IP3 recep-
tor while DAG activates protein kinase C (PKC).
Both an intracellular calcium rise and DAG con-
tribute to egg activation, CGE and resumption of
meiosis. The existence of SFK activity is associated
with the resumption of meiosis in response to the
fertilization signal, whereas the occurrence of
CGE is independent of SFK activity. Also, a role
for SFKs upstream of calcium release remains
plausible (reviewed in reference 37).

Sperm mitochondrial DNA and its role
during fertilization

Mitochondria have a profound role to play in
mammalian-tissue bioenergetics during the
processes of growth, aging and apoptosis, and yet
they descend from an asexually reproducing inde-
pendent life form. Most cells in the body contain
between 103 and 104 copies of mitochondrial
(mt)DNA. There are slightly higher copy numbers
(about 105) in mature oocytes. This may be in
preparation for the energetic demands of embryo-
genesis38, but an alternative explanation is that
replication does not occur during early embryo-
genesis and that high copy numbers are needed to
give a sufficient reservoir. The DNA exists mainly
as a circular molecule of approximately 16.6 kb,
encoding 13 proteins that are transcribed and
translated in the mitochondrion. These are essen-
tial subunits of the electron transport complexes
on the inner mitochondrial membrane. The mito-
chondrial genome also encodes the RNA mole-
cules that are necessary for translation of these
proteins39,40.

Spermatozoa are metabolically flexible and, in
some species, can switch between aerobic and
anaerobic metabolism. This perhaps reflects the
great range of oxygen tensions that they experi-
ence, from near anoxia in the testis and epi-
didymis to ambient tensions in the vagina and
in vitro3,41,42. Like somatic mtDNA, that of

spermatozoa is highly vulnerable to mutation, and
a significant number of mtDNA deletions are
found in the semen of at least 50% of normosper-
mic men43.

Given the lengthy process of spermiogenesis
and epididymal maturation, during which the
sperm mitochondria have to survive the likelihood
that they will be exposed to mutagenic agents, this
is perhaps not surprising. Indeed, the need to
exclude defective sperm mtDNA from contribut-
ing to the embryo is possibly one of the major
selection pressures against survival of paternal
mtDNA. Indeed, Short44 has suggested that this
asymmetric inheritance of mtDNA, through the
oocyte but not the spermatozoon, may be the fun-
damental driving force behind amphimixis and
anisogamy. This is because of the need to conserve
a healthy stock of mtDNA for embryo develop-
ment through a long period of quiescence in
meiosis43.

It is well established that the mitochondria
from spermatozoa are targeted for destruction by
endogenous proteolytic activity during early
embryogenesis. Uniparental (generally maternal)
inheritance of cytoplasmic organelles such as
mitochondria is accomplished by a wide variety of
strategies, and thus is clearly of profound impor-
tance to long-term fitness. Most evidence indicat-
ing the possibility of paternal transmission of
mtDNA derives from interspecific crosses, which
by definition are uncommon in nature45. In a pre-
vious study, Kaneda et al.45 proposed that the
zygote cytoplasm has a species-specific mechanism
that recognizes and eliminates sperm mitochon-
dria, on the basis of nuclear DNA-encoded pro-
teins in the sperm midpiece, and neither on the
mtDNA itself, nor on the proteins it encodes.

The ubiquitination–proteasome
pathway

The fate of various accessory structures of the pen-
etrating spermatozoon came under scrutiny
recently, as it became obvious that in addition to
the sperm-borne chromosomes, other structures
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of the fertilizing spermatozoon make important
contributions to the mammalian zygote. Yet other
sperm accessory structures are degraded in an
orderly fashion so as to not interfere with normal
embryo development. These include the sperm
proximal centriole, perinuclear theca, sperm mito-
chondria and axonemal fibrous sheath and outer
dense fibers.

In most mammals, except rodents, the sperma-
tozoon contains a reduced, inactive form of the
centrosome, within which one of the two centri-
oles as well as the entourage of pericentriolar
material are degraded during the final stages of
spermiogenesis. Such an incomplete centrosome,
consisting of a proximal centriole embedded in
the dense mass of sperm-tail capitulum, must be
released into the oocyte cytoplasm at fertilization
in order to attract microtubule-nucleating peri-
centriolar proteins from the surrounding oocyte
cytoplasm. Failure to convert the reduced sperm
centriole into such an active zygotic centrosome
may be a reason for postfertilization developmen-
tal arrests affecting couples treated at IVF clinics.

The strictly maternal inheritance of mtDNA
in mammals is a developmental paradox, because
the fertilizing spermatozoon introduces up to 100
functional mitochondria into the oocyte cyto-
plasm at fertilization. However, the mandatory
destruction of sperm mitochondria appears to be
an evolutionary and developmental advantage46,
because the paternal mitochondria and their DNA
may be compromised by the deleterious action of
reactive oxygen species encountered by the sperm
during spermatogenesis, storage, migration and
fertilization47.

Although a number of studies have supported
the notion that sperm mitochondria are actively
destroyed by the egg, the actual mechanism of this
process is not known48–50. Earlier claims that the
sperm mitochondria disperse evenly throughout
embryonic cytoplasm51 and the misconception
about sperm mitochondria not entering the egg
were overturned by new research. The dilution of
paternal mtDNA in the maternal cytoplasm
genome52 and the oxidative damage of sperm

mitochondria during fertilization53 were also
implicated in this process, but were not adequately
supported by experimental data.

Ubiquitination of the sperm mitochondria
during spermatogenesis has been implicated in the
targeted degradation of paternal mitochondria
after fertilization, a mechanism proposed to pro-
mote the predominantly maternal inheritance of
mitochondria DNA in humans. Recent stud-
ies54,55 have shown that some unknown proteins
in mammalian sperm mitochondria are tagged
with a proteolytic peptide, ubiquitin, which may
target sperm mitochondria for destruction in the
egg cytoplasm after fertilization. Both lysosomal
and proteasomal proteolysis have been implicated
in such targeted degradation of sperm mitochon-
dria inside the fertilized oocyte55.

This mechanism seems to be feasible for the
selective degradation of paternal mitochondria at
fertilization, sometimes described as the ‘ultimate
war of the sexes’, and is consistent with the pre-
vailing view that the inheritance of mtDNA in
mammals is predominantly maternal56. Such a
scenario is also supported by studies of mitochon-
drial inheritance in inter- and intraspecies murine
crosses as well as in their back-crossed progeny, in
which the mitochondrial membrane proteins,
rather than mtDNA, seemed to determine
whether the sperm mitochondria and mtDNA
were passed on or degraded45.

Ubiquitination is the major means in eukary-
otic cells for targeted protein proteolysis. By the
covalent addition of polyubiquitin to specific pro-
teins, the ubiquitination system regulates protein
levels and thereby influences diverse cellular
processes. There are three well-established types of
enzymes involved in ubiquitination, termed E1,
E2 and E3. E1 is the ubiquitin-activating enzyme,
which forms a thiol-ester linkage with ubiquitin
through its active site cysteine. Ubiquitin is subse-
quently transferred to an E2 ubiquitin-conjugat-
ing enzyme; the E3 enzyme is the ubiquitin pro-
tein ligase, which transfers ubiquitin from the E2
enzyme to lysines of a specific protein, targeting
the protein for degradation by the proteasome.

Kruger Chapter 04  12/7/06  11:06  Page 53



More recently, E4 enzymes have been described
that appear to function in ubiquitin chain
polymerization.

Pronuclear formation and nuclear
fusion

The fertilizing spermatozoon is essential for con-
tributing three critical components: (1) the pater-
nal haploid genome, (2) the signal to initiate the
metabolic–maturational activation of the oocyte
and (3) the centrosome, which directs micro-
tubule assembly within the penetrated oocyte
leading to oocyte–sperm activation as well as for-
mation of the mitotic spindles during initial
zygote development (Figure 4.1). Fertilization is
completed once the parental genomes unite (syn-
gamy), and requires migration of the egg nucleus
to the sperm nucleus (female and male pronuclei)
on microtubules within the penetrated oocyte.

The male pronucleus is tightly associated with
the centrosome, which nucleates microtubules to
form the sperm aster. The growth of the sperm
aster drives the centrosome and associated male
pronucleus from the cell cortex towards the center
of the oocyte. In contrast to the male pronucleus,
the female pronucleus has neither an associated
centrosome nor microtubule-nucleating activity.
Nevertheless, the female pronucleus moves along
microtubules from the cell cortex towards the cen-
trosome located in the center of the sperm aster.
The current model for movement of the female
pronucleus involves its translocation along the
microtubule lattice using the minus-end-directed
motor dynein53,57,58, in a manner analogous to
organelle motility.

Mammalian fertilization requires dynein and
dynactin to mediate genomic union, and that
dynein concentrates exclusively around the female
pronucleus. Dynactin, by contrast, localizes
around both pronuclei and associates with
nucleoporins and vimentin in addition to dynein.
The findings that a sperm aster is required for
dynein to localize to the female pronucleus and
the microtubules are necessary to retain dynein,

but not dynactin, at its surface, suggest that
nucleoporins, vimentin and dynactin might asso-
ciate upon pronuclear formation, and that subse-
quent sperm aster contact with the female pro-
nuclear surface allows dynein to interact with
these proteins59.

EVIDENCE FOR PATERNAL
CONTRIBUTIONS TO ABNORMAL
EMBRYOGENESIS

Clinical evidence: lessons from the
IVF/ICSI setting

Several lines of clinical evidence resulting from the
use of assisted reproductive technologies have pro-
vided additional support for the concept of pater-
nal contribution to faulty fertilization and abnor-
mal embryogenesis:

• Abnormal sperm parameters, particularly
teratozoospermia (‘poor prognosis pattern’ as
defined by strict criteria), are associated
with fertilization disorders in IVF, including
failure (partial or complete) and delayed
fertilization60,61.

OAF
Centrosome

SNDF

Pronuclear
formation

[Ca2+]

Resumption
of meiosis

Cleavage

Head
decondensation

Figure 4.1 Critical sperm components during fertilization.
OAF, oocyte activating factor; SNDF, sperm nuclear
decondensing factor
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• Results of standard (conventional) IVF in men
with severe teratozoospermia and other seminal
abnormalities showed not only decreased
fertilization but also lower implantation rates
compared with normozoospermic samples62–65.

• The application of corrective measures in con-
ventional IVF (such as increasing sperm
insemination concentration) resulted in an
enhanced fertilization rate but implantation
rates remained lower than anticipated66.

• Poor sperm quality was associated with a
decreased ability to reach the blastocyst stage
in vitro67.

• A comparative analysis of embryo implanta-
tion potential in patients with severe terato-
zoospermia undergoing IVF with a high
insemination concentration or ICSI revealed
that ICSI produced a significant proportion of
embryos with superior morphology and
implantation competence68.

• Although multiple studies have shown that the
outcome of clinical pregnancies following ICSI
is not affected by semen quality69–72, patients
with total teratozoospermia demonstrated a
very low implantation rate73.

• Spermatozoa of infertile men have also been
shown to contain various nuclear alterations.
They include an abnormal chromatin struc-
ture, aneuploidy, chromosomal microdeletions
and DNA strand breaks74–81.

Different theories have been proposed to explain
the origin of DNA damage in spermatozoa
(reviewed in references 2, 80 and 82). Damage
could occur at the time of, or be the result of,
DNA packing during the transition of histone to
the protamine complex during spermiogenesis.
DNA fragmentation could also be the conse-
quence of direct oxidative damage (free radical-
induced DNA damage has been associated with
antioxidant depletion, smoking, xenobiotics, heat
exposure, leukocyte contamination of semen and
the presence of ions in sperm culture media).

Alternatively, DNA damage could be the conse-
quence of apoptosis.

• Numerous studies have demonstrated associa-
tions between poor sperm quality and
increased sperm aneuploidy, DNA damage,
fragmentation and instability and single-
stranded DNA, with poor pregnancy potential
documented in such cases undergoing
intrauterine insemination (IUI) or ICSI
therapies83–89.

• Although the major congenital malformation
rate and developmental potential of children
conceived after IVF or ICSI and naturally are
similar, ICSI is associated with a slight increase
in de novo chromosomal abnormalities. More-
over, recent publications mention that diseases
caused by imprinting disorders affect a few
ICSI children, and sperm from men with
severely impaired semen quality may carry
microdeletions of the Y chromosome and
other genetic disorders (reviewed in references
90 and 91). Consequently, spermatozoa from
infertile men may carry chromosomal and/or
genetic abnormalities that can be potentially
transmitted to the offspring92.

In addition, findings in animals and in the human
have provided evidence of paternal transmission of
genetic damage, including data on paternally
mediated behavioral effects, male-mediated ter-
atogenicity and tumor induction and susceptibil-
ity in the offspring. The available evidence indi-
cates that preconception paternal exposure to
certain mutagens can, under certain conditions,
have adverse effects on the offspring. Two princi-
pal mechanisms proposed are the induction of
germ-line genomic instability or the suppression
of germ cell apoptosis (reviewed in reference 93).

It is well established that the presence of sperm
abnormalities can lead to failure of fertilization. A
high proportion of infertile men possess sperm
functional deficiencies that result in poor inter-
action with the zona pellucida, including a dimin-
ished capacity to achieve tight binding and/or to
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undergo acrosomal exocytosis. Moreover, a defi-
cient interaction with the oolema can lead to
binding or fusion abnormalities94–97. Obviously,
failure of the spermatozoon to penetrate the
oocyte’s investments or to arrive at the cytoplasm
negates fertilization and embryogenesis.

Other sperm abnormalities have been associ-
ated with failed fertilization and aberrant or
arrested embryo development. Such instances
include delayed fertilization, abnormal oocyte
activation, deficient sperm-head decondensation,
defective pronuclear formation and poor embryo
cleavage (reviewed in references 96, 98 and 99).
Once the spermatozoon penetrates the oocyte,
several events must take place to ensure fertiliza-
tion, including incorporation of the entire sper-
matozoon into the oocyte, completion of oocyte
meiotic maturation with extrusion of the second
polar body, metabolic activation of the previously
quiescent oocyte, decondensation of the sperm
nucleus and the maternal chromosomes into the
male and female pronuclei, respectively, and cyto-
plasmic migrations of the pronuclei, which bring
them into apposition. Defects in any of these
events can be lethal to the zygote and can be
causes of infertility.

As mentioned earlier, it is generally accepted
that the contributions of the fertilizing spermato-
zoon to the oocyte include delivery of the
DNA/chromatin, a putative oocyte-activating fac-
tor (OAF) and a centriole. The DNA/chromatin
complex is obviously the most significant contri-
bution to originating a new diploid individual.
Nevertheless, the OAF and centriole play a critical
part in bringing about oocyte activation, cortical
granule extrusion and the first mitotic division,
and without these contributions embryogenesis
would also be neglected or proceed abnormally.

The fate of sperm components in primate
models (human and subhuman) during fertiliza-
tion is being unraveled. The centrosome, intro-
duced by the sperm at fertilization, organizes a
microtubule array that is responsible for bringing
the parental genomes together at first mitosis.
Structural abnormalities or incomplete functioning

of the centrosome have been identified as a novel
form of infertility100. Moreover, the paternal
sperm-borne mitochondria also enter the cyto-
plasm and are specifically targeted for degradation
by the resident oocyte ubiquitin system101. This
phenomenon allows for maternal inheritance of
mitochondrial DNA. Defects of paternal mitochon-
drial degradation could result in heteroplasmy.

New evidence has challenged the traditional
view of the transcriptional dormancy of terminally
differentiated spermatozoa. Several reports have
indicated the presence of mRNAs in ejaculated
human spermatozoa (reviewed in reference 102).
It has been hypothesized that these templates
could be critically involved in late spermiogenesis,
including a function to equilibrate imbalances in
spermatozoal phenotypes brought about by mei-
otic recombination and segregation, and further-
more, that they could also be involved in early
postfertilization events such as establishing
imprints during the transition from maternal to
embryonic genes.

Cell divisions in the human embryo can be
compromised by deficiencies in the sperm nuclear
genome or sperm-derived cytoplasmic factors,
including the OAF and centriole. The newly
formed zygote undergoes early cleavage divisions
depending upon the oocyte’s endogenous
machinery, and at the 4–8-cell stage initiates
transcription of the embryonic genome103. Con-
sequently, sperm nuclear deficiencies are usually
not detected before the 8-cell stage, when a major
expression of sperm-derived genes has begun.
On the other hand, sperm cytoplasm deficiencies
can be detected as early as the 1-cell zygote
and then throughout the preimplantation
development104,105.

The terms ‘late’ and ‘early’ paternal effect have
been suggested to denote these two pathological
conditions106. The diagnosis of an early paternal
effect is based upon poor zygote and early embryo
morphology and low cleavage speed, and is not
associated with sperm DNA fragmentation. The
late paternal effect, on the other hand, is mani-
fested by poor developmental competence leading
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to failure of implantation, and is associated with
an increased incidence of sperm DNA fragmenta-
tion in the absence of zygote and early cleavage-
stage morphological abnormalities. It has been
suggested that ICSI with testicular sperm can be
an efficient treatment for the late paternal
effect107.

It can be speculated that the early paternal
effect probably includes dysfunctions related to
oocyte activation and the centrosome and
cytoskeletal apparatus, as well as possible abnor-
mal mRNA delivery. Conversely, the late paternal
effect is associated with dysfunctions/abnormalities
of the DNA/chromatin (including sperm chromo-
somal–genetic aberrations, retention of histones
and/or DNA damage), and perhaps mitochondr-
ial dysfunctions. Alterations due to genomic
imprinting anomalies probably result in both early
and late paternal effects.

Disorders of oocyte activation,
centrosome and cytoskeletal
apparatus dysfunction and
mitochondria elimination

PLCζ offers the molecular basis for an explanation
of how calcium release is triggered during mam-
malian fertilization. There are clinical situations
that can be explained by the absence or dysfunc-
tion of the OAF. For example, it has been sug-
gested that up to 40% of failed fertilization cases
after ICSI could be due to failure of the egg to acti-
vate 99. In these cases the sperm is within the cyto-
plasm, but a stimulus for activation is apparently
missing. Certainly, there may be cases where the
spermatozoon provides the OAF, but any of the
multiple elements of the oocyte-responsive system
(SFKs, PIP2, IP3 receptor or PKC) is aberrant,
resulting in failure to resume meiosis or to
undergo CGE.

During fertilization the zygotic centrosome
organizes a large sperm aster critical for uniting
the pronuclei before the first mitosis. Dys-
functional microtubule organization in failed

fertilization during human IVF suggests that cen-
trosomal dysfunction might be a cause of fertiliza-
tion arrest. In a study by Asch et al.98 microtubules
and DNA were imaged in inseminated human
oocytes that had been discarded as unfertilized.
The presence and number of incorporated sperm
tails were also documented using a monoclonal
antibody specific for the post-translationally mod-
ified, acetylated α-tubulin found in the tail, but
not oocyte, microtubules. Results showed that fer-
tilization arrested at various levels: (1) metaphase
II arrest; (2) arrest after successful incorporation of
the spermatozoon; (3) arrest after formation of the
sperm aster; (4) arrest during mitotic cell cycle
progression; and (5) arrest during meiotic cell
cycle progression.

Rawe et al.99 analyzed the distribution of
β-tubulins to detect spindle and cytoplasmic
microtubules, α-acetylated tubulins for sperm
microtubules and chromatin configuration in
oocytes showing fertilization failure after conven-
tional IVF or ICSI. Immunofluorescence analysis
showed that the main reason for fertilization
failure after IVF was no sperm penetration
(55.5%). The remaining oocytes showed different
abnormal patterns, e.g. oocyte activation failure
(15.1%) and defects in pronuclei apposition
(19.2%). On the other hand, fertilization failure
after ICSI was mainly associated with incomplete
oocyte activation (39.9%), and to a lesser extent
with defects in pronuclei apposition (22.6%) and
failure of sperm penetration (13.3%). A further
13.3% of the ICSI oocytes arrested their develop-
ment at the metaphase of the first mitotic division.

Fluorescent imaging scanning has shown that
centrosomal defects may result in abnormal
microtubule nucleation, preventing genomic
union. In a primate model, ICSI (using apparently
normal gametes) resulted in abnormal nuclear
remodeling during sperm decondensation due to
the presence of the sperm acrosome and peri-
nuclear theca, structures normally removed at the
oolema during IVF; this in turn caused a delay of
DNA synthesis108. Such unusual modifications
raised concerns about the ‘normalcy’ of the
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fertilization process and cell-cycle checkpoints
during ICSI (reviewed in references 108 and 109).

During the ICSI procedure, a spermatozoon is
deposited into the ooplasm with both the acroso-
mal and plasma membranes intact, in addition to
the other sperm components that are naturally
eliminated in fertilized oocytes. The sperm acro-
some contains a variety of hydrolytic enzymes, the
release of which into the ooplasm might be harm-
ful110. It is unclear how an oocyte that has been
injected with an acrosome-intact spermatozoon
will cope with the sperm acrosome. It is believed
that an acrosome introduced into the ooplasm by
ICSI seems physically to disturb sperm chromatin
decondensation. Synthesis of DNA is delayed in
both pronuclei when the paternal pronucleus is
still undergoing decondensation in the apical
region under the acrosomal cap, identifying a
unique G1/S cell-cycle checkpoint111. Katayama et
al.112 showed morphological characteristics in
detail of the acrosome of boar sperm through
ICSI, showing that the lectin-binding properties
of sperm-head components introduced into the
cytoplasm were different from those after IVF.
Resumption of meiosis and cortical-granules exo-
cytosis were achieved after micromanipulation
techniques.

Terada et al.113 assessed centrosomal function
of human sperm using heterologous ICSI with
rabbit eggs. They demonstrated that the sperm-
aster formation rate was lower in infertile men
compared with controls. Moreover, the sperm-
aster formation rate correlated with the embryonic
cleavage rate following human IVF. The data sug-
gested that reproductive success during the first
cell cycle requires a functional sperm centrosome
and that dysfunctions of this organelle could be
present in cases of unexplained infertility.

Kovacic and Vlaisavljevic114 studied the micro-
tubules and chromosomes of human oocytes fail-
ing to fertilize after ICSI, to establish how sperm
chromatin and sperm-astral microtubule configu-
ration is related to the phases of the oocyte cell
cycle, and to find the defects in these structures
causing fertilization arrest. A high proportion of

oocytes were arrested at metaphase II. Damage of
the second meiotic spindle was noted in some
oocytes. Intact sperm were found in some cases,
and a swollen sperm head and prematurely con-
densed sperm chromosomes were apparent in oth-
ers. Many monopronucleate oocytes contained
sperm, with delay in the process of sperm nucleus
decondensation. It was concluded that sperm that
do not activate the oocyte may continue decon-
densing the chromatin, but the oocyte prevents
male pronucleus formation before the female one,
mostly by causing premature chromatin conden-
sation in the sperm and by duplicating the sperm
centrosome.

The functional role of the sperm tail (either
attached or dissected) in early human embryonic
growth is not known. In microinjection experi-
ments, it was demonstrated that the injection of
isolated sperm segments (heads or flagella) could
permit oocyte activation and bipronuclear forma-
tion. However, a high rate of mosaicism was
observed in the embryos with disrupted sperm,
suggesting that the structural integrity of the
intact fertilizing spermatozoon appears to con-
tribute to normal human embryogenesis115. In
addition, oocytes injected with mechanically dis-
sected spermatozoa, although capable of pronu-
clear formation, did not undergo normal mitotic
division. The lack of a bipolar spindle, in combi-
nation with mosaicism, suggested abnormalities of
the mitotic apparatus when sperm integrity is
impaired following dissection116.

Fertilization is completed once the parental
genomes unite, and requires migration of the egg
nucleus to the sperm nucleus (female and male
pronuclei, respectively) on microtubules within
the inseminated egg. The failure of zygotic devel-
opment in some patients suggests that abnormali-
ties of this step may contribute to infertility.
Recently, Payne et al.59 showed that preferentially
localized dynein and perinuclear dynactin associ-
ate with the nuclear pore complex and vimentin,
and are required to mediate genomic union. The
data suggest a model in which dynein accumulates
and binds to the female pronucleus on sperm-aster
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microtubules, where it acts with dynactin, nucleo-
porins and vimentin.

Mutations in the human gene ubiquitin-spe-
cific protease-9 Y chromosome (USP9Y), which
encodes a protein with a C-terminal ubiquitin
hydrolase domain, result in azoospermia and male
infertility117. Knock-out mice lacking the E3
ubiquitin protein ligase SIAH1A or the E2 ubiq-
uitin-conjugating enzyme HR6B demonstrated
defects in meiosis, postmeiotic germ cell develop-
ment and male infertility118. Ubiquitin-mediated
proteolysis is also critical for other aspects of
reproduction, including the elimination of defec-
tive sperm in the epididymis, clearance of paternal
mitochondria and progression of embryonic
development in mammals119.

Sutovsky et al.101 showed that increased sperm
ubiquitin (measured through a flow cytometric
sperm–ubiquitin tag immunoassay) was inversely
correlated with sperm quality. Conversely, Mura-
tori et al.120 observed a positive correlation
between sperm ubiquitination and sperm quality.
More studies are therefore needed to establish
whether sperm ubiquitination can be used as a
biomarker of sperm functional capacity and
whether anomalies of fertilization result from
anomalies of ubiquitin sperm marking.

Ubiquitin-mediated degradation targets cell-
cycle regulators for proteolysis. Cullins are core
components of E3 ubiquitin ligases, and CUL-4A
has a possible role in cell cycle control. In
experiments with CUL-4A deletion mutations in
mice, it was observed that homozygous mutants
generated no viable pups or recovery of homo-
zygous embryos after 7.5 days postcoitum119.
Results indicated that appropriate CUL-4A
expression appears to be critical for early embry-
onic development.

The true identity of ubiquitinated substrates in
the sperm mitochondria is not known. Neverthe-
less, it was recently shown that prohibitin, a mito-
chondrial membrane protein, is one of the ubi-
quitinated substrates that makes the sperm
mitochondria responsible for the egg’s ubiqui-
tin–proteasome-dependent proteolytic machinery

after fertilization121. Abnormalities of this recogni-
tion system might be involved in the dysregula-
tion of mitochondrial inheritance and sperm qual-
ity control.

Occasional occurrence of paternal inheritance
of mtDNA has been suggested in mammals,
including humans. While most such evidence has
been widely disputed, of particular concern is the
documented heteroplasmic or mixed mtDNA
inheritance after ooplasmic transfusion122. Indeed,
there is evidence that heteroplasmy is a direct con-
sequence of ooplasm transfer, a technique that was
used to ‘rescue’ oocytes from older women by
injecting ooplasm from young oocytes. ICSI has
an inherent potential for delaying the degradation
of sperm mitochondria. However, paternal
mtDNA inheritance after ICSI has not been doc-
umented (reviewed in reference 101).

Putative dysfunctions resulting from
aberrant delivery of mRNA

Recently, mRNA has been discovered in human
ejaculated sperm. A non-exhaustive list of tran-
scripts, including c-myc, human leukocyte antigen
(HLA) class 1, protamines 1 and 2, heat shock
proteins 70 and 90, β-integrins, transition pro-
tein-1, β-actin, variants of phosphodiesterase,
progesterone receptor and aromatase, reveals a
wide range of transcripts in mammalian
sperm123–126.

In mammals, round spermatids contain a
number of transcripts that are produced either
throughout early spermatogenesis127 or during
spermiogenesis from the haploid gene encoding
sperm-specific proteins such as transition proteins
and protamines128, or sperm-tail cytoskeletal pro-
teins implied in the molecular make-up of the
outer dense fibers129 and fibrous sheath130. The
arrest of transcription that is concomitant with
major changes in chromatin organization occurs
during mid-spermiogenesis131. However, the pres-
ence of extremely varied transcripts in mature
sperm cells has been described in both
rodent132,133 and human spermatozoa134–138.
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Most investigations into RNA identification in
mature spermatozoa have been performed with
techniques based on the detection of specific or
particular sets of RNA by means of polymerase
chain reaction (PCR) after reverse transcription
(RT-PCR). Indeed, nested RT-PCR of RNA from
a single spermatozoon has shown apparently aber-
rant transcripts in human sperm cells, such as
those encoding synapsin I, immunoglobulins or
Y-cell receptor α139. Such a phenomenon, named
illegitimated transcription, has been defined as a
very low-level transcription of any gene in any cell
type140.

Different mRNA species were found in human
ejaculated spermatozoa by carrying out a step-by-
step analysis with macroarray hybridization, RT-
PCR and in situ hybridization. An extended pat-
tern of several transcripts encoding factors (NFκB,
HOX2A, ICSBP, JNK2, HBEGF, RXRβ and
ErbB3) essential for cellular functioning (includ-
ing signal transduction and cell proliferation) were
demonstrated in human sperm nuclei. The pres-
ence of residual DNA and RNA polymerase activ-
ity within the sperm chromatin was also formerly
reported141–143.

Complementary investigations have indicated
that, in spite of a high degree of DNA packaging
within the human sperm head, chromatin retains
some features of active chromatin, mainly acety-
lated histones144 and the arrangement of certain
chromatin domains into nucleosomes145,146. The
existence of transcriptional and translational activ-
ities in human sperm during capacitation and the
acrosome reaction has been described, which
could also explain the presence of mRNA in
mature sperm147. Lambard et al.124 showed a sig-
nificant decrease of aromatase mRNA level in
sperm with low motility, compared with highly
motile sperm from the same sample of normo-
spermic patients; these data suggest that the estab-
lishment of sperm mRNA profiles could be used
as a genetic fingerprint of normal fertile men.

The data therefore suggest that spermatozoa
are a repository of information regarding meiotic
and postmeiotic gene expression in the human,

and are likely to contain transcripts for genes play-
ing an essential role during spermiogenesis (Figure
4.2). Use of the whole ejaculate as a wholly non-
invasive biopsy of the spermatid should therefore
be evaluated123.

Different mRNA-encoding proteins are proba-
bly implicated in cell–cell and cell–substratum
interactions, enhancement of fertility rate, lipid
transportation, membrane recycling and stabiliza-
tion of stress proteins, and promotion or inhibi-
tion of the death cell mechanism148.

It is possible that if the mRNA accumulated in
the sperm nucleus is not residual non-functional
material, it might be viewed as the male gamete’s
contribution to early embryogenesis149. Delivering
spermatozoon RNA to the oocyte has been
demonstrated in mice150 and humans148. Some
sperm transcripts encoding proteins known to
participate in fertilization and embryonic develop-
ment have been specifically detected in early
embryos after in vitro fertilization failure, while
they have not been found in the oocyte138. Thus,
human spermatozoa could act not only as genome
carriers but also as providers of specific transcripts
necessary for zygote viability and development
before activation of the embryonic genome.
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Figure 4.2 Spermatozoa mRNA transcripts and putative
temporal expression during embryo development (+ refers to
mRNA transcripts that are possibly involved in development as
reported in reference 148)
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Ostermeier et al.102 recently reported a suite of
novel human spermatozoal mRNAs. The authors
identified a group of RNAs previously defined as
micro-RNAs, and others that were antisense
mRNAs of in silico predicted transcripts (or silenc-
ing mRNAs). The authors speculated that the
delivery of these antisense RNAs upon fertiliza-
tion could enable their participation in early post-
fertilization processes. They could be involved in
regulation of the transition from maternal to
embryonic genome, and could even be related to
imprinting. Fukagawa et al.151 and Morris et al.152

have shown that this class of mRNA could confer
transcriptional silencing by methylation.

Aberrant embryogenesis secondary to
nuclear/chromatin anomalies

As mentioned above, spermatozoa of infertile men
have been shown to contain various nuclear alter-
ations, including an abnormal chromatin struc-
ture, aneuploidy, chromosomal microdeletions
and DNA strand breaks (reviewed in reference 2).
Since meiosis is crucial for the survival of a species,
an elaborate series of safeguards have evolved to
pair, break and repair the chromosomal DNA.
Despite such regulatory mechanisms, it is well
known that translocations and aneuploidy are reg-
ularly introduced during the meiotic divisions.

Esterhuizen et al.153 evaluated the role of chro-
matin packaging (CMA3 staining), sperm mor-
phology during sperm–zona binding, sperm
decondensation and the presence of polar bodies
in oocytes that failed IVF. Odds ratio analyses
indicated that being in the ≥ 60% CMA3 staining
group resulted in a 15.6-fold increase in the risk of
decondensation failure, relative to CMA3 staining
of < 44%. Using CMA3 fluorescence to discrimi-
nate, 51% of oocytes in the group with elevated
CMA3 fluorescence had no sperm in the ooplasm,
compared with 32% and 16% penetration failure
in the CMA3 staining groups ≥ 44–59% and
< 44%, respectively. Sperm chromatin packaging
quality and sperm morphology assessments were

demonstrated as useful clinical indicators of
human fertilization failure.

Ectopic expression and inactivation of apopto-
sis-related genes have been shown to cause abnor-
malities in spermatogenesis. During spermatogen-
esis, the process of germ cell proliferation and
maturation causes diploid spermatogonia to
develop into mature haploid sperm. A number of
the developing germ cells die by apoptosis before
reaching maturity, even under normal condi-
tions154. In addition to the physiological germ-cell
apoptosis that occurs continuously throughout
life, increased germ-cell apoptosis results from
such external disturbances as irradiation or expo-
sure to toxicants155. Evidence suggests that within
the cellular component of the testicular tissue, cas-
pases play a central role in the apoptotic process
that leads to DNA fragmentation of Sertoli
cells104.

The presence of apoptosis in ejaculated sper-
matozoa could be the result of various types of
injuries156,157. In vivo, apoptosis could be triggered
at the testicular (hormonal depletion, irradiation,
toxic agents, chemicals and heat have been shown
to induce apoptosis), epididymal (the result of sig-
nals released by abnormal and/or senescent sper-
matozoa or by leukocytes – such as ROS and other
mediators of inflammation/infection) or seminal
(ROS, lack of antioxidants or other causes) levels.
Also, apoptosis could be triggered by factors pres-
ent in the female tract. In vitro, apoptosis could be
triggered upon incubation with inappropriate
culture media or other manipulation procedures.
Irrespective of the stimulus, spermatozoa under-
going apoptosis and unrecognized by currently
used methodologies may be dysfunctional (result-
ing in failure of fertilization) or, more dramat-
ically, they may pose the risk of carrying a dam-
aged genome into the egg resulting in poor
embryo development, miscarriage or childhood
anomalies158,159.

We have published compelling evidence
indicative of the presence of somatic cell apoptosis
markers, including key constituents of the
apoptotic machinery and activation upon defined
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stimuli, in human ejaculated spermatozoa. It can
be summarized as follows:

• Human spermatozoa exhibit somatic cell
apoptosis markers. Spermatozoa from fertile
and infertile men demonstrated variable levels
of phosphatidylserine (PS) externalization (by
Annexin V-FITC (fluorescein isothiocyanate)
binding using indirect immunofluorescence)
and DNA fragmentation (by immuno-
fluorescence using TUNEL (terminal deoxy
nucleotide transferase-mediated dUTP nick-
end labeling) and also the monoclonal antibody
(mAb) F7-26) upon ejaculation and incubation
under capacitating conditions2,160,161.

• The apoptosis markers PS externalization and
DNA fragmentation are expressed with a
higher frequency in fractions of sperm with
low motility (where dysmorphic and dysfunc-
tional sperm are found), when compared with
high-motility fractions2,161.

• Apoptosis markers are expressed with a sig-
nificantly higher frequency in sperm of
infertile men when compared with fertile
controls156,161.

• Human sperm contain caspase-3, the major
executioner caspase, in both inactive and active
forms. We have unequivocally demonstrated
the presence of inactive caspase-3 (32 kDa) and
also caspase-3 activation (17-kDa proteolytic
fragment) in ejaculated sperm by immunoblot-
ting, and have also confirmed caspase activa-
tion by immunofluorescent and enzymatic
techniques161. Using immunofluorescence
with a FITC-labeled antibody that specifically
recognizes the active form, active caspase-3 was
exclusively detected to the midpiece, where
mitochondria and residual cytoplasm are
present.

• Human sperm exhibit other members of the
caspase family, caspase-7 and -9. By immuno-
blotting, we have demonstrated the presence of
inactive caspase-7 (35 kDa) and caspase-9

(45 kDa) in many samples, as well as active cas-
pase-7 (32 kDa) and caspase-9 (37 kDa) in
samples of infertile men162.

• Human sperm possess apoptosis-inducing fac-
tor (AIF). By immunoblotting, we have
demonstrated that human sperm express AIF
(67 kDa) (although further studies are needed
to establish its cellular location) and possibly a
unique PARP (poly [ADP-ribose] polymerase),
a specific caspase substrate of 66 kDa, with a
different molecular weight from that of the
116–85-kDa analog and proteolytic fragment
found in somatic cells162,163.

• Human sperm appear not to express Bid pro-
tein (neither the 24-kDa intact nor the 15-kDa
proapoptotic fragment) as measured by
immunoblotting (unpublished observations).

• Caspase activation can be triggered in ejacu-
lated human sperm by the mitochondrial dis-
rupter staurosporine. Staurosporine at
10 µmol/l (apoptosis-inducing dose in somatic
cells) significantly enhanced caspase activation
(by DEVD assay (Asp-Glu-Val-Asp) that
measures caspase-3, -6 and -7) and DNA frag-
mentation, suggesting a mitochondria-
dependent pathway of caspase activation162.
We analyzed the dose-dependent effect of stau-
rosporine on sperm viability, and found no
deleterious effects in the range 1–15 µmol/l.
Preincubation with the pan-caspase inhibitor
zVAD (benzoxy-Val-Ala-Asp) (50 µmol/l,
30 min) inhibited staurosporine-induced
DNA fragmentation by 50% (unpublished
observations).

• Human sperm did not exhibit a response to
Fas ligand. Fas ligand did not trigger caspase
activation, PS translocation or DNA fragmen-
tation. The Fas ligand (anti-Fas monoclonal
antibody) was tested at 1 µg/ml (apoptosis-
inducing dose in somatic cells) with and with-
out G-protein as a linker (at 2 µg/ml), and did
not elicit caspase activation, PS translocation
or DNA fragmentation162. These data are in
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agreement with recent studies that failed to
demonstrate Fas receptors in ejaculated human
sperm164.

• Hydrogen peroxide, the most damaging ROS
in sperm, induces expression of apoptosis
markers. We demonstrated that H2O2

increased PS translocation and DNA fragmen-
tation165. H2O2 produced a dose-dependent
effect on PS translocation, with a significant
increase at 200 µmol/l, a dose that we previ-
ously reported initiated impairment of motility
and other sperm functions without affecting
viability in vitro166. In addition, H2O2 resulted
in a moderate increase in caspase activation.

• Ejaculated human sperm show a strong corre-
lation between ROS production and DNA
fragmentation, linking mitochondrial dysfunc-
tion and expression of apoptosis markers. We
have shown a positive, significant correlation
between the endogenous generation of ROS
(measured by chemiluminescence) and DNA
strand breaks in ejaculated sperm2.

• Ejaculated sperm show a strong correlation
between disruption of mitochondrial trans-
membrane potential and PS translocation,
again linking mitochondrial dysfunction and
expression of apoptosis markers. We have doc-
umented that samples with live cells presenting
PS externalization demonstrated changes in
mitochondrial transmembrane potential using
a mitochondrial membrane sensor kit167. The
test uses a cationic dye, which fluoresces differ-
ently in apoptotic and healthy cells. Results
showed alterations of the mitochondrial mem-
brane potential that were three times higher in
sperm fractions with low motility, compared
with high-motility fractions.

The oocyte has the capability to repair DNA dam-
age, as oocytes fertilized by DNA-damaged sper-
matozoa did not develop further in vitro when
they were cultured in the presence of inhibitors to
DNA repair168–171. The capacity of the oocyte to
repair is limited, and is related to the degree of

sperm DNA damage. The fertilization capacity of
apoptotic sperm has been observed to be at the
same rate as that of intact spermatozoa; however,
embryo development to the blastocyst stage is
closely related to the integrity of the DNA171.

During spermatogenesis, a complex and
dynamic process of proliferation and differentia-
tion occurs as spermatogonia are transformed into
mature spermatozoa. This unique process involves
a series of meioses and mitoses, changes in cyto-
plasmic architecture, replacement of somatic cell-
like histones with transition proteins and the final
addition of protamines, leading to highly pack-
aged chromatin172. The human is of particular
interest, as a single ejaculate normally contains a
heterogeneous population of spermatozoa. It has
been known for many years that the chromatin of
the mature sperm nucleus can be abnormally
packaged173. In addition, abnormal chromatin
packaging and nuclear DNA damage appear to be
linked174, and there is a strong association between
the presence of nuclear DNA damage in the
mature spermatozoa of men and poor semen
parameters77,175.

It is postulated that an endogenous nuclease,
topoisomerase II, creates and ligates nicks to pro-
vide relief of torsional stress and to aid chromatin
rearrangement during protamination176. The
DNA damage in ejaculated human sperm consists
of both single- and double-stranded DNA breaks.
Endogenous nicks in DNA are normally expressed
at specific stages of spermiogenesis in different
animal models; these endogenous nicks are evi-
dent during spermiogenesis, but are not observed
once chromatin packaging is completed. It is pos-
sible that endogenous nuclease topoisomerase II
may play a role in both creating and ligating nicks
during spermiogenesis, that these nicks may pro-
vide relief of torsional stress and that they aid
chromatin rearrangement during the displace-
ment of histones by protamines177–179.

Several studies have shown that sperm DNA
quality has robust power to predict fertilization in
vitro175,180–182. Tomlinson et al.183 have reported
that the only parameter showing a significant
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difference between pregnant and non-pregnant
groups in IVF was the percentage of DNA frag-
mentation assessed by in situ nick translation.
Sperm-derived effects, particularly the degree of
DNA fragmentation, have been suggested to affect
human embryo development104.

The sperm chromatin structure assay (SCSA)
has been proposed as a diagnostic tool to predict
fertilization by evaluating sperm DNA stability79.
The SCSA measures susceptibility to DNA denat-
uration in situ in sperm exposed to acid for 30 s,
followed by acridine orange staining. The use of
flow cytometry in the SCSA increases its depend-
ability.

Duran et al.84 studied a large infertility popu-
lation undergoing IUI therapy in a prospective
cohort fashion. A total of 119 patients underwent
154 cycles of IUI. DNA fragmentation evaluated
by TUNEL and acridine orange staining were
measured. The authors reported that sperm DNA
quality played a major role as a predictor of preg-
nancy under such in vivo conditions.

Epigenetic factors

‘Epigenetics’ refers to a process that regulates gene
activity without affecting the genetic (DNA) code
and is heritable through cell division. Germ cell
development and early embryogenesis are cruc-
ial windows in the erasure, acquisition and main-
tenance of genomic imprints. Moreover, a number
of genes regulated by imprinting have been shown
to be essential to fetal growth and placental func-
tion. Increasing attention has recently focused on
potential epigenetic disturbances resulting from
embryo culture, somatic cell nuclear cloning and
assisted reproductive technologies184,185, indicat-
ing that a better understanding of genomic
imprinting or parent-of-origin effects on gene
expression is highly significant to the current study
of reproduction and development.

Imprinting is an epigenetically controlled phe-
nomenon, because something other than DNA
sequence must distinguish the parental alleles and
determine sex-specific gene expression. The role of

DNA methylation in genomic imprinting has
been extensively investigated. It is estimated that
the total number of imprinted genes in the mouse
and human genomes may range between 100
and 200. Of those that have been identified to
date, a significant number appear to have impor-
tant roles in fetal development. It has been argued
that imprinted genes play essential roles in con-
trolling the placental supply of maternal nutrients
to the fetus, by regulating the growth of the pla-
centa and/or the activity of transplacental trans-
port systems.

Methylation is important for somatic cell
maintenance of imprinting after the global wave
of demethylation in the blastocyst186. However,
the question arises of how maternal and paternal
alleles can be distinguished after global demethy-
lation arises187,188. It has been found that different
methylation sites within imprinted genes may
demonstrate significant temporal differences in
methylation pattern, and that establishment of the
final methylation pattern is a dynamic process189.

Epigenetic modifications serve as an extension
of the information content by which the underly-
ing genetic code may be interpreted. These modi-
fications mark genomic regions and act as herit-
able and stable instructions for the specification of
chromatin organization and structure that dictate
transcriptional states. In mammals, DNA methy-
lation and the modification of histones account
for the major epigenetic alterations. Two cycles of
DNA methylation reprogramming have been
characterized (reviewed in reference 190). During
germ cell development, epigenetic reprogramming
of DNA methylation resets parent-of-origin-based
genomic imprints and restores totipotency to
gametes.

During fertilization, the second cycle is trig-
gered, resulting in an asymmetric difference
between parental genomes. Further epigenetic
asymmetry is evident in the establishment of the
first two lineages at the blastocyst stage. This dif-
ferentiative event sets the epigenetic characteristics
of the lineages as derivatives of the inner cell mass
(somatic) and trophectoderm (extraembryonic).
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The erasure and subsequent retracing of the epi-
genetic checkpoints pose the most serious obsta-
cles to somatic nuclear transfer. Elaboration of the
mechanisms of these interactions will be invalu-
able in our fundamental understanding of biolog-
ical processes and in achieving substantial thera-
peutic advances190.

Recent studies have suggested a possible link
between human assisted reproductive technologies
and genomic imprinting disorders (reviewed in
reference 191). The presence of Angelman syn-
drome (caused by a loss of function of the mater-
nal allele or duplication of the paternal allele
within a region that spans UBE3A) and Beck-
with–Wiedemann syndrome (another disease that
exhibits parent-of-origin effects in its inheritance)
has been observed following the use of ICSI.

Assisted reproductive technologies include the
isolation, handling and culture of gametes and
early embryos at times when imprinted genes are
likely to be particularly vulnerable to external
influences. Evidence of sex-specific differences in
imprint acquisition suggests that male and female
germ cells may be susceptible to perturbations in
imprinted genes at specific prenatal and postnatal
stages. Imprints acquired first during gametogen-
esis must be maintained during preimplantation
development when reprogramming of the overall
genome occurs. The identification of the mecha-
nisms and timing of imprint erasure, acquisition
and maintenance during germ cell development
and early embryogenesis, as well as their implica-
tions for future epigenetic studies in assisted
reproductive technologies, should constitute
research priorities191.

CONCLUSIONS

The fertilizing spermatozoon has a very dynamic
and critical participation in embryogenesis during
and after the fertilization process. A defective
spermatozoon that penetrates the oocyte may
cause arrest of development at multiple levels dur-
ing embryo preimplantational development.

Moreover, sublethal and lethal effects can be ‘car-
ried over’ following implantation, resulting in
human disease.

The contributions of the fertilizing spermato-
zoon to the oocyte during normal development
include delivery of the DNA/chromatin, the
oocyte-activating factor (OAF) and a centriole.
The DNA/chromatin complex is obviously the
most significant contribution to originating a new
diploid individual. Nevertheless, the OAF and
centriole play a critical part in bringing about
oocyte activation and the first mitotic division,
and without their contributions embryogenesis
would also be neglected. In addition, recent data
have indicated that spermatozoa provide the
zygote with a unique suite of paternal mRNAs.
Such transcripts might be crucial for early and late
embryonic development, and deficient delivery or
aberrant transcription might contribute to abnor-
mal development and arrest.

A large body of evidence is accumulating
demonstrating that abnormal oocyte activation
and embryonic development might be the conse-
quence of aberrant paternal contribution(s). An
early paternal effect results in failure to complete
the fertilization process, syngamy or early cleav-
age. It can be demonstrated by morphological
abnormalities observed at the pronuclear and 2–4-
cell stage. It is speculated that these defects are
mediated by sperm deficiencies, including an
abnormal release of OAF and by dysfunctions of
the centrosome and cytoskeletal apparatus. A late
paternal effect is characterized by failure to achieve
implantation competence, but could also be asso-
ciated with pregnancy loss and postnatal develop-
mental abnormalities. It is associated with sperm
nuclear/chromatin defects, including the presence
of aneuploidy, genetic anomalies, DNA damage
and possible other causes.

The strictly maternal inheritance of mitochon-
drial DNA (mtDNA) in mammals is a develop-
mental paradox promoted by an unknown mech-
anism responsible for the destruction of sperm
mitochondria shortly after fertilization. It has
been shown that sperm mitochondria are tagged
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and later subjected to directed proteolysis during
preimplantation development. Abnormalities of
this process could lead to aberrant embryogenesis.

In addition, recent data have indicated that
spermatozoa provide the zygote with a unique
suite of paternal mRNAs. Such transcripts might
be crucial for early and late embryonic develop-
ment, and deficient delivery or aberrant transcrip-
tion might lead to abnormal embryogenesis. Fur-
thermore, limited RNA synthesis can be detected
in human pronuclei and failure of this early tran-
scription is associated with abnormal pronuclear
development and arrest. Finally, gene-imprinting
abnormalities, either of gamete origin or taking
place during early embyogenesis, may be responsi-
ble for severe human disease. Such a problem has
a potential impact when using certain forms of
assisted reproductive technologies.

REFERENCES

1. Latham KE, Sapienza C. Localization of genes
encoding egg modifiers of paternal genome
function to mouse chromosomes one and two.
Development 1998; 125: 929

2. Barroso G, Morshedi M, Oehninger S. Analysis of
DNA fragmentation, plasma membrane transloca-
tion of phosphatidylserine and oxidative stress in
human spermatozoa. Hum Reprod 2000; 15: 1338

3. Cummins JM, Jequier AM, Kan R. Molecular biol-
ogy of human male infertility links with aging,
mitochondrial genetics, and oxidative stress? Mol
Reprod Dev 1994; 37: 345

4. Simerly C, Wu GJ, Zoran S. The paternal inheri-
tance of the centrosome, the cell’s microtubule
organizing center, in humans, and the implications
for infertility. Nat Med 1995; 1: 47

5. Bedford JM. Ultrastructural changes in the sperm
head during fertilization in the rabbit. Am J Anat
1968; 123: 329

6. Yanagimachi R. Mammalian fertilization In Knobil
E, Neill JO, eds. The Physiology of Reproduction.
New York: Raven 1994: 189

7. Snell WJ, White JM. The molecules of mammalian
fertilization. Cell 1996; 85: 175

8. Primakoff P, Hyatt H, Tredick-Kline J. Identifica-
tion and purification of a sperm surface protein

with a potential role in sperm–egg membrane
fusion. J Cell Biol 1987; 104: 141

9. Blobel CP, White JM. Structure, function and evo-
lutionary relationship of proteins containing a dis-
integrin domain. Curr Opin Cell Biol 1992; 4:
760

10. Blobel CP, et al. A potential fusion peptide and an
integrin ligand domain in a protein active in
sperm–egg fusion. Nature 1992; 356: 248

11. Cowan AE, et al. Guinea pig fertilin exhibits
restricted lateral mobility in epididymal sperm and
becomes freely diffusing during capacitation. Dev
Biol 2001; 236: 502

12. Primakoff P, Myles DG. The ADAM gene family:
surface proteins with adhesion and protease activity.
Trends Genet 2000; 16: 83

13. Inoue N, et al. The immunoglobulin superfamily
protein Izumo is required for sperm to fuse with
eggs. Nature 2005; 434: 234

14. Toshimori K, et al. An MN9 antigenic molecule,
equatorin, is required for successful sperm–oocyte
fusion in mice. Biol Reprod 1998; 59: 22

15. Manandhar G, Toshimori K. Exposure of sperm
head equatorin after acrosome reaction and its fate
after fertilization in mice. Biol Reprod 2001; 65:
1425

16. Fissore RA, Reis MM, Palermo GD. Isolation of the
Ca2+ releasing component(s) of mammalian sperm
extracts: the search continues. Mol Hum Reprod
1999; 5: 189

17. Parrington J, et al. Calcium oscillations in mam-
malian eggs triggered by a soluble sperm protein.
Nature 1996; 379: 364

18. Dumollard R, Sardet C. Three different calcium
wave pacemakers in ascidian eggs. J Cell Sci 2001;
1: 2471

19. Duchen M. Mitochondria and calcium: from cell
signalling to cell death. J Physiol 2000; 529: 57

20. Rizzuto R, Bernardi P, Pozzan T. Mitochondria as
all-round players of the calcium game. J Physiol
2000; 529: 37

21. Eisen A, Reynolds GT. Source and sinks for the cal-
cium released during fertilization of single sea
urchin eggs. J Cell Biol 1985; 100: 1522

22. Dumollard R, et al. Mitochondrial respiration and
Ca2+ waves are linked during fertilisation and
meiosis completion. Development 2003; 130: 683

23. McCormick JG, Denton RM. Mitochondrial Ca2+
transport and the role of intramitochondrial Ca2+
in the regulation of energy metabolism. Dev
Neurosci 1993; 15: 3

Kruger Chapter 04  12/7/06  11:06  Page 66



CONTRIBUTION OF MALE GAMETE TO FERTILIZATION AND EMBRYOGENESIS 67

24. Hansford RG. Physiological role of mitochondrial
Ca2+ transport. J Bioenerg Biomembr 1994; 26:
495

25. Territo PR, et al. Ca(2+) activation of heart mito-
chondrial oxidative phosphorylation: role of the
F(0)/F(1)-ATPase. Am J Physiol Cell Physiol 2000;
278: C423

26. Duchen MR, Biscoe TJ. Mitochondrial function in
type I cells isolated from rabbit arterial chemorecep-
tors. J Physiol 1992; 450: 13

27. Pralong WF, Spat A, Wollheim CB. Dynamic pac-
ing of cell metabolism by intracellular Ca2+ tran-
sients. J Biol Chem 1994; 269: 27310

28. Hajnoczky G, et al. Decoding of cytosolic calcium
oscillations in the mitochondria. Cell 1995; 11: 415

29. Mak DO, McBride S, Foskett JK. ATP regulation
of type 1 inositol 1,4,5-trisphosphate receptor chan-
nel gating by allosteric tuning of Ca(2+) activation.
J Biol Chem 1999; 274: 22231

30. Mak DO, McBride S, Foskett JK. ATP regulation
of recombinant type 3 inositol 1,4,5-trisphosphate
receptor gating. J Gen Physiol 2001; 117: 447

31. Tarin JJ. Potential effects of age-associated oxidative
stress on mammalian oocytes/embryos. Mol Hum
Reprod 1996; 2: 717

32. Saunders CM, et al. PLC zeta: a sperm-specific trig-
ger of Ca(2+) oscillations in eggs and embryo devel-
opment. Development 2002; 129: 3533

33. Kouchi Z, et al. Recombinant phospholipase Czeta
has high Ca2+ sensitivity and induces Ca2+ oscilla-
tions in mouse eggs. J Biol Chem 2004; 279: 10408

34. Swann K, et al. The cytosolic sperm factor that trig-
gers Ca2+ oscillations and egg activation in mam-
mals is a novel phospholipase C: PLCzeta. Repro-
duction 2004; 127: 431

35. Dupont G. Theoretical insights into the mechanism
of spiral Ca2+ wave initiation in Xenopus oocytes.
Am J Physiol 1998; 275: C317

36. Eliyahu E, Shalgi R. A role for protein kinase C dur-
ing rat egg activation. Biol Reprod 2002; 67: 189

37. Talmor-Cohen A, et al. Are Src family kinases
involved in cell cycle resumption in rat eggs?
Reproduction 2004; 127: 455

38. Piko L, Matsumoto L. Number of mitochondria
and some properties of mitochondrial DNA in the
mouse egg. Dev Biol 1976; 49: 1

39. Lodish H, et al. Molecular Cell Biology, 3rd edn.
New York: WH Freeman and Co., 1995

40. Shadel GS, Clayton DA. Mitochondrial DNA main-
tenance in vertebrates. Ann Rev Biochem 1997; 66:
409

41. Ford WCL, Rees JM. The bioenergetics of mam-
malian sperm motility. In Gagnon C, ed. Controls
of Sperm Motility: Biological and Clinical Aspects.
Boca Raton, FL: CRC Press, 1990: 175

42. Max B. This and that: hair pigments, the hypoxic
basis of life and the Virgilian journey of the sper-
matozoon. Trends Pharmacol Sci 1992; 13: 272

43. Cummins J. Mitochondrial DNA in mammalian
reproduction. Rev Reprod 1998; 3: 172

44. Short RV. The difference between a testis and an
ovary. J Exp Zool 1998; 281: 359

45. Kaneda H, et al. Elimination of paternal mitochon-
drial DNA in intraspecific crosses during early
mouse embryogenesis. Proc Natl Acad Sci USA
1995; 92: 4542

46. Ankel-Simons F, Cummins JM. Misconceptions
about mitochondria and mammalian fertilization –
implications for theories on human evolution. Proc
Nat Acad Sci USA 1996; 93: 13859

47. Aitken RJ. Free radicals, lipid peroxidation and
sperm function. Reprod Fertil Dev 1995; 7: 659

48. Shalgi R, et al. Fate of sperm organelles during early
embryogenesis in the rat. Mol Reprod Dev 1994;
37: 264

49. Sutovsky P, Navara C, Schatten G. Fate of the sperm
mitochondria, and the incorporation, conversion,
and disassembly of the sperm tail structures during
bovine fertilization. Biol Reprod 1996; 55: 1195

50. Smith LC, Alcívar AA. Cytoplasmic inheritance and
its effects on development and performance. J
Reprod Fertil 1993; 48 (Suppl): 31

51. Gresson RAR. Presence of the sperm middle-piece
in the fertilized egg of the mouse (Mus musculus).
Nature 1940; 145: 425

52. Smith LC, et al. Sea urchin genes expressed in acti-
vated coelomocytes are identified by expressed
sequence tags. Complement homologues and other
putative immune response genes suggest immune
system homology within the deuterostomes. J
Immunol 1996; 15: 593

53. Allen V. Role of motor proteins in organizing the
endoplasmic reticulum and Golgi apparatus. Semin
Cell Dev Biol 1996; 7: 335

54. Sutovsky P, et al. Ubiquitin tag for sperm mito-
chondria. Nature 1999; 402: 371

55. Sutovsky P, et al. Ubiquitinated sperm mitochon-
dria selective proteolysis and the regulation of mito-
chondrial inheritance in mammalian embryos. Biol
Reprod 2000; 63: 582

56. Ingman M, et al. Mitochondrial genome variation
and the origin of modern humans. Nature 2000;
408: 708

Kruger Chapter 04  12/7/06  11:06  Page 67



MALE INFERTILITY68

57. Schatten G. The centrosome and its mode of inher-
itance: the reduction of the centrosome during
gametogenesis and its restoration during fertiliza-
tion. Dev Biol 1994; 165: 299

58. Reinsch S, Karsenti E. Movement of nuclei along
microtubules in Xenopus egg extracts. Curr Biol
1997; 7: 211

59. Payne C, et al. Preferentially localized dynein and
perinuclear dynactin associate with nuclear pore
complex proteins to mediate genomic union during
mammalian fertilization. J Cell Sci 2003; 116:
4727

60. Oehninger S, et al. Failure of fertilization in in vitro
fertilization: the ‘occult’ male factor. J In Vitro Fert
Embryo Transf 1988; 5: 181

61. Oehninger S, et al. Delayed fertilization during in
vitro fertilization and embryo transfer cycles: analy-
sis of causes and impact on overall results. Fertil
Steril 1989; 52: 991

62. Kruger TF, et al. Predictive value of abnormal sperm
morphology in in vitro fertilization. Fertil Steril
1988; 49: 112

63. Ron-el R, et al. Delayed fertilization and poor
embryonic development associated with impaired
semen quality. Fertil Steril 1991; 55: 338

64. Parinaud J, et al. Influence of sperm parameters on
embryo quality. Fertil Steril 1993; 60: 888

65. Grow DR, et al. Sperm morphology as diagnosed by
strict criteria: probing the impact of teratozoosper-
mia on fertilization rate and pregnancy outcome in
a large in vitro fertilization population. Fertil Steril
1994; 62: 559

66. Oehninger S, et al. Corrective measures and preg-
nancy outcome in in vitro fertilization in patients
with severe sperm morphology abnormalities. Fertil
Steril 1988; 50: 283

67. Janny L, Menezo YJ. Evidence for a strong paternal
effect on human preimplantation embryo develop-
ment and blastocyst formation. Mol Reprod Dev
1994; 38: 36

68. Oehninger S, et al. A comparative analysis of
embryo implantation potential in patients with
severe teratozoospermia undergoing in-vitro fertil-
ization with a high insemination concentration or
intracytoplasmic sperm injection. Hum Reprod
1996; 11: 1086

69. Nagy ZP, et al. The result of intracytoplasmic
sperm injection is not related to any of the three
basic sperm parameters. Hum Reprod 1995; 10:
1123

70. Oehninger S, et al. Intracytoplasmic sperm injec-
tion: achievement of high pregnancy rates in cou-
ples with severe male factor infertility is dependent
primarily upon female and not male factors. Fertil
Steril 1995; 64: 977

71. Mansour RT, et al. The effect of sperm parameters
on the outcome of intracytoplasmic sperm injec-
tion. Fertil Steril 1995; 64: 982

72. Mercan R, et al. The outcome of clinical pregnan-
cies following intracytoplasmic sperm injection is
not affected by semen quality. Andrologia 1998; 30:
91

73. Tasdemir I, et al. Effect of abnormal sperm head
morphology on the outcome of intracytoplasmic
sperm injection in humans. Hum Reprod 1997; 12:
1214

74. Gorczyca W, et al. Presence of strand breaks and
increased sensitivity of DNA in situ to denaturation
in abnormal human sperm: analogy to apoptosis of
somatic cells. Exp Cell Res 1993; 207: 202

75. Manicardi GC, et al. Presence of endogenous nicks
in DNA of ejaculated human spermatozoa and its
relationship to chromomycin A3 accessibility. Biol
Reprod 1995; 52: 864

76. Hughes CM, et al. A comparison of baseline and
induced DNA damage in human spermatozoa from
fertile and infertile men, using a modified comet
assay. Mol Hum Reprod 1996; 2: 613

77. Lopes S, et al. Sperm deoxyribonucleic acid frag-
mentation is increased in poor-quality semen sam-
ples and correlates with failed fertilization in intra-
cytoplasmic sperm injection. Fertil Steril 1998; 69:
528

78. Aitken RJ, et al. Relative impact of oxidative stress
on the functional competence and genomic
integrity of human spermatozoa. Biol Reprod 1998;
59: 1037

79. Evenson DP, et al. Utility of the sperm chromatin
structure assay as a diagnostic and prognostic tool in
the human fertility clinic. Hum Reprod 1999; 14:
1039

80. Sakkas D, et al. Origin of DNA damage in ejacu-
lated human spermatozoa. Rev Reprod 1999; 4: 31

81. Pfeffer J, et al. Aneuploidy frequencies in semen
fractions from ten oligoasthenoteratozoospermic
patients donating sperm for intracytoplasmic sperm
injection. Fertil Steril 1999; 72: 472

82. Sakkas D, et al. Sperm nuclear DNA damage and
altered chromatin structure: effect on fertilization
and embryo development. Hum Reprod 1998; 13
(Suppl 4): 11

Kruger Chapter 04  12/7/06  11:06  Page 68



CONTRIBUTION OF MALE GAMETE TO FERTILIZATION AND EMBRYOGENESIS 69

83. Rubio C, et al. Incidence of sperm chromosomal
abnormalities in a risk population: relationship with
sperm quality and ICSI outcome. Hum Reprod
2001; 16: 2084

84. Duran EH, et al. Sperm DNA quality predicts
intrauterine insemination outcome: a prospective
cohort study. Hum Reprod 2002; 17: 3122

85. Virant-Klun I, Tomazevic T, Meden-Vrtovec H.
Sperm single-stranded DNA, detected by acridine
orange staining, reduces fertilization and quality of
ICSI-derived embryos. J Assist Reprod Genet 2002;
19: 319

86. Burrello N, et al. Lower sperm aneuploidy fre-
quency is associated with high pregnancy rates in
ICSI programmes. Hum Reprod 2002; 18: 1371

87. Liu CH, et al. DNA fragmentation, mitochondrial
dysfunction and chromosomal aneuploidy in the
spermatozoa of oligoasthenoteratozoospermic
males. J Assist Reprod Genet 2004; 21: 119

88. Virro MR, Larson-Cook KL, Evenson DP. Sperm
chromatin structure assay (SCSA) parameters are
related to fertilization, blastocyst development, and
ongoing pregnancy in in vitro fertilization and
intracytoplasmic sperm injection cycles. Fertil Steril
2004; 81: 1289

89. Petit FM, et al. Could sperm aneuploidy rate deter-
mination be used as a predictive test before intracy-
toplasmic sperm injection? J Androl 2005; 26: 235

90. Devroey P, Van Steirteghem A. A review of ten years
experience of ICSI. Hum Reprod Update 2004; 10:
19

91. Foresta C, et al. Genetic abnormalities among
severely oligospermic men who are candidates for
intracytoplasmic sperm injection. J Clin Endocrinol
Metab 2005; 90: 152

92. St John JC. Incorporating molecular screening tech-
niques into the modern andrology laboratory. J
Androl 1999; 20: 692

93. Brinkworth MH. Paternal transmission of genetic
damage: findings in animals and humans. Int J
Androl 2000; 23: 123

94. Lanzendorf SE, et al. Penetration of human sper-
matozoa through the zona pellucida of nonviable
human oocytes. J Soc Gynecol Invest 1994; 1: 69

95. Oehninger S, et al. Clinical significance of human
sperm–zona pellucida binding. Fertil Steril 1997;
67: 1121

96. Oehninger S. Normal fertilization. In El-Shafie M,
et al., eds. An Atlas of the Ultrastructure of Human
Oocytes – A Guide for Assisted Reproduction. Lon-
don: Parthenon Publishing, 2000: 23

97. Liu de Y, Garrett C, Baker HW. Clinical application
of sperm–oocyte interaction tests in in vitro fertil-
ization–embryo transfer and intracytoplasmic
sperm injection programs. Fertil Steril 2004; 82:
1251

98. Asch R, et al. The stages at which human fertiliza-
tion arrests: microtubule and chromosome configu-
rations in inseminated oocytes which failed to com-
plete fertilization and development in humans.
Hum Reprod 1995; 10: 1897

99. Rawe VY, et al. Cytoskeletal organization defects
and abortive activation in human oocytes after
IVF and ICSI failure. Mol Hum Reprod 2000; 6:
510

100. Hewitson L, Simerly CR, Schatten G. Fate of sperm
components during assisted reproduction: implica-
tions for infertility. Hum Fertil (Camb) 2002; 5:
110

101. Sutovsky P, Hauser R, Sutovsky M. Increased levels
of sperm ubiquitin correlate with semen quality in
men from an andrology laboratory clinic popula-
tion. Hum Reprod 2004; 19: 628

102. Ostermeier GC, et al. A suite of novel human sper-
matozoal RNAs. J Androl 2005; 26: 70

103. Braude P, Bolton V, Moore S. Human gene expres-
sion first occurs between the four- and eight-cell
stages of preimplantation development. Nature
1988; 332: 459

104. Tesarik J, et al. In-vitro effects of FSH and testos-
terone withdrawal on caspase activation and DNA
fragmentation in different cell types of human sem-
iniferous epithelium. Hum Reprod 2002; 17: 1811

105. Tesarik J. The paternal effects on cell division in the
human preimplantation embryo. Reprod Biomed
Online 2005; 10: 370

106. Tesarik J, Greco E, Mendoza C. Late, but not early,
paternal effect on human embryo development is
related to sperm DNA fragmentation. Hum Reprod
2004; 19: 611

107. Greco E, et al. Efficient treatment of infertility due
to sperm DNA damage by ICSI with testicular sper-
matozoa. Hum Reprod 2005; 20: 226

108. Hewitson L, Simerly CR, Schatten G. Cytoskeletal
aspects of assisted fertilization. Semin Reprod Med
2000; 18: 151

109. Hewitson L, Simerly CR, Schatten G. ICSI, male
pronuclear remodeling and cell cycle checkpoints.
Adv Exp Med Biol 2003; 518: 199

110. Tesarik J, Mendoza C. In vitro fertilization by intra-
cytoplasmic sperm injection. BioEssays 1999; 21:
791

Kruger Chapter 04  12/7/06  11:06  Page 69



MALE INFERTILITY70

111. Ramalho-Santos J, et al. SNAREs in mammalian
sperm: possible implications for fertilization. Dev
Biol 2000; 223: 54

112. Katayama M, Koshida M, Miyake M. Fate of the
acrosome in ooplasm in pigs after IVF and ICSI.
Hum Reprod 2002; 17: 2657

113. Terada Y, et al. Centrosomal function assessment in
human sperm using heterologous ICSI with rabbit
eggs: a new male factor infertility assay. Mol Reprod
Dev 2004; 67: 360

114. Kovacic B, Vlaisavljevic V. Configuration of mater-
nal and paternal chromatin and pertaining micro-
tubules in human oocytes failing to fertilize after
intracytoplasmic sperm injection. Mol Reprod Dev
2000; 55: 197

115. Colombero LT, et al. The role of structural integrity
of the fertilising spermatozoon in early human
embryogenesis. Zygote 1999; 7: 157

116. Moomjy M, et al. Sperm integrity is critical for nor-
mal mitotic division and early embryonic develop-
ment. Mol Hum Reprod 1999; 5: 836

117. Sun C, et al. An azoospermic man with a de novo
point mutation in the Y-chromosomal gene USP9Y.
Nat Genet 1999; 23: 429

118. Dickins RA, et al. The ubiquitin ligase component
Siah1a is required for completion of meiosis I in
male mice. Mol Cell Biol 2002; 22: 2294

119. Li B, Ruiz JC, Chun KT. CUL-4A is critical for
early embryonic development. Mol Cell Biol 2002;
22: 4997

120. Muratori M, et al. Sperm ubiquitination positively
correlates to normal morphology in human semen.
Hum Reprod 2005; 20: 1035–43

121. Thompson WE, Ramalho-Santos J, Sutovsky P.
Ubiquitination of prohibitin in mammalian sperm
mitochondria: possible roles in the regulation of
mitochondrial inheritance and sperm quality con-
trol. Biol Reprod 2003; 69: 254

122. Brenner CA, Kubisch HM, Pierce KE. Role of the
mitochondrial genome in assisted reproductive
technologies and embryonic stem cell-based
therapeutic cloning. Reprod Fertil Dev 2004; 16:
743

123. Miller D. RNA in the ejaculate spermatozoon: a
window into molecular events in spermatogenesis
and a record of the unusual requirements of haploid
gene expression and post-meiotic equilibration. Mol
Hum Reprod 1997; 3: 669

124. Lambard S, et al. Expression of aromatase in human
ejaculated spermatozoa: a putative marker of motil-
ity. Mol Hum Reprod 2003; 9: 117

125. Wykes SM, Miller D, Krawetz SA. Mammalian
spermatozoal mRNAs: tools for the functional
analysis of male gametes. J Submicrosc Cytol Pathol
2000; 32: 77

126. Dadoune JP, et al. Identification of transcripts by
macroarrays, RT–PCR and in situ hybridization in
human ejaculate spermatozoa. Mol Hum Reprod
2005; 11: 133

127. Eddy EM. Male germ cell gene expression. Recent
Prog Horm Res 2002; 57: 103

128. Steger K. Transcriptional and translational regula-
tion of gene expression in haploid spermatids. Anat
Embryol (Berl) 1999; 199: 471

129. Petersen C, Fuzesi L, Hoyer-Fender S. Outer dense
fibre proteins from human sperm tail: molecular
cloning and expression analyses of two cDNA tran-
scripts encoding proteins of approximately 70 kDa.
Mol Hum Reprod 1999; 5: 627

130. Eddy EM, Toshimori K, O’Brien DA. Fibrous
sheath of mammalian spermatozoa. Microsc Res
Tech 2003; 61: 103

131. Dadoune JP. Expression of mammalian spermato-
zoal nucleoproteins. Microsc Res Tech 2003; 61: 56

132. Pessot CA, et al. Presence of RNA in the sperm
nucleus. Biochem Biophys Res Commun 1989;
158: 272

133. Passananti C, et al. The product of Zfp59 (Mfg2), a
mouse gene expressed at the spermatid stage of sper-
matogenesis, accumulates in spermatozoa nuclei.
Cell Growth Differ 1995; 6: 1037

134. Kumar G, Patel D, Naz RK. c-myc mRNA is pres-
ent in human sperm cells. Cell Mol Biol Res 1993;
39: 111

135. Miller D, et al. Differential RNA fingerprinting as a
tool in the analysis of spermatozoal gene expression.
Hum Reprod 1994; 9: 864

136. Goodwin LO, Karabinus DS, Pergolizzi RG. Pres-
ence of N-cadherin transcripts in mature spermato-
zoa. Mol Hum Reprod 2000; 6: 487

137. Carreau S, et al. Aromatase expression in male germ
cells. J Steroid Biochem Mol Biol 2001; 79: 203

138. Ostermeier GC, et al. Spermatozoal RNA profiles
of normal fertile men. Lancet 2002; 360: 772

139. Kimoto Y. A single human cell expresses all messen-
ger ribonucleic acids: the arrow of time in a cell.
Mol Gen Genet 1998; 258: 233

140. Chelly J et al. Illegitimate transcription: transcrip-
tion of any gene in any cell type. Proc Natl Acad Sci
USA 1989; 86: 2617

141. Hecht NB. A DNA polymerase isolated from
bovine spermatozoa. J Reprod Fertil 1974; 41: 345

Kruger Chapter 04  12/7/06  11:06  Page 70



CONTRIBUTION OF MALE GAMETE TO FERTILIZATION AND EMBRYOGENESIS 71

142. Witkin SS, Korngold GC, Bendich A. Ribonucle-
ase-sensitive DNA-synthesizing complex in human
sperm heads and seminal fluid. Proc Natl Acad Sci
USA 1975; 72: 3295

143. Miteva K, Valkov N, Goncharova-Peinoval J. Elec-
tron microscopic data for the presence of post-mei-
otic gene expression in isolated ram sperm chro-
matin. Cytobios 1995; 83: 85

144. Gatewood JM, et al. Isolation of four core histones
from human sperm chromatin representing a minor
subset of somatic histones. J Biol Chem 1990; 265:
20662

145. Gineitis AA, et al. Human sperm telomere-binding
complex involves histone H2B and secures telomere
membrane attachment. J Cell Biol 2000; 151: 1591

146. Zalenskaya IA, Bradbury EM, Zalensky AO. Chro-
matin structure of telomere domain in human
sperm. Biochem Biophys Res Commun 2000; 279:
213

147. Naz RK. Effect of actinomycine D and cyclohex-
imide on human sperm function. Arch Androl
1998; 41: 135

148. Ostermeier GC, et al. Reproductive biology: deliv-
ering spermatozoan RNA to the oocyte. Nature
2004; 429: 154

149. Dadoune JP, Siffroi JP, Alfonsi MF. Transcription in
haploid male germ cells. Int Rev Cytol 2004; 237: 1

150. Hayashi S, et al. Mouse preimplantation embryos
developed from oocytes injected with round sper-
matids or spermatozoa have similar but distinct pat-
terns of early messenger RNA expression. Biol
Reprod 2003; 69: 1170

151. Fukagawa T, et al. Dicer is essential for formation of
the heterochromatin structure in vertebrate cells.
Nat Cell Biol 2004; 6: 784

152. Morris KV, et al. Small interfering RNA-induced
transcriptional gene silencing in human cells.
Science 2004; 305: 1289

153. Esterhuizen AD, et al. Defective sperm decondensa-
tion: a cause for fertilization failure. Andrologia
2002; 34: 1

154. Billig H, et al. Apoptosis in testis germ cells: devel-
opmental changes in gonadotropin dependence and
localization to selective tubule stages. Endocrinol-
ogy 1995; 136: 5

155. Pentikainen V, Erkkila K, Dunkel L. Fas regulates
germ cell apoptosis in the human testis in vitro. Am
J Physiol 1999; 276: E310

156. Oehninger S, et al. Presence and significance of
somatic cell apoptosis markers in human ejaculated
spermatozoa. Reprod Biomed Online 2003; 7: 469

157. Oehninger S. Biochemical and functional character-
ization of the human zona pellucida. Reprod
Biomed Online 2003; 7: 641

158. Bowen JR, et al. Medical and developmental
outcome at 1 year for children conceived by intra-
cytoplasmic sperm injection. Lancet 1998; 351:
1529

159. Bonduelle M, et al. Seven years of intracytoplasmic
sperm injection and follow-up of 1987 subsequent
children. Hum Reprod 1999; 14: 243

160. Schuffner A, et al. Effect of different incubation
conditions on phosphatidylserine externalization
and motion parameters of purified fractions of
highly motile human spermatozoa. J Androl 2002;
23: 194

161. Weng S, et al. Caspase activity and apoptotic mark-
ers in ejaculated human sperm. Mol Hum Reprod
2002; 8: 984

162. Taylor SL, et al. Somatic cell apoptosis markers and
pathways in human ejaculated sperm: potential util-
ity as indicators of sperm quality. Mol Hum Reprod
2004; 10: 825

163. Benchoua A, et al. Active caspase-8 translocates into
the nucleus of apoptotic cells to inactivate
poly(ADP-ribose) polymerase-2. J Biol Chem 2002;
277: 34217

164. Castro A, et al. Absence of Fas protein detection by
flow cytometry in human spermatozoa. Fertil Steril
2004; 81: 1019

165. Duru NK, et al. Cryopreservation–thawing of frac-
tionated human spermatozoa is associated with
membrane phosphatidylserine externalization and
not DNA fragmentation. J Androl 2001; 22: 646

166. Oehninger S, et al. Effects of hydrogen peroxide on
human spermatozoa. J Assist Reprod Genet 1995;
12: 41

167. Barroso G, et al. Mitochondrial membrane poten-
tial integrity and plasma membrane translocation of
phosphatidylserine: a comparison of subpopulations
of sperm with high and low motility from men con-
sulting for infertility. Fertil Steril 2006; 85: 149

168. Ahmadi A, Ng SC. Destruction of protamine in
human sperm inhibits sperm binding and penetra-
tion in the zona-free hamster penetration test but
increases sperm head decondensation and male
pronuclear formation in the hamster-ICSI assay. J
Assist Reprod Genet 1999; 16: 128

169. Ahmadi A, Ng SC. Developmental capacity of dam-
aged spermatozoa. Hum Reprod 1999; 14: 2279

170. Ahmadi A, Ng SC. Influence of sperm plasma
membrane destruction on human sperm head

Kruger Chapter 04  12/7/06  11:06  Page 71



MALE INFERTILITY72

decondensation and pronuclear formation. Arch
Androl 1999; 42: 1

171. Ahmadi A, Ng SC. Fertilizing ability of DNA-dam-
aged spermatozoa. J Exp Zool 1999; 284: 696

172. Poccia D. Remodeling of nucleoproteins during
gametogenesis, fertilization, and early development.
Int Rev Cytol 1986; 105: 1

173. Evenson DP, Darzynkiewicz Z, Relamed MR. Rela-
tion of mammalian sperm chromatin heterogeneity
to fertility. Science 1980; 210: 1131

174. Bianchi PG, et al. Effect of deoxyribonucleic acid
protamination on fluorochrome staining and in situ
nick-translation of murine and human mature sper-
matozoa. Biol Reprod 1993; 49: 1083

175. Sun JG, Jurisicova A, Casper RF. Detection of
deoxyribonucleic acid fragmentation in human
sperm: correlation with fertilization in vitro. Biol
Reprod 1997; 56: 602

176. McPherson SM, Longo FJ. Nicking of rat sper-
matid and spermatozoa DNA: possible involvement
of DNA topoisomerase II. Dev Biol 1993; 158: 122

177. McPherson S, Longo FJ. Chromatin structure–
function alterations during mammalian spermato-
genesis: DNA nicking and repair in elongating sper-
matids. Eur J Histochem 1993; 37: 109

178. Sakkas D, et al. Relationship between the presence
of endogenous nicks and sperm chromatin packag-
ing in maturing and fertilizing mouse spermatozoa.
Biol Reprod 1995; 52: 1149

179. Chen JL, Longo FJ. Expression and localization of
DNA topoisomerase II during rat spermatogenesis.
Mol Reprod Dev 1996; 45: 61

180. Duran EH, et al. A logistic regression model includ-
ing DNA status and morphology of spermatozoa for
prediction of fertilization in vitro. Hum Reprod
1998; 13: 1235

181. Larson KL, et al. Sperm chromatin structure assay
parameters as predictors of failed pregnancy follow-
ing assisted reproductive techniques. Hum Reprod
2000; 15: 1717

182. Chan PJ, et al. A simple comet assay for archived
sperm correlates DNA fragmentation to reduced
hyperactivation and penetration of zona-free ham-
ster oocytes. Fertil Steril 2001; 75: 186

183. Tomlinson MJ, et al. Interrelationships between
seminal parameters and sperm nuclear DNA dam-
age before and after density gradient centrifugation:
implications for assisted conception. Hum Reprod
2001; 16: 2160

184. De Rycke M, Liebaers I, Van Steirteghem A. Epige-
netic risks related to assisted reproductive technolo-
gies: risk analysis and epigenetic inheritance. Hum
Reprod 2002; 17: 2487

185. Gosden R, et al. Rare congenital disorders,
imprinted genes, and assisted reproductive technol-
ogy. Lancet 2003; 361: 1975

186. Bartolomei MS, Tilghman SM. Genomic imprint-
ing in mammals. Annu Rev Genet 1997; 31: 493

187. Barlow DP. Gametics imprinting in mammals.
Science 1995; 270: 1610

188. Jaenisch R. DNA methylation and imprinting: why
bother? Trends Genet 1997; 13: 323

189. Shemer R, et al. Dynamic methylation adjustment
and counting as part of imprinting mechanisms.
Proc Natl Acad Sci USA 1996; 93: 6371

190. Santos F, Dean W. Epigenetic reprogramming dur-
ing early development in mammals. Reproduction
2004; 127: 643

191. Lucifero D, Chaillet JR, Trasler JM. Potential sig-
nificance of genomic imprinting defects for repro-
duction and assisted reproductive technology. Hum
Reprod Update 2004; 10: 3

Kruger Chapter 04  12/7/06  11:06  Page 72



73

5

Genome architecture in human sperm cells:
possible implications for male infertility and
prediction of pregnancy outcome 

Olga Mudrak, Andrei Zalensky

INTRODUCTION

Infertility and birth defects are often the result of
chromosomal abnormalities in gametes1–3, with
more than 80% of cases being paternally derived4.
The development of multicolor fluorescence in
situ hybridization (FISH) has allowed detection
and analysis of several types of chromosomal
defects in sperm, such as aneuploidies, partial
chromosomal duplications, deletions and inver-
sions, translocations and chromosomal breaks2,5–7.

While there is consensus concerning a strong
correlation between sperm chromosomal abnor-
malities and male infertility, the analysis of such
abnormalities does not guarantee the selection of a
‘good spermatozoon’ without chromosomal
defects, especially if intracytoplasmic sperm injec-
tion (ICSI) is performed for male factor infertility.
There is no doubt that ICSI can enable men with
severely impaired sperm to overcome naturally
existing barriers to fertilization, yet in doing so it
increases the possibility of transmitting genetic
defects to the offspring. For example, it was
demonstrated that oligozoospermic men carry a
higher burden of transmissible chromosome dam-
age8. A common attitude is emerging that detailed
molecular cytogenetic tests should be performed
on sperm samples from men with abnormal fertil-
ity before the execution of ICSI9–11. Here, we put
forward a hypothesis that yet another previously

unattended class of sperm chromosome abnormal-
ities may have an impact on fertilization and early
development. These aberrations are connected
with chromosome packaging and the higher-order
chromosome architecture in sperm nuclei.

GENOME ARCHITECTURE

More than a century ago, Rabl and Boveri pro-
posed the existence of spatial order within the cell
nucleus, which is manifested in the preservation of
distinct individuality chromosomes in inter-
phase12,13. Nevertheless, until recently, the view
prevailed that interphase chromosomes were
chromatin ‘spaghetti’ floating randomly in the
nucleoplasm14. According to the modern assump-
tion, the ordered and dynamic global architecture
of interphase chromosomes exists, and is involved
in a variety of nuclear functions (for recent reviews
see references 15 and 16).

This view resulted from a major breakthrough
in the elucidation of chromosome organization
that became possible because of FISH techniques,
the development of instrumentation for micro-
scopy and completion of the Human Genome
Project. The central postulate of this concept is
chromosome territorial organization. Interphase
chromosomes occupy distinct non-overlapping
intranuclear volumes called chromosome
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territories (CTs)16,17. We refer here to the higher-
order spatial arrangement of CTs within the
nuclear volume as genome architecture (GA).

Two major characteristics of GA may be dis-
tinguished18: chromosome positioning (spatial
localization of chromosomes relative to each other
or to defined nuclear structures), and chromo-
some path (chromosome trajectory within nuclei).
It appears that intranuclear positioning of CTs in
interphase is non-random19. The spatial position-
ing of a chromosome relative to the center of the
nucleus is defined as radial positioning20–22. A
number of studies indicate that gene-rich chro-
mosomes are located closer to the nuclear center,
while gene-poor chromosomes are preferentially
found at the nuclear periphery23,24. In addition to
the radial positioning, chromosomes may be local-
ized non-randomly with respect to each other21,25.
For example, some authors declare fixed, deliber-
ate chromosome positioning in the prometaphase
ring26,27, while another study did not establish
such an order in relative chromosome position28.
Therefore, this issue is controversial.

While dynamic changes in the relative spatial
grouping of chromosome domains have been
observed during cell-cycle progression, different-
iation and malignant transformation29–31, the
internal organization of CTs is still largely
unknown. Recent studies indicate a relationship
between the nuclear arrangement of CTs and the
G–R-banding patterns of mitotic chromosomes32.
In interphase nuclei, the R-band sequences, which
are enriched in constitutively expressed house-
keeping genes, are directed towards the nuclear
interior. Current studies are focused on elucida-
tion of the higher-order chromatin structures/
chromosome paths within CTs33 and relative
spatial arrangement of individual CTs34.

Chromosome territories and
chromosome architecture in sperm
cells

The sperm cell is a highly differentiated cell type,
which results from the specialized genetic and

morphological process of spermatogenesis. Dur-
ing postmeiotic stages (spermiogenesis), the
somatic histones are gradually replaced with prot-
amines35,36. Consequently, the chromatin struc-
ture is reorganized, DNA becomes super-
condensed and genetic activity is completely shut
down37,38. For a long time, biological functions of
this remodeling have been considered limited to
the creation of a compact hydrodynamically effi-
cient nuclear shape, with inert DNA fairly well
protected from the environment. Therefore, the
spermatozoon nucleus has been perceived as a ‘sac’
of genes that are to be transferred to an egg.

Contrary to this point of view, specific and
non-random chromosome architecture has
recently been demonstrated for human sperm
cells. In these studies, selected DNA sequences
and chromosomal proteins were localized by FISH
and immunocytochemistry followed by epifluo-
rescent or laser scanning confocal microscopy.
Several elements of GA in human sperm have
been established:

• Similar to somatic cells, individual chromosomes
occupy distinct territories39–41 (Figure 5.1a).

• Each chromosome has a preferred intranuclear
localization (position), and the relative posi-
tioning of chromosomes is non-random42–46.

• Centromeres (CEN) belonging to non-homol-
ogous chromosomes are collected into a com-
pact chromocenter buried within a nuclear vol-
ume41,47,48 (Figure 5.1b).

• Telomeres (TEL) are localized at the nuclear
periphery where they interact in the form of
dimers and tetramers44,49,50 (Figure 5.1c).

• Telomere dimers correspond to the contacts
between two ends of one chromosome rather
than random association between chromoso-
mal ends, and therefore chromosomes in
sperm are looped51,52 (Figure 5.1d and e).

Based on the acquired data, a general model for
GA in human sperm has been proposed (Figure
5.1f ).
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Figure 5.1 Chromosome organization in human sperm. (a) Chromosome territory: chromosome 6 (CHR6) (green) was localized
using a painting probe. Total DNA counterstained with propidium iodide (PI) (red). (b) Centromeres (green) were visualized using
immunofluorescence with antibodies against CENP-A (centromere protein A). Total DNA counterstained with PI (red). (c) Fluorescence
in situ hybridization (FISH) using TTAGGG probe (yellow/green) shows that the majority of telomeres are joined as dimers and
tetramers. Total DNA counterstained with PI (red). (d) Subtelomeric sequences located at the p and q arms of chromosome 3
(subTEL3q, pink; subTEL3p, emerald) are spatially close. Total DNA counterstained with diamidino-2-phenylindole (DAPI) (blue). (e)
FISH using arm-specific probes microdissected from CHR1 (1q, green; 1p, red) indicates looping of this chromosome. Total DNA
counterstained with DAPI (blue). (f) Schematic model of sperm nuclear architecture. Selected chromosome territories (pink and
ocher), telomeres (TEL) (green circles) and centromeres (CEN) (red circles) are shown within a section through the nucleus. Non-
homologous CEN are clustered into a chromocenter, while TEL interact at the nuclear periphery. Modified from Ward and Zalensky
1996 (reference 38). See also Color plate 1 on page xxv

a

SPERM NUCLEAR STATUS AND MALE
INFERTILITY

Annually in the USA, more than 2 million con-
ceptions are lost before the 20th week of gestation,
and approximately half of these carry chromoso-
mal defects such as numerical abnormalities,
breaks/rearrangements and mutations1,53. Bio-
chemical and FISH-based diagnostic procedures
for detection of these chromosomal defects in
germ-line cells and early embryos are either cur-
rently set up or being developed54–58.

Defective fertilization and/or early develop-
ment may also be a consequence of abnormal
DNA packaging in gamete nuclei. While struc-
tural organization of DNA in oocytes is poorly
studied, it is generally accepted that a significant
fraction of infertile males produce sperm with
malformations in spermatozoa nuclei or chro-
matin defects. Among these are deficiencies in
basic chromosomal proteins59,60, or broadly insti-
tuted chromatin condensation defects61–64. The
latter defects have been determined using cyto-
chemical and electron microscopy methods, while
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the molecular basis of flawed nuclear organization
has remained unidentified. Male-factor infertility
is a heterogeneous disorder, and the abnormalities
in sperm chromatin/nuclear organization are most
probably complex and diverse. In the following
sections, we provide a few examples of nuclear
aberrations that are connected with sperm genome
architecture. We use for illustration sperm samples
obtained from patients undergoing treatment in
the fertility clinic. Comprehensive semen analysis
indicated normal sperm count and motility but
significantly abnormal sperm morphology (e.g.
presence of round or torpedoid cells). Physical
examination of the patients failed to reveal any
abnormalities, including varicocele.

COMPACTNESS OF CHROMOSOME
TERRITORY

In 95% of sperm cells of fertile donors, FISH sig-
nals obtained using whole-chromosome painting
probes (Figure 5.2a) or a combination of p and q
arm-specific painting probes (Figure 5.2b) were
confined to relatively small areas, and had sharp
chromosome territory (CT) contours. Thus, FISH
detects tightly packed, compact CTs formed by
closely located p and q arms. The CT in normal
sperm is approximately four times more con-
densed than the metaphase chromosome, and
therefore is much more condensed than the inter-
phase CT.

In sperm of some patients with idiopathic
infertility (three of the ten studied), abnormal
hybridization patterns were observed (Figure 5.2c).
In more detail, 42% of cells in sample P44 and
36% in P09 had large and diffuse signals; 27% of
cells in sample P12 had multiple signals. The
hybridization picture indicates that sperm in
samples P44 and P09 may have had lesions in the
formation of chromosome higher-order structures.
Sperm of patient P12 may have had aneuploidy
of chromosome 1 and/or large-scale rearrangement
in its DNA (Figure 5.2 right hand panels.

CHROMOSOME POSITIONING

Determination of the intranuclear chromosome
position in human sperm is possible because these
cells have a non-symmetrical elongated shape, and
the site of tail attachment may easily be used as a
spatial reference point46. Nevertheless, only a few
studies in this direction have been performed so
far. FISH using painting probes indicated that
chromosome X43,44,46 and chromosome 646 were
preferentially located in the anterior part of sperm
nuclei, chromosome 18, near the sperm tail43,
while chromosome 13 seemed to be randomly
positioned44. In recent work, we found that in
90% of cells, chromosome 1 was located in the
apical half of the nucleus, and 80% of chromo-
some 2 and 85% of chromosome 5 were preferen-
tially located in the basal half 52. Using another
approach, FISH with chromosome-specific cen-
tromere probes, preferential intranuclear position-
ing was shown for chromosomes 2, 6, 7, 16, 17, X
and Y46.

In the examples provided in Figure 5.2d–f, we
traced the positioning of chromosomes by localiza-
tion of FISH signals resulting from hybridization
with DNA chromosomepainting probes. For each
nucleus the position of chromosomes was assigned
to a particular nuclear sector, I–IV, as illustrated in
Figure 5.2d. About 100 nuclei from each sperm
sample were analyzed, and the location of CTs is
presented using diagrams of spatial distribution
(Figure 5.2e and f ). Figure 5.2e demonstrates that
in sperm from fertile donors, chromosome 6 had a
tendency towards more anterior localization
compared with chromosome 1, and both were
rarely found in the posterior half of the nucleus.

We also compared the position of chromosome
1 within nuclei of normal sperm and sperm of
infertile patient P44. Figure 5.2f shows that the
nuclear position of this chromosome in the infer-
tile sperm sample was less confined. This might be
a result of improper packaging, as noted above,
and/or of an aberration in unknown mecha-
nism(s) governing non-random chromosome
localization.
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We compared the localization of telomeres in
sperm between donors and patients (total 20
patients) (Figure 5.3). Three sperm samples
obtained from infertile males showed strikingly
different telomere localizations. In the majority of
cells, hybridization was in numerous small dots
dispersed over the nucleus (Figure 5.3b). As a
result, no telomere grouping was seen in the fre-
quency distribution plot (Figure 5.3c). Such local-
ization reflects the absence of telomere–telomere
interactions, which are characteristic of normal
human sperm. The molecular basis of this pheno-
type is unknown. Atypical sperm telomere-binding

Figure 5.2 Determination of chromosome intranuclear localization using fluorescence in situ hybridization (FISH) with painting
probes. (a) Typical patterns of chromosome 1 (CHR1) painting probe hybridization (yellow) in normal sperm. (b) Typical patterns of
CHR1 arm-specific probe hybridization (1p, green; 1q, red) in normal sperm. (c) Patterns of CHR1 hybridization in three samples
of abnormal sperm. (d) Schematic example of CHR territory position in a sectioned sperm nucleus. (e) Charts showing distribution
of CHR1 and CHR6 localization within sectors I–IV (percentage of hits to a sector from total FISH signals analyzed). (f) Comparison
of nuclear positioning of CHR1 in normal and abnormal sperm cells. See also Color plate 3 on page xxvi
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TELOMERE LOCALIZATION

Localization of telomere repeat sequences
(TTAGGG)N in human sperm reveals that most, if
not all, telomeres are joined in dimers and
tetramers (Figures 5.1c and 5.3a)49. As a result, on
a frequency distribution plot (Figure 5.3c), the
majority of nuclei fall into two peaks: the first cor-
responds to 12 hybridization loci (TEL tetramers),
and the second to 24 loci (TEL dimers). In the
absence of telomere–telomere interactions in
human sperm, 46 hybridization signals (2 telo-
meres × 23 chromosomes) should be observed.
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proteins65 or aberrant telomere DNA may be
involved.

GENOME ARCHITECTURE AND
UNPACKING OF SPERM GENOME
DURING FERTILIZATION

Data above were obtained using small, random
selections of patients with idiopathic male infertil-
ity. Nevertheless, they clearly illustrate the exis-
tence of three categories of deviations from the
standard genome architecture characteristic of
sperm cells: (1) atypical packing of chromosome

territories, (2) unstable or aberrant nuclear posi-
tioning of chromosomes and (3) disturbed telo-
mere interactions. What are the possible effects of
such faults on successful fertilization and early
development?

Normal mammalian embryogenesis requires
the participation of both a maternal and a pater-
nal genome66. Genetically inert chromatin of the
spermatozoa is remodeled into the decondensed
and transcriptionally competent chromatin of the
male pronucleus upon entry into the ooplasm;
this remodeling is controlled by an oocyte activity
that appears during meiotic maturation67. Reorga-
nization of the sperm genome after fertilization is

Figure 5.3 Comparison of nuclear localization of telomeres in normal and abnormal cells. (a) Telomeres are joined as dimers and
tetramers in normal sperm. (b) Telomere hybridization appears as numerous small dots dispersed over the nucleus in abnormal
sperm cells. (c) Frequency of telomere (TEL) hybridization signal distribution in sperm cells determined by fluorescence in situ
hybridization (FISH). In the majority of normal sperm cells, the number of TEL hybridization signals peaks at 24 (TEL dimers) and
12 (TEL tetramers)
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a complex process that involves chromosome
withdrawal from the nucleus, their decoration
with histones (decondensation), formation of the
male pronucleus and its movement towards the
female pronucleus68,69. Exchange of the basic
chromosomal proteins involves chaperones of the
nucleoplasmin family70. Overall, the molecular
characterization of participants responsible for
pronucleus development is at an early stage. While
the activity of sperm chromosome remodeling is
of maternal origin, the structural organization and
biochemical composition of sperm nuclei are
equally important. Improperly packed and spa-
tially unorganized sperm chromosomes will have a
high probability of being inadequately processed
by egg cytoplasm.

Transcription is influenced by the underlying
chromatin structure, including the organization of
chromosome territories71, and therefore activation
of the male genome will depend on the specific
sperm GA. Recent data show that in mammals,
transcription begins earlier than in zygotes from
other classes of organisms, starting several hours
after fertilization in male pronuclei and continu-
ing in embryonic nuclei72–74. Hence, it is highly
probable that abnormal genome architecture in
sperm (or undeveloped GA in immature gametes)
may cause irregularities in early development. In
addition, since paternal and maternal genomes are
spatially separated up to the 4-cell embryo stage,
chromatin remodeling after fertilization occurs in
separate nuclear compartments and consequently
may be regulated in a parent-specific manner75.

The data overviewed above indicate that each
chromosome in human sperm has a preferential
intranuclear position. Since, during normal fertil-
ization, sperm penetration begins with the acro-
some, there is a sequential order of exposure of
sperm chromosomes to the egg cytoplasm during
sperm entry. Therefore, a predetermined order of
chromosome activation induced by chromatin
remodeling by egg factors may exist. We propose
that deviation from regular sperm chromosome local-
ization may be deleterious for proper fertilization
and development.

It is noteworthy that, in all mammals, sex
chromosomes are located in the region nearest to
the acrosome, and are presumably the first chro-
mosomes to enter the egg on fertilization76. Such
a position has been preserved between monotreme
and marsupial mammals, which diverged from
eutherian mammals 170 and 130 million years
ago, respectively77. This strongly supports the
hypothesis of a functional significance of the
intranuclear localization of sperm chromosomes.

While modern clinical assisted reproductive
technologies broadly use intracytoplasmic injec-
tion using sperm and occasionally even immature
gametes, the molecular/cellular mechanisms of
fertilization after ISCI have been poorly studied78.
Some publications have reported an increased rate
of de novo chromosomal anomalies in human
babies following ICSI79. Importantly, in several
species, delayed decondensation of the apical
region of the sperm nucleus and postponed repli-
cation of the male genome after ICSI were
observed43,80–82. Immunofluorescent analysis
showed that the perinuclear theca of sperm per-
sisted around the condensed apical portion fol-
lowing ICSI, whereas it was removed completely
from the sperm nucleus after in vitro insemina-
tion80. The presence of sex chromosomes in the
condensed apical region of the sperm nucleus
might lead to sex chromosomal anomalies, intro-
ducing the delay of S-phase entry.

In particular, this atypical decondensation may
unbalance normal remodeling of sex chromo-
somes (e.g. introducing delay of their entry to the
S-phase, or gene activation), which are located in
this region of the nucleus. Therefore, an ICSI pro-
cedure itself may lead to birth defects because of
improper processing of a well-defined GA charac-
teristic of normal sperm.

Examples provided above (Figure 5.3) show
disturbed localization of telomeres and telo-
mere–telomere interactions in sperm from
patients with idiopathic infertility. In human
sperm, the telomere chromosomal domain is char-
acterized by elongated DNA (in comparison with
somatic cells) and sperm-specific telomeric
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proteins49,83,84. The elongation of telomere DNA
during spermatogenesis is characteristic of all
mammals85, and is provided by telomerase, a spe-
cific reverse transcriptase, which is highly active in
germline cells86,87. In the mouse, the fertilization
of oocytes with sperm obtained from telomerase
knock-out males resulted in aberrant cleavage and
development88. These results suggest that the state
of telomere DNA in sperm contributes to defec-
tive fertilization and cleavage. Currently there are
no equivalent data obtained in humans. Neverthe-
less, we propose a general hypothesis that telom-
eres in human spermatozoa have unique molecu-
lar and structural features critical for function
during fertilization and early embryonic develop-
ment. Experiments to characterize telomeres in
infertile patients are under way in our laboratory.
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Sperm pathology: pathogenic mechanisms
and fertility potential in assisted
reproduction

Hector E Chemes, Vanesa Y Rawe

INTRODUCTION

Teratozoospermia, asthenozoospermia and necro-
zoospermia are frequently responsible for infertil-
ity in men, and have a negative influence on the
fertility prognosis when assisted reproductive
technologies (ART), including in vitro fertilization
(IVF), are attempted. The introduction of intra-
cytoplasmic sperm injection (ICSI) allowed exam-
ination of the motility and morphology of the
very same spermatozoon that was to be micro-
injected. It then became clear that abnormal and
immotile spermatozoa could successfully fertilize
oocytes, and the issue of the convenience of using
them in ART procedures was raised. Some androl-
ogists have stressed the importance of using
different tools to characterize sperm pathologies
and establish a diagnosis; still others have been
more inclined to use spermatozoa in ICSI without
paying much attention to the nature of the
pathologies involved.

Sperm morphology, the subject of numerous
studies, has been subjectively assessed or charac-
terized by manual or computer-assisted objective
methods1–3. Strict criteria for sperm classification
have been introduced, and a correlation between
sperm morphology and prognosis in ART has
received general acceptance4,5. In all of these
methods, the morphometric parameters of the
sperm head, middle piece and flagellum have been

analyzed in detail with the light microscope,
which allows detailed observation of the external
profile of the spermatozoon but does not give
information on its internal structure. The combi-
nation of high-resolution light and electron
microscopy, immunocytochemistry and molecular
studies has provided new insights into the struc-
ture of normal and abnormal spermatozoa, and
defined the subcellular basis of sperm aberrations.

Furthermore, correlation of these data with rel-
evant clinical and fertility information has shed
new light on this field. This approach goes beyond
descriptive morphology of the appearance of sper-
matozoa. Several important questions remain.
What is it that impairs sperm function in mor-
phologically abnormal sperm? What is wrong with
a wrong sperm shape? What hides behind the head-
shape change in amorphous or tapering spermatozoa?
Is it just the abnormal shape, or is there something
wrong with specific sperm components? Sperm
pathology is the discipline of characterizing struc-
tural and functional deficiencies in abnormal sper-
matozoa. This is significant because it helps to
explain the mechanisms of sperm inefficiency,
identifies genetic phenotypes, suggests strategies
to improve fertilization and opens a door to
molecular genetic studies that will probably lead
to the design of therapeutic tools of the future.

Two main examples of sperm alterations can be
distinguished. The most frequent is characterized

Kruger Chapter 06  12/7/06  11:10  Page 85



by a heterogeneous array of sperm anomalies that
do not follow a uniform pattern, and demonstrate
different combinations in each individual and
among different patients. These are non-specific
anomalies that are potentially reversible and usu-
ally secondary to diverse conditions affecting the
reproductive system. The second type is character-
ized by a well-defined, uniform pattern of anom-
alies that affect the vast majority of spermatozoa,
and present a similar configuration in different
patients suffering from the same condition. These
alterations are stable in time, do not respond to
therapeutic interventions, may display family clus-
tering and have a recognized or presumed genetic
origin. Because of these characteristics, these alter-
ations are known as systematic sperm defects.

PATHOLOGICAL SPERM PHENOTYPES
ASSOCIATED WITH MOTILITY
DISORDERS

To understand fully the physiopathology of
asthenozoospermia, it is first necessary to summa-
rize briefly the ultrastructure of the sperm tail.
The human sperm flagellum is a long structure,
approximately 50 µm in length and 0.4–0.5 µm in
diameter. It is composed of a central element, the
axoneme, which is a cylinder comprising a cir-
cumferential array of nine peripheral microtubular
doublets surrounding a central pair of micro-
tubules, the so-called 9 + 2 configuration (Figure
6.1a). Each peripheral doublet is composed of two
apposed subunits, microtubules A and B, consist-
ing of protofilaments of tubulin heterodimers.
Extending from subunit A, two arms project
toward the B subunit of the next doublet. These
arms are composed of dynein, a structural protein
with adenosine triphosphatase (ATPase) activity
that utilizes ATP as an energy source to generate
axonemal movement6,7. The axoneme is sur-
rounded by the outer dense fibers (ODFs) and the
fibrous sheath. The ODFs are nine slender cylin-
drical structures associated with the corresponding
peripheral doublet. The fibrous sheath is a sort of

flagellar exoskeleton, present only at the main
piece, and organized into two longitudinal
columns that run along the length of the principal
piece and insert into microtubular pairs 3 and 8.
These columns are joined regularly by transverse
semicircular ribs.

Asthenozoospermia is a frequent cause of male
infertility. Both non-specific and systematic sperm
phenotypes can be responsible for alterations in
sperm motility.

Non-specific flagellar anomalies (NSFAs) are
the underlying cause in most men with severe
asthenozoospermia8–12. In NSFAs, the normal
9 + 2 organization of the sperm tail is replaced by
a combination of modifications in the number,
topography and organization of microtubular
pairs and periaxonemal structures of the flagellum
(Figure 6.1b). Affected flagella appear normal
under light microscopy, and are only identified by
ultrastructural examination, because their outer
diameter and profile are not modified. NSFAs are
either idiopathic or secondary to various andro-
logical conditions such as varicocele, infections,
immune factor, orchitis and other endogenous or
environmental factors. Since these same kinds of
anomalies are found in lower numbers in most fer-
tile men, their incidence should be determined in
each particular asthenozoospermic patient by
means of careful quantification of no less than 100
transverse sections of the sperm tail. We have set
the upper normal limit of NSFAs to 40% of the
sperm population; values in the 40–60% range are
borderline; and above the 60% threshold they are
certainly pathological. There is no genetic back-
ground in NSFAs which are potentially responsive
to etiological or empirical therapeutic interven-
tions. Their prevalence fluctuates during clinical
evolution and among different asthenozoospermic
men12–16.

Genetically determined sperm phenotypes
causing asthenozoospermia have been the subject
of numerous studies since the mid 1970s, when
the lack of dynein arms was identified as the main
underlying cause of ciliar and flagellar paralysis in
men suffering from extreme asthenozoospermia
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Figure 6.1 Abnormalities of the tail and midpiece. (a) Cross-section of a normal sperm flagellum at the principal piece. The nine
peripheral doublets of the axoneme, central pair, dynein arms (arrow) and radial spokes are clearly seen. The fibrous sheath is
composed of two lateral columns inserted in doublets 3 and 8 (asterisks) and semicircumferential ribs (arrowheads). (b) Sperm
tail with non-specific flagellar anomalies. The central pair is displaced (asterisk) and there is microtubular translocation to the center
and the periphery of the axoneme or outside the fibrous sheath (arrows). (c, d) Spermatozoa from two patients with primary ciliary
dyskinesia. There is a lack of dynein arms (arrow, c) or absence of the central pair (d). Bars (a–d) = 0.1 µm. (e–g) Light and
transmission electron microscopy (TEM) of spermatozoa with dysplasia of the fibrous sheath (DFS). (e) Very short, thick and
irregular tails are seen (phase-contrast microscopy). (f) Longitudinal section of a DFS sperm. Note absence of the mitochondrial
sheath (asterisk) and redundant elements of the fibrous sheath. (g) Cross-section of flagellum with disorganized and hyperplastic
fibrous sheath. The axoneme is almost completely obliterated with few remaining microtubular doublets and missing dynein arms
(arrow). Bars = 5 µm (e), 1 µm (f), 0.1 µm (g). (h–k) Alterations of the mitochondrial sheath (MS). (h) Under epifluorescence, this
spermatozoon displays intense and uniform labeling of the MS that covers a length > 15 µm (normal length 3–5 µm). (i) Abnormally
long and distorted MS observed in TEM. (j) Absence of MS (very small labeling in the midpiece corresponding to isolated
mitochondrion, arrow). (k) Under TEM, the midpiece is not formed and mitochondria are either absent or abnormal in location
and/or arrangement. Bars = 5 µm (h, j), 1 µm (i, k). Panels (f) and (g) were originally published in reference 12. Copyrights
European Society of Human Reproduction and Embryology. Reproduced by permission of Oxford University Press/Human
Reproduction
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and chronic respiratory disease in the so-called
immotile cilia syndrome (ICS)17–19. ICS was more
recently renamed as primary ciliary dyskinesia
(PCD), because various degrees of reduced or
qualitatively abnormal motility were reported in
some of these patients20–22. PCD patients are
infertile owing to sperm immotility or severe
asthenozoospermia, suffer from rhinosinusitis and
chronic pneumopathy caused by infections sec-
ondary to faulty mucociliary clearance, and have
alterations in the visceral situs, with dextrocardia
in 50% of patients23. Familial incidence of PCD,
most possibly due to autosomal recessive muta-
tion(s), has been reported. There is extensive locus
heterogeneity, with a number of mutations in
dynein genes found in families with members car-
rying the PCD phenotype24–29.

Spermatozoa in PCD patients have immotile
or dyskinetic flagella of normal appearance under
the light microscope. The underlying alteration
consists of the lack of one or both dynein arms,
absence of the central pair, microtubular trans-
position or a number of less frequent abnormal
configurations of the sperm axoneme (Figures
6.1c and d)17,18,20,24,30–35. The possibility also exists
of isolated immotility in either cilia or flagella.

Another systematic sperm phenotype responsi-
ble for severe asthenozoospermia/sperm immotil-
ity is dysplasia of the fibrous sheath (DFS).
Patients are young males with primary sterility
and immotile spermatozoa. Sperm flagella are typ-
ically short, thick and of very irregular profile
(Figure 6.1e). This appearance prompted the
denomination ‘stump tails’ or ‘short tails’, a
descriptive name that does not give any clues as to
the nature and subcellular basis of this pathology.
We have proposed DFS, which recognizes the
main alterations in the sperm fibrous sheath and
identifies its testicular origin as a consequence of a
dysplastic development of the tail during spermio-
genesis12,16,36–38. Other authors39,40 have previ-
ously indicated that this anomaly involves various
components of the tail cytoskeleton, the fibrous
sheath being the most visibly affected. DFS sperm
should not be confused with other alterations

secondary to necrozoospermia, or sperm aging in
men with partial obstruction of the seminal path-
way, that lead to flagellar disintegration and thick-
ening. Familial and geographical clustering of
DFS has been reported12,39–41. A striking contrast
between the high incidence of DFS and low inci-
dence of PCD has been noted in a population of
multiethnic origin16, which may indicate the
interaction between genetic and environmental
influences in the generation of this phenotype.

The subcellular basis of DFS is a serious disar-
ray of the sperm-tail cytoskeletal components. The
fibrous sheath appears hyperplastic and com-
pletely disorganized, and the axoneme may be dis-
rupted. There is also frequent absence of the cen-
tral pair, missing dynein arms and lack or minimal
development of the mitochondrial sheath of the
midpiece (Figure 6.1f and g). These abnormalities
are very stable during evolution, do not respond to
any therapeutic measures, have familial incidence
and may be associated with a lack of dynein in the
respiratory cilia (see below). These alterations
point to a genetic origin of DFS, possibly an auto-
somic recessive trait12,42–45. About 20% of patients
also suffer from chronic respiratory disease due to
a lack of dynein in the respiratory cilia. This sub-
group of DFS patients constitutes a variety of pri-
mary ciliary dyskinesia in which a lack of dynein
in the respiratory cilia is associated with the DFS
phenotype in spermatozoa35,41.

In recent years, extensive work has been carried
out on the protein composition of the fibrous
sheath. A kinase anchoring protein 3 (AKAP3)
and AKAP4 have been recognized as the most
abundant structural proteins of the fibrous sheath.
They bind to one another and provide the struc-
tural framework for docking of protein kinase A to
the fibrous sheath46. To analyze the possible role of
these proteins in generation of the DFS pheno-
type, sequence analysis of the AKAP3 and AKAP4
binding sites in DFS patients was carried out, but
did not reveal mutations47. However, targeted
disruption of the AKAP4 gene in mice resulted in
sperm immotility and abnormally short flagella
with localized aggregations of fibrous sheath
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material, somewhat reminiscent of the DFS phe-
notype48 (Eddy, personal communication). Very
recently, Baccetti et al.49 have reported deletion of
the AKAP4/AKAP3 binding regions and absence
of the AKAP4 protein in spermatozoa of one of
five patients with DFS. This report suggests that
lack of AKAP4 could be pathogenically responsi-
ble for the DFS phenotype. It is possible that DFS
is a multigenic disease caused by alterations in sev-
eral different gene products. Intensive research
into this field is currently being carried out.

Other more rare forms of axonemal patholo-
gies of genetic origin include deficient respiratory
cilia and sperm axonemes in patients with retinitis
pigmentosa14,50 or albinism (unpublished personal
observation). Mitochondrial anomalies in the
sperm midpiece such as an abnormally long exten-
sion or absence of the mitochondrial sheath are
very infrequent sperm anomalies that are also asso-
ciated with asthenozoospermia (Figures 6.1h–k)51.
Recent investigations have identified various
mutations/deletions in mitochondrial genes of
immotile spermatozoa whose products are
involved in oxidative phosphorylation and gener-
ation of ATP necessary for sperm motility52,53. No
structural correlates of these anomalies have been
described so far.

ABNORMAL HEAD–NECK ATTACHMENT
AND ACEPHALIC SPERMATOZOA

The region of head–neck attachment or the con-
necting piece derives from interaction of the cen-
trioles with the spermatid nucleus (Figure 6.2c).
Early in spermiogenesis, the sperm flagellum
grows from the centriolar complex, while this
approaches the nucleus and attaches to its caudal
pole, ensuring linear alignment of the tail with the
longitudinal axis of the head.

Spermatozoa without heads (‘acephalic’,
‘decapitated’, ‘pin heads’; Figure 6.2b) or with an
abnormal head–midpiece relationship (‘abaxial
implantation’; Figure 6.2a) can be detected in very
small numbers in the semen of fertile men, and

can rise up to 10–20% in subfertile patients36,54.
Its significance for fertility is not clear in these sit-
uations. There are infertile patients in whom
80–100% of the sperm population is composed of
acephalic forms and loose heads, or spermatozoa
with heads and tails not aligned along the same
axis. Each of these two forms can predominate or
combine in different proportions. This sperm
defect is of rare occurrence albeit underdiagnosed,
since these patients are usually considered to suffer
from ‘severe teratozoospermia’, without the speci-
ficity of this sperm defect being recognized. Sev-
eral authors55–57 reported individual patients with
headless flagella in the semen, and more recently,
other authors36,58–60 reported 15 more cases,
including familial incidence. The term ‘pin heads’
has been used in reference to this peculiar appear-
ance, but this denomination adds confusion, since
there is no nuclear material in these minute
‘heads’. Acephalic forms appear as headless flagella
ending cranially in a small cytoplasmic droplet
that, when bigger, simulates a head, but has no
DNA content (Figure 6.2b and e)36. When a head
is present, it attaches either to the tip or to the
sides of the midpiece, without linear alignment
with the sperm axis (Figure 6.2a and d). This mis-
alignment ranges from complete lack of connec-
tion to lateral positioning of the nucleus at a
90–180° angle. All forms of this defect result from
failure of the sperm centriole to attach normally to
the caudal pole of the maturing spermatid
nucleus, reported on the few occasions on which
testicular biopsies from these patients have been
studied (Figure 6.2f )61,62. These variants express
different degrees of abnormality of the head–neck
junction, with acephalic forms representing the
most extreme situation, and hence the more inclu-
sive denomination of alterations of the head–neck
attachment59,62,63. When the relationship between
the head and midpiece is looser, increased fragility
of this junction determines the generation of
acephalic forms and loose heads59,64. The latter are
frequently phagocytosed within the testis, and
their frequency in semen is lower than that of
headless flagella.
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Figure 6.2 Abnormalities of the connecting piece (head–tail junction). In (a) the head and the tail are not aligned along the same
axis (abaxial implantation of the tail). (b) Acephalic spermatozoon with minute thickening (arrow). (c) Normal configuration of the
connecting piece. The tail is lodged in the concave implantation fossa (arrow). Note the triplets of the proximal centriole (asterisk)
and beginning of the axoneme. (d) The head and midpiece are not properly attached and a vesicular structure (V) separates them.
(e) Acephalic spermatozoon. The plasma membrane (arrow) covers the connecting piece (asterisk). The midpiece is well formed.
(f) Elongating spermatid in testicular biopsy. Note lack of attachment of the tail anlagen to the caudal pole of the nucleus (arrows).
Bars = 5 µm (a, b), 0.5 µm (c–f). Panels (a) and (b) were originally published in reference 62 and panels (c–f) in reference 59.
Copyrights European Society of Human Reproduction and Embryology. Reproduced by permission of Oxford University Press/Human
Reproduction
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The uniform pathological phenotype, its ori-
gin as a consequence of a systematic alteration
during spermiogenesis, the fact that seminal char-
acteristics remain constant along clinical evolution
even when a pharmacological germ cell deple-
tion–repopulation has been induced, and the
familial incidence indicate that this condition is
very likely of genetic origin59,60.

The need for normal migration of the sper-
matid centriole to generate a normal head–mid-
piece attachment, and the abnormalities that have
been observed in sperm aster formation, syngamy
and embryo cleavage when these spermatozoa
have been microinjected in bovine and human
oocytes, point to a sperm centriolar dysfunction,
the nature of which remains to be elucidated. Pro-
teins such as centrin, pericentrin, γ-tubulin and
MPM-2 have been localized to the sperm con-
necting piece and zygote centrosome, but no stud-
ies are available that show their (possible) signifi-
cance in the pathogenesis of this syndrome63,65.
Sequencing across the exons of the gene for speri-
olin (another protein localized to the sperm neck
region) has failed to demonstrate any abnormality
in two patients with the syndrome (Eddy, personal
communication).

The release of the sperm centriole after fertil-
ization probably involves the action of sperm pro-
teasomes recently localized to the neck region of
human spermatozoa66,67. Experimental neutral-
ization of proteasomes in the zygote has also
resulted in defective sperm-aster and pronuclear
formation67. Defective enzymatic activity of
sperm proteasomes in patients with defects of the
head–midpiece attachment has recently been
reported68. We are currently conducting research
in this exciting area of sperm pathology.

PATHOLOGY OF THE SPERM HEAD:
ACROSOME AND CHROMATIN
ANOMALIES

The sperm acrosome is an organelle derived from
the Golgi complex of spermatids. It consists of a

flattened sac covering the anterior two-thirds of
the sperm head and is formed by two membranes
(the internal and external acrosomal membranes),
delimiting a space with a dense content rich in
hydrolytic enzymes.

The lack or insufficient development of the
acrosome are specific sperm defects causing
infertility, characterizing two well-defined syn-
dromes: acrosomeless spermatozoa and acrosomal
hypoplasia.

Spermatozoa lacking acrosomes usually display
spherical heads, which has prompted the denomi-
nations ‘globozoospermia’ or ‘round-headed acro-
someless spermatozoa’. They can be found in small
numbers (approximately 0.5%) in the semen of
fertile individuals, and may increase up to 2–3%
in cases of infertility69. The denomination globo-
zoospermia applies when they predominate in the
vast majority of spermatozoa (up to 100% of ejac-
ulated spermatozoa). Affected spermatozoa have
an absence of or detached acrosomes, or very small
perinuclear densities that may be abortive attempts
at acrosome formation (Figure 6.3a and c).

The generation of spermatozoa with absence of
an acrosome corresponds to more than one mech-
anism. Most reports indicate that the Golgi com-
plex fails to join the nucleus and develops a
detached acrosome with irregular secretory activ-
ity. This structure remains free in the cytoplasm of
maturing spermatids, to be eliminated with the
residual cytoplasm at spermiation. In this situa-
tion, acrosomes are formed but do not attach to
the nucleus70–73. In some other patients there is a
real lack of or serious deficiency in acrosome for-
mation. In these cases, a rudimentary acrosome
may be found on the anterior pole of the sperma-
tozoon71. One characteristic finding is delayed
maturation of the chromatin; it appears granular,
with incomplete compaction frequently in the
form of hypodense areas. These changes are due to
failure of the histone–protamine transition and
increased rates of DNA fragmentation.

Lack of the acrosome is associated with
absence of the perinuclear theca, a subacrosomal
structure of the sperm nuclear–perinuclear skeletal
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complex involved in modeling the shape of sperm
heads, attachment of the acrosome to the nucleus
and also oocyte activation after sperm penetra-
tion74–77. These abnormalities of the perinuclear
theca are probably the molecular basis responsible
for spherical sperm heads, detached acrosomes
and insufficient oocyte activation in acrosomeless
spermatozoa.

Familial incidence has been reported in men
suffering from globozoospermia, and a mono- or
polygenic origin has been suggested but not
proven43,72,78. Various animal models with similar
characteristics have recently been described.

Acrosomal hypoplasia is a poorly understood
and frequently underdiagnosed sperm pathology

that, according to Zamboni79, is frequent in severe
teratozoospermia. Acrosomes are very small, and
often lack contact with the amorphous nucleus
(Figure 6.3b and d). Chemes16 reported a series of
35 patients with acrosomal anomalies in whom
lack of the acrosome or acrosomal hypoplasia was
present as a predominant form or in combination.
Sperm heads are mostly round, but may also be
amorphous or oval. Acrosomal hypoplasia should
be investigated in cases of severe teratozoospermia,
and can be readily recognized under the electron
microscope80, with the use of various antibodies
that react against the acrosome or by lectin bind-
ing to intact spermatozoa. In the classification of
spermatozoa by strict criteria, these abnormalities

Figure 6.3 Acrosome and chromatin anomalies. (a) Light microscopy of spermatozoa from a patient with globozoospermia. Heads
are characteristically spherical. (b) Detailed visualization of sperm heads with pathological acrosomes. Immunolabeling using
antiacrosin antibody shows fluorescence on the acrosome. Lack (left) or variable hypoplasia (two right spermatozoa) are clearly
observed. (c) A round-headed spermatozoon lacks the acrosome (arrows). There is also a marked lacunar defect of the chromatin.
(d) Acrosomal hypoplasia: small and detached acrosome (asterisks). (e) Severe lacunar defect of the chromatin in a grossly
distorted amorphous head. Bars = 5 µm (a, b), 0.5 µm (c–e)
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are included among the severe amorphous vari-
eties that have poor fertility prognosis5.

Other forms of acrosomal defects have been
reported in infertile males. Premature occurrence
of and/or failure to undergo the acrosome reaction
have been recognized81. More rare and not well-
characterized defects of the acrosome include the
‘crater defect’82 and acrosomal inclusions80. In both
cases, fertility is compromised by the inability of
these spermatozoa to penetrate oocytes normally.

The chromatin of maturing spermatids suffers
a complex series of chemical and macromolecular
changes that are reflected in the structure of the
nucleus. Early round spermatids have euchromatic
nuclei with dispersed chromatin. During matura-
tion, the chromatin condenses progressively in the
form of discrete granules that enlarge as they
approach each other and condense to acquire
finally a dense, homogeneous structure in which
only small (0.1–0.2 µm) hypodense, clear areas
can be discerned. This process of progressive mat-
uration and compaction is due to the replacement
of nuclear histones that associate with the DNA in
a supercoiled structure, similar to that found in
somatic cells. Histones are interchanged first by
transition proteins and later by protamines that
organize in a side-to-side configuration along the
groove of the DNA helix, so that chromatin fibers
can compact tightly to determine the typical
condensed structure of mature spermatids and
spermatozoa83–85. In this compacted state, individ-
ual chromatin granules cannot be discerned.

When the process of chromatin maturation
and compaction is altered, the heads of the sper-
matozoa display large lacunar defects (2–3 µm in
diameter), where the compact arrangement of the
chromatin is replaced by granulofibrillar or
‘empty’ areas that occupy as much as 20–50% of
the nucleus (Figure 6.3c–e)79,86. They originate in
the testis as a consequence of abnormal spermio-
genesis, as confirmed by their presence in im-
mature spermatids found in testicular biopsies and
semen. Spermatozoa with chromatin abnorm-
alities frequently demonstrate abnormal head
shapes, have diminished fertility potential or are

associated with first-trimester abortions16. Single-
stranded DNA, DNA breaks, abnormal his-
tone–protamine transition or apoptotic changes
have been reported, as well as insufficient chro-
matin condensation, immaturity and intranuclear
lacunae that are their ultrastructural correlates.
There is not much information about the genetic
constitution of morphologically abnormal sper-
matozoa. A positive correlation between sperm
aneuploidy and teratozoospermia has been
reported, but in other studies no increased numer-
ical chromosomal aberrations have been found in
abnormal spermatozoa87–89. Recent fluorescence
in situ hybridization (FISH) studies of infertile
men with poor semen quality have shown
increased aneuploidy in spermatozoa, despite a
normal blood karyotype90,91, which suggests that
the same factor(s) causing aneuploidy may also
induce teratozoospermia.

The question of the acquired versus the genetic
etiology of chromatin anomalies has received
attention, but is not solved to date. Men who suf-
fer from infectious bowel disease and are treated
with sulfasalazine may present with this type of
abnormality in the spermatozoa. The question
remains whether they are caused by the patho-
logical process itself or the treatment instituted.
The same alterations can also be found in men
with varicocele, fever, seminal infections and even
testicular tumors92–95. In these last cases they are
found mixed with other types of non-specific
sperm anomalies. Accounts of genetic etiology in
patients with chromatin anomalies are not fre-
quent. There are reports of abnormal removal of
histones and transition proteins from sperm
nuclei, selective absence of protamine P2 or
altered ratios of nucleoproteins in spermatozoa
from infertile individuals, but no or only occa-
sional mutations in protamine genes have been
documented93,95–99.

Other nuclear abnormalities include
macronuclear/multinuclear polyploid spermato-
zoa derived from meiotic alterations in nuclear
cleavage. A familial pedigree with this anomaly has
been reported100–102.
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ACQUIRED SPERM ABNORMALITIES
SECONDARY TO ANDROLOGICAL
CONDITIONS AND ENDOGENOUS OR
ENVIRONMENTAL FACTORS

Non-specific anomalies are the most frequent
finding in astheno- and teratozoospermic patients.
Non-specific flagellar anomalies are dealt with in
the section on pathology of asthenozoospermia
(see above). With regard to non-specific head
anomalies, these constitute a heterogeneous con-
dition in which various anomalies in the acro-
some, chromatin, head cytoskeleton and the neck
region coexist in different proportions. Their indi-
vidualization in clinical andrology is based on the
abnormal appearance of the spermatozoa. They
constitute the foundation of all current classifica-
tions of sperm morphology, including those based
on strict criteria. These classifications undoubt-
edly have an important application in predicting
the fertility potential of a given semen sample.
However, with the exception of acrosome anom-
alies that are taken into consideration in the clas-
sification presented by Kruger4,5, most head alter-
ations are classified according to their external
appearance, without any indication of the nature
of the pathologies involved or the morphogenetic
mechanisms that originate them. Alterations in
chromatin maturation and compaction and insuf-
ficient development or vacuolization of the acro-
some are frequent findings in amorphous sperm
heads. They have been noted to be associated with
inflammatory bowel disease80, varicocele103, con-
tact with alkylated imino sugars or pesti-
cides104,105, exposure to fuels, oils, organic sol-
vents, exhaust fumes and hydrocarbons106,
cigarette-smoking107, ionizing radiation108,109 or
temperatures higher than physiological110.

Even though there have been attempts to asso-
ciate certain types of alterations with specific eti-
ologies (e.g. tapered forms with varicocele1), this
has not been confirmed and their non-specific
nature is currently accepted.

SPERM PATHOLOGY AND FERTILITY
PROGNOSIS: THE SIGNIFICANCE OF
SPERM PATHOLOGY IN THE STUDY OF
INFERTILE MALES

It has been asserted that the results of ICSI are
independent of most sperm parameters, but recent
evidence indicates otherwise. Teratozoospermia
should be understood not solely as a morphological
abnormality but also as the corresponding impair-
ment in sperm function. A higher pregnancy rate
has been reported in coincidence with morphology
values above the 4% threshold5, and various reports
have stressed the importance of normal acrosome
and chromatin structure, head–neck junction and
centrosomes for adequate fertilization and preg-
nancy16,62,111–114. It has been claimed115,116 that
abnormal morphology does not influence ICSI
results, but in 10 of their 15 patients with total fer-
tilization failure, strict morphology was ≤ 2%, and
also failed fertilization was documented by these
authors in six patients with acrosomeless spermato-
zoa115,116. In conclusion, many studies have shown
that, depending on the nature of the pathologies
involved, the outcome of ART can change
dramatically. The recent introduction of ICSI pro-
vides access to the structural and functional
features of spermatozoa that are being used for fer-
tilization. This information can be applied to eval-
uate the relationship between sperm quality and
fertility outcome, and hence a more objective pic-
ture is emerging of the differential roles played by
specific sperm components in fertilization, early
embryonic development and implantation.

Asthenozoospermia: flagellar
pathologies and fertility prognosis

As previously noted when discussing the subcellu-
lar basis of asthenozoospermia, increased rates of
non-specific flagellar anomalies (NSFAs) were the
underlying cause in 70% of 201 men with severe
motility disorders (mean fast forward progression
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3.6%)10. In patients with asthenozoospermia of
genetic origin (fast forward progression 0.2%),
specific sperm phenotypes such as primary ciliary
dyskinesia and dysplasia of the fibrous sheath
(PCD and DFS) were present in all spermato-
zoa12. Longitudinal studies in these men have
shown that 33% of patients with NSFAs, but 0%
of those with DFS, obtained fertilizations/preg-
nancies within 2–6 years of diagnosis, either spon-
taneously or with the use of ART, including IVF
(but not ICSI). These findings indicate that one-
third of cases of NSFA are reversible and can
obtain fair fertility results, while DFS does not
respond to conventional fertility treatments or
IVF, as confirmed by the lack of other positive
results in the literature. One publication by Kay
and Irvine117 has documented a live birth after
IVF using sperm with no progressive motility
from a patient with primary ciliary dyskinesia.
When there are 100% immotile sperm, a mislead-
ing tendency exists to equate complete astheno-
zoospermia with total necrozoospermia. This cre-
ates unnecessary confusion in view of the very
different natures and fertility potentials of
immotile (but live) and dead spermatozoa. Others
have reported poor ICSI results with the use of
‘immotile spermatozoa’, but careful examination
of the data indicates that, in their ‘immotile’ pop-
ulation, viability was always lower than 10%,
which makes it very likely, as also noted by the
authors, that their poor results were due to injec-
tion of dead spermatozoa (rather than live,
immotile)115,116. ICSI has been of great help in
cases of men with genetic asthenozoospermia.
Indeed, there are now several publications report-
ing fertilizations/pregnancies with the use of
immotile but live spermatozoa118–121. The diffi-
culty in distinguishing between dead and com-
pletely immotile but live spermatozoa has been
circumvented by various methods, including the
hypo-osmotic swelling test, stimulation of motil-
ity with pentoxifylline or retrieving testicular
spermatozoa122–125.

We have recently reviewed numerous reports
of ICSI results in 11 patients with PCD and 12

with DFS126. Fertilization was in the 55–70%
range, and there were numerous pregnancies and
21 live births. The abortion rate was 20% (three of
15 pregnancies). The encouraging results indicate
that this subpopulation of severe male-factor
patients can expect good outcomes with microin-
jection of in situ motile or live, immotile sperma-
tozoa. Therefore, flagellar pathologies causing
sperm immotility do not compromise ICSI out-
come if sperm viability is not affected.

As stated before, DFS and PCD are genetic
conditions, and there are concerns about the (pos-
sible) transmission of these anomalies to the next
generation. Even though the number of cases is
limited, there have been no reports of respiratory
disease (a common finding in PCD and some
DFS) in newborns. The question of fertility
potential will have to remain unresolved for some
years until the offspring attain reproductive age.
Prospective parents should be made aware of the
risks involved, but comprehensive genetic coun-
seling will not be possible until the genes involved
and the mechanism of inheritance are identified.
Informed consent should always be obtained.
Affected men tend to accept the risks if transmis-
sion of reproductive failure is the only concern, as
is the case for individuals carrying Y-chromosome
microdeletions that surely will pass to their male
descendants.

Fertility potential in abnormalities of
the connecting piece

We have previously stated that, depending on the
sperm anomalies involved, fertility outcomes
change dramatically. This is illustrated by anom-
alies of the connecting piece, which, in contrast to
the relatively good results attained in cases of fla-
gellar pathology, are associated with a poor fertil-
ity prognosis in ICSI.

Anomalies of the connecting piece have a het-
erogeneous phenotypic manifestation. In some of
these patients, acephalic spermatozoa are the only
form observed in semen, which makes impossible
any attempt at fertilization. Other patients have
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acephalic forms in lower numbers, and spermato-
zoa with abnormal head–midpiece alignment pre-
dominate. Various recent ICSI procedures have
been reported in these last patients. Chemes et
al.59 documented the first ICSI failure using sper-
matozoa with a faulty alignment of the head–mid-
piece junction. Four metaphase II oocytes were
fertilized by ICSI but remained at the pronuclear
stage, and degenerated after failure to undergo
syngamy and cleavage. Shortly after this there
were two other failed attempts, with similar char-
acteristics (Saias-Magnan et al.127, one patient, 1
cycle; Rawe et al.62, one patient, 5 cycles) and a
further two with pregnancies and live deliveries
(Porcu et al.63, two patients, five cycles, two preg-
nancies; Kamal et al.64, 16 patients, three preg-
nancies) as well as another successful attempt in
one of our patients (personal unreported commu-
nication). In summary, from five reports available,
four live births resulted from 26 cycles with
numerous arrested or degenerated embryos. The
question can be asked whether these different evo-
lutions were connected with selection of the ‘right’
spermatozoon for injection. This seemed to be the
case in one of our patients (five failed ICSI
attempts), since two chemical pregnancies were
obtained when the sperm selection criteria were
very strict and the ‘best’ spermatozoa were
microinjected. However, the two pregnancies
reported by Porcu et al.63 seem to indicate other-
wise, because the published morphology of the
spermatozoa used for ICSI indicated a serious
abnormality with severe misalignment at the
head–midpiece junction.

Fertility outcome in men with
acrosome and chromatin abnormalities

Patients with acrosomeless spermatozoa are infer-
tile because their spermatozoa are unable to pene-
trate oocytes due to the lack of acrosomes, physi-
ologically involved in penetration of the cumulus
oophorus that surrounds the oocyte and also in
binding and penetration of the zona pellucida128.
When ICSI was introduced, it was soon

hypothesized that, since microinjection bypasses
all the penetration steps previous to fertilization, it
may be an ideal solution for globozoospermia.
The practice of ICSI with acrosomeless spermato-
zoa indicated that this was not exactly the case.
While fertilization took place in a good number of
instances, it failed in others, suggesting that
besides penetration problems these spermatozoa
may carry other deficiencies. Unsuccessful ICSI
attempts in nine cases of acrosomeless spermato-
zoa were reported by Bourne et al.129, Liu et al.116,
Battaglia et al.130 and Edirishinge et al.131. It was
soon realized that the abnormality in cases of fail-
ure was probably due to insufficient activation of
the oocyte, a function recently attributed to the
perinuclear theca of spermatozoa. Indeed, acro-
someless spermatozoa have alterations of the per-
inuclear theca, and also lack various proteins asso-
ciated with this structure (see above). Rybouchkin
et al.132 and Kim et al.133 obtained successful preg-
nancies with acrosomeless spermatozoa by means
of Ca2+ ionophore activation of the oocytes. How-
ever, artificially induced oocyte activation is not
always followed by pregnancy130. Since chromatin
anomalies are frequently associated with a lack of
acrosome, their negative influence on fertilization
should be taken into consideration. Besides these
failures, there are also various reports of ICSI suc-
cesses after microinjection of acrosomeless sper-
matozoa, but fertilization rates were low
(10–50%)134–139. These results indicate that even
though human acrosomeless spermatozoa are able
to fertilize human or hamster oocytes and achieve
pregnancies in numerous couples, they bear
abnormalities responsible for unsuccessful or low
fertilization rates or the need for artificial
activation.

The maturational changes that chromatin
undergoes during spermiogenesis are an essential
component of its fertilizing capacity. Spermatozoa
with amorphous, elongated or round heads have
been shown to have a four-fold increase in chro-
mosomal abnormalities87. Large, intranuclear,
hypodense regions (incorrectly called ‘nuclear vac-
uoles’) represent areas in which the DNA itself or
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the associated proteins have structural abnormali-
ties. DNA breaks, single-stranded DNA, deletions
of variable magnitude and other alterations signif-
icantly affect sperm quality, fertilization, embryo
development and implantation. Infertility or
abortions during the first trimester have been
reported in these patients16,79,80,140. Similar results
were reported by Francavilla et al.141 when com-
paring the results of 21 testicular sperm extraction
(TESE)–ICSI cycles in azoospermic men with or
without chromatin abnormalities. While the fer-
tilization rate was similar in both groups, the
delivery rate per cycle was significantly diminished
in men with chromatin abnormalities. Others
have also reported normal fertilization rates and
low pregnancy rates in a study of 17 males with
megalohead multitailed spermatozoa that have
been shown to be polyploid142. Careful selection
of motile spermatozoa for ICSI by means of very
high-resolution light microscopy yields dramatic
differences in implantation and pregnancy rates
between normal spermatozoa and those with
‘nuclear vacuoles’ (indicative of abnormal chro-
matin constitution)143. The negative influence of
DNA fragmentation on ICSI outcome was
reported by Greco et al.144 in men with high rates
of DNA fragmentation, by comparing ICSI with
testicular spermatozoa (low DNA damage) versus
ejaculated spermatozoa (found to have high DNA
damage).

CONCLUDING REMARKS

Sperm pathology is the discipline that character-
izes structural and functional deficiencies in sper-
matozoa. It is not just another denomination for
abnormal sperm morphology; it is rather a new
concept in which a multidisciplinary approach is
applied to the precise description of sperm abnor-
malities and the understanding of the pathogenic
mechanisms that underlie abnormal sperm
appearance. Used jointly with classical sperm mor-
phology (in particular the strict criteria), it allows
a clear appreciation of what is wrong with

abnormal sperm shapes and facilitates a rational
approach to the use of abnormal spermatozoa in
assisted reproduction. The distinction between
non-specific anomalies and systematic defects of
genetic origin is an important one, and couples
undergoing ICSI have the right to be informed
not only of their diminished chances when this is
the case, but also of the possible risk of transmis-
sion to their offspring. Whenever possible, genetic
counseling is important and follow-up of new-
borns desirable. However, in view of our present
uncertainties, care should be taken to protect
patients from excessive information, particularly
when no unambiguous conclusions are available.

Another important issue refers to the use of
appropriate nomenclature, previously addressed
by Chemes and Rawe126. We have attempted to
highlight each pathological phenotype with a
denomination that identifies the organelles
involved and the pathogenic mechanisms. The
problem of nomenclature is not a trivial one: the
way we speak and write conditions the way we
think. If descriptive terms are used, thoughts will
not go beyond appearances. It is essential to dis-
tinguish a dead (immotile) from an immotile
(live) spermatozoon, and to use denominations
that give us the basic understanding of each
pathology. A ‘stump tail’ can either belong to a
DFS spermatozoon or be the result of tail disinte-
gration in aging spermatozoa; an ‘amorphous’
head can correspond to a lack of acrosome or to
abnormal chromatin maturation and compaction.

The introduction of innovative therapeutic
approaches such as ICSI has revolutionized the
field of reproductive medicine. Besides its obvious
advantages for men with severe male factor infer-
tility, it has created new concerns about the ethi-
cal and social role of therapeutic interventions.
The possibility of inherited sterility is certainly one
of the most perplexing paradoxes of our times.
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Testicular dysgenesis syndrome: biological
and clinical significance

Niels Jørgensen, Camilla Asklund, Katrine Bay, Niels E Skakkebæk
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Figure 7.1 Schematic presentation of the components and clinical manifestations of testicular dysgenesis syndrome. CIS,
carcinoma in situ. Adapted with permission from reference 1

105

INTRODUCTION

A few years ago it was suggested that testicular
cancer, hypospadias, cryptorchidism and low
sperm counts were all symptoms of a disease com-
plex, the testicular dysgenesis syndrome (TDS),
with a common origin in fetal life1 (Figure 7.1).
Knowledge of the etiology of TDS is still rather
limited, but environmental and life-style factors
are suggested as contributing agents. However,
genetic polymorphisms or aberrations may render
some individuals particularly susceptible to these
exogenous factors. The most severe cases of TDS
may include all four symptoms, whereas the least

affected may show only reduced spermatogenesis
which is fully compatible with fertility1. Conse-
quently, a person diagnosed with one of the TDS
symptoms must be considered at increased risk of
harboring one or more of the other symptoms as
well.

PRENATAL ORIGIN OF TESTICULAR
DYSGENESIS SYNDROME

The prenatal origin of hypospadias and cryptor-
chidism is evident, owing to their congenital
nature. However, testicular cancers that do not
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Figure 7.2 Immunohistochemical staining with placental-like alkaline phosphatase (PLAP). (a) Expression in normal, immature
germ cells of 9-week-old fetal testis, and (b) expression in an adult testis with carcinoma in situ cells. Note in both images that
the immunohistochemical reaction is not seen in Sertoli cells or interstitial cells

a b

manifest until later in life are most probably also
of fetal origin. Likewise, the potential of a man’s
semen quality may also be determined prenatally.

Spermatogenesis

At the beginning of the fourth week of fetal devel-
opment, germ cells begin to migrate via the yolk
sac through the gut and into the mesentery, end-
ing in the celomic epithelium of the gonadal
ridges2. The indifferent gonad is composed of
three cell types: germ cells, supporting cells, which
in the male fetus give rise to Sertoli cells, and stro-
mal (interstitial) cells. The first sign of gonadal
differentiation is development of the Sertoli cells
and their aggregation into primitive seminiferous
cords during the eighth week of development3.
Differentiation of the gonad into a testis rather
than an ovary is genetically dependent on the SRY
gene (the gene of the sex-determining region of
the Y chromosome), which is expressed by testic-
ular (Sertoli) cells4. The majority of the Sertoli cell
multiplication occurs during fetal life, and only to
a lesser extent later5. The final number of Sertoli
cells reached during development has con-
sequences in adult life, as these cells can only
support a limited number of germ cells6,7. Thus,

factors affecting Sertoli cell development and
function during fetal life will have important con-
sequences for a man’s future spermatogenic capac-
ity, as the number of Sertoli cells essentially deter-
mines the maximal achievable sperm output. The
final sperm output may, however, be adversely
influenced by postnatal factors such as irradiation,
medical treatment, pesticides, organic solvents,
metals and physical agents.

Testicular cancer

Testicular germ-cell cancers occurring from
puberty and onwards originate from preinvasive
carcinoma in situ of the testis (CIS) cells, which
are considered to be gonocyte-like transformed
germ cells that failed to differentiate during the
fetal period8,9. CIS cells have stem-cell properties,
as evident from the expression of a number of
genes also expressed by gonocytes and embryonic
stem cells, for example alkaline phosphatase, c-kit,
Oct-4, SSEA-3 (stage-specific embryonic antigen
3) and others8,10–13 (Figure 7.2). Furthermore, CIS
cells and gonocytes lack expression of other genes
that are specific for postmeiotic germ cells14. Clin-
ical data also indicate that CIS cells arise before
adult life15, and CIS cells have been detected even
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in the neonatal period16. Epidemiologically, it has
been shown that Danish and other Scandinavian
men born during the Second World War have a
lower risk in all age groups of developing germ-cell
tumors than expected from the overall trend in
incidences, indicating that important etiological
events take place during prenatal life17,18.

Hypospadias and cryptorchidism

The secondary sex characteristics are dependent
on hormones produced by the newly formed tes-
ticles. Testosterone is secreted by the fetal Leydig
cells, and is responsible for differentiation of the
Wolffian duct into the epididymis, vas deferens
and seminal vesicle19. Testosterone is converted to
5α-dihydrotestosterone at the bipotential external
genitalia, and stimulates formation of the penile
urethra, the penis and the scrotum. Decreased
testosterone secretion may lead to formation dis-
turbances, resulting in hypospadias20, for example.

Testicular descent appears in two phases. The
intra-abdominal descent is quite complex, and its
regulation is not fully understood; however, it
occurs in the second trimester and is largely
dependent on the Leydig cell hormone insulin-
like factor 3 (INSL3)21. The following descent
through the inguinal canal and into the scrotum is
dependent on adequate testosterone secretion22.
Thus, impaired INSL3 and/or testosterone may
lead to cryptorchidism.

RISK FACTORS FOR TESTICULAR
DYSGENESIS SYNDROME

Many investigators have found that the TDS
symptoms are to be regarded as risk factors for
each other, and frequently, patients present with
more than one of the symptoms. The association
between testicular cancer and low semen quality is
firmly established. CIS cells were first detected in
infertile men23, and later Berthelsen showed
reduced spermatogenesis in testicles contralateral
to testicular cancer already before treatment of the

cancer24,25. More recently, men with unilateral tes-
ticular cancer have been shown to have poorer
semen quality than expected from a man with
only one functioning testicle26. Epidemiologically,
the link between testicular cancer and low semen
quality has indirectly been confirmed by the
detection of reduced fertility in men who later
developed testicular cancer27. At the histological
level, the non-tumor-bearing testicles in men with
testicular cancer often show carcinoma in situ
(5–8%), Sertoli-cell-only tubules (13.8%), micro-
calcifications (6.0%) and undifferentiated Sertoli
cells (4.6%). All in all, signs of histological testic-
ular dysgenesis were detected in 25.2% of the
examined contralateral testes28.

Cryptorchidism is a well-known risk factor for
both testicular cancer and poor semen quality29–31,
and the association between cryptorchidism and
hypospadias is well documented31,32.

The associations between the four TDS symp-
toms point to abnormal germ-cell and/or Sertoli-
cell development during fetal life, and are all cou-
pled to the intrauterine milieu, such as low birth
weight, premature birth and low parity33–35.
Genetic factors seem to contribute, as indicated by
the fact that African-Americans have significantly
lower incidence than Caucasians living in the
same areas of the USA36,37. Additionally, patients
with genetic disorders such as 45,X/46,XY
mosaicism or androgen insensitivity syndrome
often show testicular dysgenesis due to impaired
androgen production or function already in fetal
life, increased risk of cryptorchidism, testicular
cancer and impaired spermatogenesis. The genetic
mechanism(s) behind this is still unresolved; how-
ever, genes on the Y chromosome seem to be
important for proper testicular function38,39.

REGIONAL AND TEMPORAL TRENDS IN
TESTICULAR DYSGENESIS SYNDROME
SYMPTOMS

For many years, the incidence of testicular germ-
cell cancer has increased in numerous European
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countries40. In particular, the situation in the two
Nordic countries Denmark and Finland is remark-
able. Danish men have one of the highest inci-
dences of testicular cancer, and Finnish men one
of the lowest incidences (11.1 per 105 and 2.8 per
105, respectively)41. The sharp increase in inci-
dence among Danish men shows a birth cohort-
dependency, as men born recently have a higher
lifetime risk than men born in previous
decades17,42.

In line with the geographical trends observed for
testicular cancer, the prevalence of cryptorchidism
and hypospadias in Finnish newborn boys is con-
siderably lower than in Danish boys (2.4% vs.
9.0% and 0.27% vs. 1.03%, respectively)43,44.

Semen quality also shows a regional difference,
with a better situation among Finnish than among
Danish men. Young, normal men from the Danish
general population have a median sperm concen-
tration of 41 × 106/ml in contrast to Finnish men
having 54 × 106/ml45, and overall an East–West
gradient in sperm concentration exists in the
Nordic–Baltic area45–48, with a better situation in
the eastern than in the western part (Figure 7.3).

There are, however, indications that the other-
wise good reproductive health of Finnish men is
also following a worsening tendency. Despite being
low, the testicular cancer incidence is increasing40,
while the sperm count may be decreasing45.

In 1992, Carlsen and co-workers49 reported
the results of a meta-analysis of previously pub-
lished semen quality data, and indicated that
sperm concentration among men in Europe and
North America had decreased. Following this,
reports from several other research groups were
published. Some did not find any change over
time50–53, whereas others suggested that sperm
counts had declined significantly54–57, and thereby
also indicated the presence of geographical differ-
ences in the adverse male reproductive-health
trends.

Associations between the individual TDS
symptoms are seen not only in Danish and
Finnish populations. Norwegian men have a high
frequency of testicular cancer and low sperm

counts, whereas the opposite is true for Estonian
and Lithuanian men45,46. Unfortunately, very lim-
ited information exists from countries outside the
Nordic–Baltic area to elucidate the occurrence of
TDS. Japanese fertile men seem to have semen
quality at the same level as that of comparable
Danish fertile men, but at the same time Japanese
men have a risk of testicular cancer at or below the
level in Finnish men40,58. This finding is compati-
ble with Japanese (or Asian) men having a lower
sperm quality, without being at increased risk for
the other symptoms of TDS. However, a more
thorough analysis is needed before any firm
conclusions can be reached.
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Figure 7.3 Illustration of the regional difference in (a) sperm
concentration (adjusted for period of abstinence and
interlaboratory variation) and (b) frequency of morphologically
normal spermatozoa of young men from the Nordic–Baltic
area. Bars indicate median values and 95% confidence level
of the estimates (from linear regression models taking
confounders into account). See text for further explanation.
Adapted from reference 45. Results from references 47 and
48 are not included as the presentations in these publications
do not provide sufficient information to draw similar bars
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Studies have revealed the existence of regional
differences in semen quality among fertile US
men59, whereas other studies have shown African-
Americans having significantly lower incidences of
testicular cancer than Caucasians living in the
same areas37. These results are compatible with
both an environmental and a genetic influence on
male reproductive health, but the studies cannot
provide any firm information about associations
between the different TDS symptoms among US
men. Likewise, data from other countries outside
Northern Europe are lacking.

TESTICULAR DYSGENESIS SYNDROME
AND FECUNDITY

It is of concern that the birth rate in many indus-
trialized countries has declined to below replace-
ment level of the populations. The social structure
in these countries acts against a high birth rate,
but it is becoming clearer that reduced biological
fecundity may also be considered an important
contributing factor. The World Health Organiza-
tion (WHO) states that the reference value for
sperm concentration is 20 × 106 spermatozoa/ml60.
Whether this is a relevant ‘threshold’ can be ques-
tioned) owing to the findings of a prospective
study of fecundity. Decreasing waiting time to
pregnancy (TTP) with increasing sperm concen-
trations up to approximately 40 × 106 spermato-
zoa/ml was shown61. Additionally, a recent cross-
sectional study of European fertile men
demonstrated a reduced TTP with increasing
sperm concentration up to 55 × 106 spermato-
zoa/ml62. Thus, a large fraction of normal young
Danish and Norwegian men may already have a
semen quality with sperm concentrations below
these levels; 20% of the investigated Danish and
Norwegian men had a sperm concentration below
the WHO reference level, and approximately 40%
of the men had fewer than 40 × 106 spermato-
zoa/ml. Sperm concentration is only one of the
parameters having an impact on fecundity. A
recent publication by Guzick et al. has indicated

that men with fewer than 9% morphologically
normal spermatozoa belong to a group of subfer-
tile men, and that men ought to have more than
12% normal forms to be regarded as fertile63. The
Danish and Norwegian young, normal men had
only a few more than 6% (median) normal
forms45. The majority of these young men were 19
years of age; however, a follow-up study of these
men indicated that their low semen quality is
unlikely to be a result of immaturity64.

POSSIBLE LIFE-STYLE OR
ENVIRONMENTAL FACTORS CAUSING
IMPAIRED MALE REPRODUCTIVE
HEALTH

It is possible that genetic predisposition may play
a partial role in the observed trends in male repro-
ductive health, at least for some populations. For
example, impaired spermatogenesis has in some
studies been associated with polymorphisms in the
androgen receptor gene or in the Y chromo-
some39,65. The speed of the observed increase in
testicular cancer indicates that life-style or envi-
ronmental factors may also be contributing
agents. Furthermore, poor semen quality, crypt-
orchidism or hypospadias – at least in some areas
– have become more frequent40,43,45, and thus
exogenous etiological factors are likely.

Three recent studies detected that men
exposed to smoking in utero (via maternal smok-
ing during pregnancy) had decreased sperm con-
centrations: a 20% reduction compared with men
not exposed at all66, a 48% reduction among sons
exposed to maternal smoking of more than ten
cigarettes per day67 and a dose-dependent associa-
tion between fetal tobacco exposure, lower semen
quality and higher risk of oligozoospermia68. The
men’s own history of tobacco-smoking was shown
to be only of minor importance when taking into
account mothers smoking while pregnant.

Obesity has increased in the Western world,
and a body mass index (BMI) above 25 kg/m2

has been associated with reductions in sperm
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concentration, total sperm count and morpholog-
ically normal spermatozoa69. Any causal relation-
ship between semen quality and BMI has yet to be
resolved.

Generally, TDS is suggested to result from dis-
ruption of fetal gonadal development caused by
endocrine-disrupting compounds. During recent
years, focus has been on the possible disruption of
the androgen–estrogen balance and impaired
androgen action33,70.

Recent experimental evidence comes from a
possible animal model for TDS, in which rats
exposed in utero to the antiandrogen dibutyl
phthalate developed cryptorchidism, hypospadias,
infertility and testis abnormalities71,72. The find-
ing that phthalates can induce TDS-like symp-
toms is of concern, as neonates can be exposed to
considerable daily doses of phthalates via breast-
milk73,74. Moreover, many of the so-called
‘environmental estrogens’, including a number of
pesticides, have also appeared to possess antian-
drogenic properties75.

In the absence of possibilities to provide evi-
dence of a causal relationship between human
exposure to harmful chemicals and male repro-
ductive health, rising concern has led to a number
of epidemiological studies dealing with associa-
tions between parental exposure to substances
with endocrine-disrupting properties and congen-
ital abnormalities in the reproductive organs of
their sons34,76–80. Interestingly, an American group
has recently published a report using shortening of
the anogenital distance (AGD) as a new and more
sensitive marker for demasculinization in humans.
In 134 boys aged 2–30 months they found a sig-
nificant inverse correlation between AGD and uri-
nary concentrations of a number of phthalate
metabolites81.

CONCLUSIONS

Testicular dysgenesis syndrome (TDS) encom-
passes the disease entities cryptorchidism,
hypospadias, testicular cancer and poor semen

quality. Exogenous factors exhibiting antiandro-
genic properties or reducing androgen/estrogen
functions are suspected to affect the developing
fetal gonad, leading to the TDS symptoms. How-
ever, a genetic susceptibility to these exposures may
contribute to the development. In its most severe
form, a man may suffer from all the TDS symp-
toms, whereas the least affected may only have a
slightly reduced semen quality, compatible with
fertility. Most likely, all cases of testicular germ-cell
cancers are due to TDS. The three other symptoms
may also be due to TDS; however, alternative con-
tributing factors may be relevant. A man’s potential
semen quality may already be determined prena-
tally, but may be adversely affected by factors act-
ing postnatally. Nevertheless, diagnosis of one of
the TDS symptoms should alert physicians to look
for manifestations of the other symptoms, espe-
cially the occurrence of preinvasive carcinoma in
situ germ cells. Eradication of these cells will pre-
vent the development of overt testicular cancer82.
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Evaluation of the subfertile male

Agnaldo P Cedenho

INTRODUCTION

Based on the literature, it can be expected that
15–20% of couples within reproductive age will
encounter difficulties in achieving a pregnancy,
and medical attention will be required in order to
start a family. Around 30% of these couples are
infertile due to a significant isolated male factor,
and associated male and female factors are present
in an additional 20% of cases1. Therefore, an
abnormal male factor is involved in about half of
the couples seeking infertility treatment.

Although male factor infertility plays such a
dramatic role in a couple’s infertility, it has been
left aside for decades. In fact, for a long time the
man was examined solely using conventional
semen analysis, without even an interview or a
physical examination. Since the advent of intracy-
toplasmic sperm injection (ICSI) in 19922, this
situation has become even worse. ICSI is without
doubt a breakthrough in male infertility treat-
ment, but since this technique overcomes virtually
all natural barriers to fertilization, research on
male factor infertility has lost its momentum, and
both physicians and patients have shifted their
focus from seeking and treating the cause of male
infertility to achieving pregnancy only. Fortu-
nately, as usually occurs in medicine, time and evi-
dence puts everything back in its place. Perhaps
more now than ever before, the subfertile man

needs to be studied with extreme care in search of
the true cause of infertility, for once it is found,
the physician will be able to decide what is the
best treatment plan (with the best possible
cost/benefit ratio) for the couple. Evidence-based
andrology will thus ultimately allow childless cou-
ples to be spared the enormous stress associated
with infertility.

For many decades it has been conventional to
define infertility as 1 year of failed attempts to
conceive, and a couple should be investigated for
infertility only after 1 year of regular sexual activ-
ity without the use of any contraceptives. This
period of time was selected from epidemiological
studies suggesting that around 85% of couples are
able to achieve pregnancy within 1 year3. There-
fore, after 1 year only 15% of couples will need
infertility work-up. Even though the logic behind
this rationale is evident, concessions need to be
made considering the current situation and his-
tory of each partner in the infertile couple. 

If, for example, a woman is over 35 years old,
or one of the partners has a clinical history that
could lower his/her ability to conceive, this period
of time may be shortened. On the other hand,
since evaluation of the male partner in an infertile
couple is simple, fast, inexpensive and usually
non-invasive, it may be performed as soon as
the infertile couple seeks medical assistance, or
whenever the male partner decides to evaluate his
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fertility status4. Evaluation of the male partner
should be carried out following basic medical
guidelines, which are: the patient’s history, physi-
cal examination, as well as all the laboratory and
imaging resources available at the time. While the
patient’s history and physical examination are of
fundamental importance to all patients, imaging
and laboratory techniques should be used as
required. Many patients will require only two sep-
arate standard semen analyses, while others will
need to go through many tests in order to find the
cause of infertility. Each patient must be evaluated
according to the individual situation.

PATIENT HISTORY

Patient history and a careful physical examination
may be of great help in evaluating the male part-
ner of an infertile couple (Table 8.1) Although this
chapter focuses on the infertile man, information
regarding the female partner is not only useful,
but also extremely relevant in deciding a treatment
plan. We should not forget that as far as repro-
duction is concerned the couple must be seen as
one functional unit, not as two separate individu-
als. It is therefore important to know the female
history concerning menstrual cycle regularity, pre-
vious infections, pregnancies, abortions, abdomi-
nal surgery and possible risks related to sexually
transmitted diseases (STDs). 

In many cases, coupling seminal analysis with
the female partner’s examinations, such as pelvic
ultrasound and hysterosalpingography, will allow
the examiner to assess whether the couple can still
achieve pregnancy through natural conception.
On the other hand, the reproductive history is one
of the most important areas to investigate in the
infertile couple. It is very important to know how
long the couple has been trying to achieve preg-
nancy without success, mainly because the longer
is this period (> 7 years), the lower are the chances
of natural conception and the graver are the
factors involved. This is especially true when the
female partner has normal menstrual cycles,

regular in frequency and with frequent sexual
intercourse throughout the cycle.

It is also relevant to ask how much the couple
knows about the fertile period during the men-
strual cycle. Recent data have shown that the best
period for the sperm to penetrate the female
reproductive tract is prior to ovulation. This
period may last for up to 6 days, and immediately

Table 8.1 Work-up sheet addressing anamnesis in
a chronological fashion

Conception Natural conception or ART was
needed

Prenatal Drugs, pharmaceutical,
environmental agents and
endocrine disruptors

Childhood Cryptorchidism, inguinal
herniorrhaphy, bladder neck,
pelvic or retroperitoneal
surgery, testicular torsion

Puberty onset Precocious or late, testicular
trauma or torsion

Adolescence or Sexual behavior and STDs, viral
young adult or bacterial orchitis,

recreational drugs, anabolic
steroids, inguinal herniorrhaphy

Adult Tricyclic antidepressives,
antihypertensives,
sulfasalazine, nitrofurantoin,
cimetidine, chemotherapy,
radiotherapy, retroperitoneal
lymphadenectomy, inguinal
herniorrhaphy, diabetes,
multiple sclerosis, chronic
respiratory diseases

Reproductive issues Menstrual cycle, infections, 
(female) pregnancies, abortions, STDs,

previous investigation and
treatments

Reproductive issues Previous paternity, 
(male) investigation, treatments,

potency

Reproductive issues Infertility duration, intercourse
(couple) frequency and regularity, coital

technique, knowledge about
fertile period

ART, assisted reproductive technologies; STD, sexually
transmitted disease
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after ovulation the cervical mucus becomes hostile
to sperm, mostly due to a progestational effect5.

Information regarding the sexual act itself is
paramount to understanding the mechanisms
underlying infertility. Lubricants used during sex-
ual intercourse are usually spermicidal or deter-
mine lower sperm motility, and therefore it is nec-
essary to know whether they are used. The most
common lubricants used are K-YJelly, Lubrifax,
Keri“ lotion or even saliva6–8.

Previous fatherhood, albeit not a guarantee of
current fertility, may reveal the reproductive
potential of the male partner. Varicocele has been
pointed out as the leading cause of secondary
infertility9. Any previous investigation and treat-
ment will help the evaluation to progress and
spare the couple repeating examinations, thus sav-
ing time and money. A very productive and mean-
ingful manner of evaluating patient history is
through a work-up sheet that addresses anamnesis
in a chronological fashion. This will give informa-
tion regarding the male partner throughout differ-
ent stages of his development.

Prenatal exposure to drugs, pharmaceuticals or
environmental agents should be assessed. Fetal
exposure to diethylstilbestrol (DES) may lead to
epididymal cysts, an increased incidence of cryp-
torchidism and altered semen variables in adult
life10. Patients with hypospadias may present
endogenous endocrine abnormalities, including
altered testosterone biosynthesis11. On the other
hand, it is important to emphasize the role that
endocrine disruptors play in male infertility. These
substances and their by-products, used in the phy-
topharmaceutical industry, may affect serum
endocrine levels, or alter hormone action, produc-
tion, release and/or elimination. These deleterious
effects have been demonstrated in animal models,
and an increased concern about their effects in
humans has arisen due to a greater incidence of
reproductive-tract abnormalities and decreased
sperm concentration in many areas worldwide12.

In the near future, even information regarding
how the patient was conceived will be necessary.
Since ICSI may allow children to carry the same

genetic defects as their fathers, such as Y-chromo-
some microdeletions, infertility has ironically
become an inheritable clinical condition.

Cryptorchidism may affect 2–5% of born male
children, and as such is an important cause of
infertility13. Studies have demonstrated that 30%
of children with unilateral cryptorchidism and
50% with bilateral cryptorchidism will present
important semen alterations when adults. It is also
noteworthy that, contrary to early indications,
orchiopexy, even if performed while still very
young, will not prevent future infertility14.

Still during childhood, inguinal hernias, and
their surgical correction, may play a role in infer-
tility. Inguinal herniorrhaphy is the leading cause
of iatrogenic obstruction of the vas deferens and
testicular atrophy due to impaired blood supply to
the testis15,16. An estimated 0.8–2% of inguinal
herniorrhaphies performed in children lead to
iatrogenic lesions of the deferent ducts, while in
adults that risk decreases to about 0.3%17,18. Fur-
thermore, there is no doubt that the actual num-
ber of iatrogenic lesions to the vas deferens is
larger, but since the surgical procedure is usually
unilateral, fertility is not always affected.

Ejaculatory disturbances may be caused by sur-
gery performed during childhood on the bladder
neck, in the pelvis or in the retroperitoneum. In
the early 1960s, many children presenting with
urethral defects were submitted to a surgical
procedure known as YV plastic repair of the
bladder neck. This surgery causes serious lesions
to the internal sphincter, causing bladder-neck
closure defects. In adult life these patients present
with a decreased ejaculate volume (< 1 ml), and
retrograde ejaculation. This diagnosis may be con-
firmed by finding sperm in the urine after
ejaculation.

Puberty usually occurs between the ages of 11
and 12 years in boys. If puberty onset is preco-
cious, this may indicate an adrenogenital syn-
drome. On the other hand, if puberty is delayed,
it may be secondary to an endocrinopathy,
such as in Klinefelter’s syndrome or idiopathic
hypogonadism.

Kruger Chapter 08  12/7/06  11:19  Page 119



MALE INFERTILITY120

Testicular torsion may occur in the newborn,
infant or adolescent, and may lead to testicular
atrophy. An estimated 30–40% of men with a his-
tory of testicular torsion have difficulty in achiev-
ing parenthood, due to the alterations in semen
variables19,20. Although in the past changes of
spermatogenesis were attributed to a possible rup-
ture in the blood–testis barrier, testicular biopsies
in contralateral testes have shown that these also
present with histological alterations, supporting
the hypothesis that testes prone to torsion, as well
as their contralateral counterpart, already demon-
strate defects in spermatogenesis21.

Between adolescence and adult life, informa-
tion regarding sexual behavior and risks related to
STDs is very important. Even though its impor-
tance has declined, urethritis is still an important
source of infection to the prostate, epididymides
and testes. The most common urethritis-causing
agents are: Neisseria gonorrhoeae, Chlamydia tra-
chomatis, Ureaplasma urealyticum and Trichomonas
vaginalis. In the United States, C. trachomatis is
the principal agent in causing non-gonococcic
urethritis and acute epididymitis, and 10–25% of
men are asymptomatic, sometimes presenting
with an increase in seminal leukocytes22.

Viral orchitis may also impair testicular func-
tion, especially if the onset is postpubertal.
Mumps may cause unilateral orchitis in 30% of
male patients and bilateral orchitis in 10%, and
these patients will possess a decrease in testicular
volume and consistency23. 

An important reminder is that a prolonged
fever on its own can be a source of damage to sper-
matogenesis. Therefore, these effects will not be
observed immediately, since the duration of the
spermatogenic cycle is 74 days in men, a period
during which type B spermatogonia will differen-
tiate into mature sperm, in addition to 15 days of
sperm transport through the excretory system
until they are ready for ejaculation. Thus, if dam-
age to the testis from fever or medication is sus-
pected, seminal analysis should be performed after
90 days. 

Substance abuse has been linked to male
infertility in many studies, and it is well docu-
mented that alcohol24,25, tobacco26, marijuana27,
cocaine28,29 and anabolic steroids30,31 may also
cause testicular dysfunction. Alcohol has been
shown to decrease serum testosterone levels, and
this is due to its effects on three different levels:
the hypothalamus, the pituitary gland and the tes-
ticular Leydig cells. While it directly alters Leydig
cell function, and thus leads to the observed
lower testosterone levels, alcohol may also have a
negative impact on hypothalamic hormone pro-
duction and the pituitary production, release and
function of luteinizing and follicle stimulating
hormones24,25. 

Tobacco, on the other hand, may cause a num-
ber of alterations, such as testicular atrophy,
altered sperm morphology, low sperm motility,
decreased semen volume, impaired spermatogene-
sis, poor acrosome reaction and sperm-penetrating
ability, increased amounts of oxidative DNA dam-
age, a higher risk for chromosome 13 aneuploidies
and elevated serum prolactin and estradiol levels26.
Marijuana and cocaine have both been shown to
interfere with spermatogenesis, decreasing sperm
concentration and motility and increasing the
number of sperm with altered morphology27,28,
while high doses of cocaine may cause erectile dys-
function29. Finally, exogenous testosterone and its
metabolite, estrogen, lead to the suppression of
gonadotropin releasing hormone (GnRH) pro-
duction in the hypothalamus. This leads to a
decreased release of luteinizing hormone (LH)
from the pituitary gland, and thus to lower testic-
ular testosterone production in the Leydig cells31.
After ceasing use of these substances, sperma-
togenesis is expected to be back to normal within
3–6 months. Although uncommon, the pituitary
suppression caused by steroidal drugs may be
irreversible32.

There are medications that may interfere with
spermatogenesis, affecting quality and quantity of
the ejaculate. Antidepressive therapy may increase
blood prolactin levels, which in turn will decrease
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the production of gonadotropins33. Calcium
channel blocker antihypertensives (nifedipine, dil-
tiazem) may block the acrosome reaction and pre-
vent sperm–egg binding34,35, while alpha-blocker
antihypertensives (prazosin, terazosin, phenoxy-
benzamine) may lead to retrograde ejaculation or
even aspermia36. Other drugs are known to impair
spermatogenesis, depending on the dosage and
length of treatment. Some examples are sul-
fasalazine37,38 and cimetidine39.

Testicular cancer, Hodgkin’s disease and
leukemia represent three of the most frequent
oncological diseases in young adult males. Their
incidence is highest in the age group 15–35 years.
A growing number of young men are treated suc-
cessfully for cancer by chemotherapy and radio-
therapy. Testicular cancer, for example, a major
concern in male infertility, is currently treated by
orchiectomy associated with chemotherapy,
radiotherapy and retroperitoneal lymphaden-
ectomy, with survival rates reaching upwards of
90%40. The benefits of these therapies come at a
price, and this may be temporary or permanent
infertility41.

Testicular damage caused by cytotoxic drugs
was first described in humans in 1948, when
azoospermia was reported in men following
treatment with nitrogen mustard42. Many other
drugs have been shown to be gonadotoxic, and the
agents most commonly implicated are: alkylating
agents (cyclophosphamide, chlorambucil, busul-
fan, procarbazine, mustine, melphalan), anti-
metabolites (cytarabine, 5-fluorouracil, metho-
trexate), vinca alkaloids (vinblastine, vincristine),
cisplatin and analogs, and topoisomerase-
interactive agents (bleomycin, doxorubicin,
danorubicin, actinomycin)43. Although efforts
have been made to modify protocols in order to
minimize effects on fertility, the chances of father-
ing children after treatment remain difficult to
predict44.

Alkylating agents are known to be the drugs
most deleterious to spermatogenesis, and they
cause a cumulative effect. When a dose of
> 400 mg/kg of alkylating agents is used, 30% of

prepubertal boys and 70–95% of adult men will
present with gonadal dysfunction45,46. Radiother-
apy, on the other hand, may cause permanent
azoospermia if doses of > 400 cGy are used, while
a dose of > 300 cGy may cause various degrees of
oligozoospermia47. These deleterious effects of
chemo- and radiotherapy on spermatogenesis may
last for up to 4 or 5 years, and therefore seminal
analyses performed before this period of time
should be considered inconclusive. 

Statistically, 50% of patients with a history of
testicular cancer are oligozoospermic, and 7–10%
azoospermic before receiving any treatment48.
Post-therapeutic spermatogenic output will
depend on the type of chemo- or radiotherapy uti-
lized. Cryopreservation of sperm has provided
hope for fertility preservation in cancer patients.
These men should be referred to a licensed sperm-
banking unit as soon as possible, to collect one or
various samples for freezing. Sperm banking is
currently the only proven method of preserving
fertility in cancer patients, although hormonal
manipulation to enhance spermatogenic recovery
and banking of testicular germ cells are both pos-
sibilities for the future43.

Besides the negative effects of chemo- and
radiotherapy on testicular function, retroperi-
toneal lymphadenectomy may cause ejaculatory
dysfunction. Most of these patients will present
with aspermia due to interruption of the sympa-
thetic nodal nervous chain or its peripheral nerves,
such as the sacral plexus or the hypogastric
nerves49. Recently, nerve-sparing techniques have
been used more, and these side-effects have
become less common50.

Patients presenting with postsurgical aspermia
or, more rarely, retrograde ejaculation may revert
to anterograde ejaculation after treatment with
sympathomimetic drugs (e.g. ephedrine sulfate)51.
If the pharmaceutical approach fails, semen can
simply be retrieved from the urine and, after pH
and osmolarity control, be used for intrauterine
insemination (IUI) or ICSI. Nevertheless, the best
way to preserve fertility in a male patient with tes-
ticular cancer during reproductive age is through
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gamete cryopreservation prior to the oncological
treatment, especially with the advent of ICSI,
which allows the use of very few sperm to achieve
fertilization.

Finally, systemic diseases may also affect the
male reproductive tract. Diabetes and multiple
sclerosis may both cause ejaculatory and sexual
dysfunction, for example. Respiratory diseases
associated with infertility may be caused by
immotile cilia syndrome, or Kartegener’s syn-
drome, in which sperm concentration is normal
but they are immotile due to defects in the
flagellum.

PHYSICAL EXAMINATION

A general physical examination should consider
weight, height and arm span. Careful observation
of all the systems may reveal important signs con-
tributing to male-factor infertility diagnosis. This
is especially true since altered function in many
organs may alter reproductive potential in the
man. As an example, an infertile patient without
any specific complaint presenting with inadequate
virilization, such as sparse facial and pubic hair
and gynecomastia, may have hypogonadism or
Klinefelter’s syndrome. On the other hand, inade-
quate virilization and anosmia are associated with
Kallmann’s syndrome. 

Although chronic diseases are not usually
found when evaluating a patient for infertility,
early or mild alterations in adrenal function,
chronic alcoholism or diabetes may be detected by
careful physical examination. However, the geni-
tal physical examination, performed under ideal
temperature (> 23oC) and light conditions, will
provide the most important information regard-
ing the pathogenesis of infertility in the male
partner.

The examination initiates with the patient in
the upright position. This will allow better evalu-
ation of the penis, scrotal size, testicular position,
symmetry of testicular structures and, no less
important, the venous return condition in the

pampiniform plexus. Regarding the penis, inser-
tion of the urinary meatus is the most important
aspect, since hypospadias renders the patient
unable to place the ejaculate within the vaginal
vault.

A small scrotum or the scrotum of an obese
man is more difficult to palpate, and therefore
these patients may require scrotal ultrasonography.
When examining the testes, size, consistency and
regularity should be recorded. Patients with nor-
mal seminal analysis usually have testicles of
4.5 cm in length by 2.5 cm in height, with a min-
imum volume of 15 ml, as assessed by the Prader
orchidometer. Not surprisingly, testicular volume
and consistency usually predict seminal analysis
results, especially taking into account that 85% of
testicular volume is represented by the seminifer-
ous epithelium. 

On the other hand, patients with small testes
tend to present with varying degrees of oligo-
zoospermia or even with azoospermia. If during
the prepubertal phase the boy does not undergo
normal gonadal development, in adult life he will
most likely present with small (< 8 ml) and hard-
ened testes. Such is true in Klinefelter’s syndrome.
However, if the gonads develop normally but suf-
fer injuries, such as in viral or bacterial orchitis,
they show decreased size and consistency.

Following examination of the testes, the epi-
didymides should be evaluated using one hand to
hold the testis while the other gently palpates the
epididymal head, body and cauda between the
thumb and the index finger. Epididymal volume,
consistency, regularity, cysts and distance between
the testis and the epididymis should be noted at
this time. The further is the epididymis from the
testis the more prone it is to abnormalities, while
epididymal volume reflects testicular production
and effusion.

It is quite common to observe cysts in the epi-
didymal head, but they are usually smaller than
0.7 cm and have no clinical meaning. However,
when these cysts are larger or more numerous they
may obstruct the epididymis and block sperm
passage.
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Moving on through the male reproductive
tract, the deferent ducts should be evaluated.
These are firm, cylindrical structures measuring
3 mm in diameter, and are easily distinguished
from the other structures in the spermatic cord.
Under ideal room-temperature conditions and
with a cooperative patient the deferent ducts are
always identified. For that reason, deferent duct
agenesis is, in most cases, diagnosed solely through
the physical examination, and ancillary examina-
tions and exploratory surgery are not necessary.
Various degrees of epididymal malformation, as
well as agenesis or hypoplasia of the seminal vesi-
cles, usually accompanies uni- or bilateral absence
of the vas deferens. If the physical examination
shows a thickening or hardening of the vas defer-
ens, this may be a sign of previous infection, usu-
ally caused by STDs. Vasectomized patients pres-
ent with dilated and painful epididymides.

The last structure analyzed in the physical
examination is the pampiniform plexus of the
spermatic cord, observing possible asymmetries,
bulges or growths. With the patient in the upright
position, testicular volumes are measured and
expected to be symmetrical. A grade II or III varic-
ocele, usually on the left side, will reduce the testis
volume and shift its axis from vertical to horizon-
tal. Admitting that varicocele causes alterations in
spermatogenesis, seminiferous tubule diameter
will decrease, as well as testicular volume. It is
common to find testicular asymmetry in unilateral
varicocele patients, and the ipsilateral testis will be
at least 2 ml smaller in volume than its contralat-
eral counterpart.

For diagnosis of a grade I varicocele, the patient
will have to perform a Valsalva maneuver. Careful
examination before and during a Valsalva maneu-
ver will allow the examiner to palpate any engorge-
ment of the pampiniform plexus. Subclinical
varicoceles are not diagnosed by a physical exami-
nation, and their clinical meaning is currently
questioned. The spermatic cord should be exam-
ined up to the point at which it exits the scrotum,
and any abnormality, such as a spermatic cord cyst
or inguinal–scrotal hernia, should be observed.

The history and physical examination, with
especial attention paid to the genitalia, are essen-
tial components not only in diagnosing male fac-
tor infertility but also in determining the manage-
ment and prognosis for the infertile couple.
Although seminal analysis is still the most impor-
tant examination in male factor evaluation, it does
not possess the necessary standardization, due to
the lack of proper guidance given to the patient
when ordering the examination and the lack of
protocol and quality assurance among different
laboratories. As a result, comparisons from differ-
ent laboratories are very difficult. It is important
to keep in mind that seminal analysis will not
determine whether a man is fertile or not, espe-
cially because fertility is a couple phenomenon, of
which pregnancy is the ultimate proof. Detailed
descriptions of the current methodologies and
interpretation of semen analysis are discussed in
other chapters. 

Although semen analysis initiates the investiga-
tion of the infertile man, it cannot provide all the
answers to questions regarding his fertility poten-
tial. It is never enough to repeat that semen analy-
sis alone will not allow determination of the
patient’s true fertility potential, but the average
results from separate seminal analyses will allow
the physician to estimate this potential. With
these considerations in mind, in our institution
we group patients into three categories (Table
8.2), according to their potential for natural
conception.

This table should serve only as a starting point
for discussing the patient’s condition, and, as
mentioned previously, the cut-off rates shown are
still widely debatable. According to the World
Health Organization, the reference value for
semen volume is 2.0 ml52. If the patient produces
no semen at all after an orgasm, he has aspermia.
This may be due to clinical issues, such as bilateral
sympathectomy, bilateral retroperitoneal lym-
phadenectomy, antihypertensive drugs which
block the sympathetic tone, transurethral or open
surgical resections of the bladder neck or prostate,
extensive pelvic surgery and diabetic neuropathy.
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Hypospermia without spermatozoa in semen with
a pH of less than 7.4 could be due to ejaculatory
duct obstruction or congenital absence of seminal
vesicles. Hypospermia with spermatozoa in the
ejaculate with a pH of less than 7.4 could be due
to obstruction of the seminal vesicle opening by a
mucus-like plug; this obstruction may dissolve
spontaneously53.

MALE REPRODUCTIVE
ENDOCRINOLOGY

From the clinical point of view, the most impor-
tant hormones related to male fertility are follicle
stimulating hormone (FSH), luteinizing hormone
(LH) and testosterone. FSH acts primarily on Ser-
toli cells, stimulating the production of androgen-
binding protein (ABP), which in turn binds to
testosterone and intensifies its action on the semi-
niferous tubules54. Sertoli cells also produce inhib-
ins A and B, which inhibit pituitary secretion of
FSH, and even if the testis presents only sper-
matogonia, inhibin production is sufficient to
decrease FSH levels to normal. FSH levels are
therefore limited in predicting spermatogenic
integrity55. LH acts on Leydig (or interstitial)

cells, where it stimulates the synthesis of testos-
terone. Only 2% of circulating testosterone is in
the unbound form (free testosterone), and thus
capable of producing its effects. Around 30% of
circulating testosterone is bound to a specific
globulin – sex hormone-binding globulin – and
68% is bound to albumin and other non-specific
proteins56. Testosterone will, in the same manner
as FSH, stimulate Sertoli cell function and there-
fore promote spermatogenesis. Testosterone is also
converted into dihydrotestosterone in peripheral
tissue, where it is responsible for the manifestation
of secondary male sex characteristics57.

Prolactin is secreted by the pituitary gland, and
its production is inhibited by dopamine and stim-
ulated by thyroid stimulating hormone (TSH).
Although prolactin does not exert a direct action
on spermatogenesis, chronic hyperprolactinemia
is known to alter GnRH action, leading to altered
secretion of FSH and LH and, consequently,
decreased libido, sexual dysfunction, gynecomas-
tia and alterations of spermatogenesis58.

The male endocrine profile (FSH, LH and
testosterone) is not necessary in patients with a
normal seminal analysis. Patients with a sperm
concentration as low as 10 × 106 cells/ml have
been shown to be able to achieve paternity by nat-
ural conception59. On the other hand, patients
with a sperm concentration of fewer than 5 × 106

cells/ml demonstrate significantly lower fertility
rates60. A hormonal profile is therefore useful in
severely oligozoospermic and azoospermic
patients, as shown in Table 8.3.

If we consider only circulating FSH levels, a
few practical conclusions related to oligozoosper-
mia or azoospermia may be reached:

• Normal FSH: the alteration is either post-
testicular (obstructive) or testicular (normo-
gonadotropic hypogonadism). If post-testicular,
hormonal treatment is unnecessary, and fert-
ilization may be achieved through vasectomy
reversal or ICSI (e.g. congenital bilateral
absence of the vas deferens) using epididymal
or testicular (TESE) aspiration61. If the

Table 8.2 Semen classification based on an average
between two samples

Potential for
natural conception

Variables High Moderate Low

Volume (ml) > 2 1–2 < 1

Concentration (×106/ml) > 20 10–20 < 10

Motility (% motile) > 50 40–50 < 40

Morphology (% normal) > 14* 4–14* < 4*

> 30** 20–30** < 20**

*Classified according to Kruger strict criteria, 1986;
**classified according to World Health Organization, 1999
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Table 8.3 Association between serum hormone levels and origin of oligozoospermia or azoospermia

Type of oligozoospermia or azoospermia Serum hormone levels

Post-testicular (obstructive)
Vasectomy FSH, LH and testosterone usually normal
Congenital bilateral absence of the vasa deferentia

Pre-testicular (usually from hypothalamic or hypophyseal disorders,
also known as hypogonadotropic hypogonadism)
Tumors Low FSH, usually low LH and testosterone
Hyperprolactinemia
Kallmann’s syndrome

Testicular (hypergonadotropic hypogonadism)
Genetic syndromes (Klinefelter’s, myotonic dystrophy) Elevated FSH, variable LH and testosterone
Embryological malformations (cryptorchidism)
Cytotoxic drugs (chemotherapy)
Sequelae from viral diseases (mumps)

Testicular (normogonadotropic hypogonadism)
Androgen resistance Normal FSH, elevated LH and testosterone
Sertoli cel only syndrome and maturation arrest Normal FSH, LH, and testosterone
Y-chromosome microdeletions Normal FSH, LH, and testosterone

FSH, follicle stimulating hormone; LH, luteinizing hormone
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alteration is testicular, thus signifying andro-
gen resistance, hormonal treatments could be
beneficial to the patient. If this is not the case,
sperm could be retrieved by masturbation (if
oligozoospermic) or TESE (if azoospermic) for
ICSI62.

• Low FSH: the alteration may be either hypo-
thalamic or hypophyseal, and treatment
involves correcting these primary alterations.
Sometimes, simultaneous hormonal treatment
is necessary, such as in Kallmann’s syndrome.

• High FSH: anamnesis and karyotyping may
both help to define diagnosis in these patients,
and treatment will depend on the etiology and
presence of sperm in the ejaculate or in the
testis63. If viable sperm are found, fertilization
may be achieved through ICSI. If not, the cou-
ple may have to use donor semen or adoption
as an option for constituting a family. 

IMAGING THE REPRODUCTIVE
TRACT

There are several imaging resources that may be
used to investigate the male reproductive tract for
abnormalities, but the most frequently used are
ultrasonography64 and nuclear magnetic reso-
nance (NMR)65. Computerized tomography has
been less and less indicated in clinical practice,
due mainly to the fact that, besides using ionizing
radiation, it does not render superior pelvic
images when compared with transrectal ultra-
sound (TRUS) or magnetic resonance imaging
(MRI). Nowadays deferentography is hardly used,
mostly because there is a risk of iatrogenic defer-
ent lesions at the puncture site. However, when
there is doubt regarding vas deferens injury from
previous hernia repair, deferentography is the
imaging method of choice for confirming the clin-
ical suspicion.
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Scrotum

With the patient in a standing position in a warm
room, an attentive physician is able to inspect and
examine all the structures inside the scrotum.
These include testicular and epididymal volume,
consistency and regularity, the presence or absence
of the vasa deferentia as well as their diameters and
clinical varicocele. Since the role of subclinical
varicocele is currently rather controversial66, and
physical examination of the scrotum provides
most of the information we need, imaging
resources are not used very often to evaluate scro-
tal content. As an exception, scrotal ultrasonogra-
phy may be helpful when evaluating obese
patients or patients with a short scrotum.

Ductal obstruction

Although complete obstruction of the deferent
ducts is very rare, it should be investigated because
it is treatable67. A good imaging resource in this
situation is high-frequency transrectal ultra-
sonography (TRUS), because it produces excellent
images of the ejaculatory ducts, seminal vesicles
and prostate68. It is also considered a simple, read-
ily available and inexpensive examination.
Another imaging approach is MRI, which can be
performed either with or without a rectal probe.
Although it offers very good spatial reconstitution
of the necessary structures, it is not readily acces-
sible, and costs will be significantly increased.
However, in contrast to TRUS, MRI does not
depend on examiner skill69.

Patients with a normal scrotum examination
who present with a low volume of ejaculate
(< 1 ml) and seminal fluid devoid of fructose and
coagulation might have complete ejaculatory duct
obstruction. If submitted to TRUS, they may
exhibit dilated ejaculatory ducts and/or seminal
vesicles (greater than 1.5 cm in anteroposterior
diameter). But it is important to keep in mind
that normal vesicle size does not necessarily rule
out the possibility of ductal obstruction. Under
TRUS guidance, seminal vesicle aspiration and

vesiculography can be performed70. A large num-
ber of spermatozoa in the seminal vesicle fluid
reinforce the diagnosis. While complete ejacula-
tory duct obstruction is relatively easy to diagnose
and is accepted by everyone, partial duct obstruc-
tion is suggested by some, and is not as easy to
demonstrate. Usually, when a patient is oligo-
zoospermic and/or asthenozoospermic with a
lower ejaculate volume, without any other clinical
or laboratory finding, he is investigated for partial
ejaculatory duct obstruction. Aspiration puncture
of the seminal vesicles could be important in these
patients, especially if performed immediately fol-
lowing ejaculation, because the partial obstruction
will lead to impaired efflux from the seminal vesi-
cles, and a large number of sperm may be found
in the aspirate.

Pituitary gland

In male infertility, the most common indication
for carrying out computerized tomography or
MRI of the brain is in imaging the pituitary gland
for diagnosis of hypogonadotropic hypogo-
nadism65. Even if very unusual in an infertility-
clinic setting, hypogonadism associated with
gonadotropic insufficiency deserves special atten-
tion, as it is one of the few alterations in male
infertility with specific and effective clinical
treatment.

VARICOCELE

Varicocele is defined as an abnormal increase in
scrotal volume due to dilated veins in the
pampiniform plexus. Although it is present in
15–25% of the male population, its prevalence
can reach 40% in infertile men71,72. Most patients
are asymptomatic, but some may present with tes-
ticular pain which increases following physical
activities or long periods in the upright position.
However, the pain is relieved upon adopting the
supine position, which explains why patients do
not usually refer to pain in the morning.
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Diagnosis is performed through careful physi-
cal examination in a warm room (> 23oC), with
the patient in the upright position. If there is an
observable or palpable dilatation in the pampini-
form plexus before or during a Valsalva maneuver,
diagnosis is confirmed, and the varicocele classi-
fied as grade I, II or III, according to the intensity
of the dilatation:

• Grade I varicoceles are visible with difficulty,
but easily palpable during a Valsalva maneuver;

• Grade II varicoceles are visible, and there is sig-
nificant venous gorging during the Valsalva
maneuver;

• Grade III varicoceles are easily visible, with
great reflux during the Valsalva maneuver.

There is enough evidence in the literature to
demonstrate that varicocele can cause macro-
scopic, microscopic and functional alterations to
the testes73,74. Varicocele usually develops earlier
and more intensely on the left side, because
venous return is more difficult due to anatomical
peculiarities in the internal spermatic drainage sys-
tem on this side75,76. Macroscopic alterations are
evident in adolescents, because these patients pres-
ent with a delay in development of the left testis.
This delay will eventually lead to testicular asym-
metry, a difference in volume of more than 2 ml
between the testes in the adult77,78.

Histologically, patients with varicocele demon-
strate a loss of maturational stratification, charac-
terized by: loss of desmosomes, adluminal com-
partment structural disorganization, maturation
arrest in the different stages of spermatogenesis,
early release of spermatids into the lumen and, as
a consequence, thinning of the seminiferous
epithelium and increase of the tubular lumen79,80.

As far as testicular function is concerned, the
consequences of venous ectasia may be observed
in two compartments: interstitial and intra-
tubular. The World Health Organization (WHO),
through a multicentric study comparing young
patients with and without varicocele, ob-
served that varicocele patients possess lower blood

testosterone levels, characterizing impaired
steroidogenesis and Leydig cell dysfunction. Alter-
ations in the seminiferous tubules cause changes
in seminal variables and lead to a decrease in
sperm concentration, motility and normal mor-
phology81. There is also evidence showing that
sperm from patients with varicocele possess a
lower ability to bind tightly to the human oocyte
zona pellucida82.

The negative effects of varicocele on the testes
have been shown over the past few decades, either
through clinical83,84 or experimental studies85.
Although many theories have been proposed and
much has been hypothesized, it is not known how
venous reflux and ectasia lead to testicular mal-
function. Many studies regarding varicocele and
infertility evaluate variables between men with
and without varicocele or assess pre- and post-
varicocelectomy data, but a definite explanation
for the negative impact of varicocele on gameto-
genesis or for its bilateral effects has yet to be
found86.

Etiology

Testicular blood flow and hyperthermia

The involvement of testicular blood flow in varic-
ocele etiopathogeny is highly concordant with
studies related to hyperthermia, but many contro-
versies have yet to be explained87,88. Some groups
have shown that this increase in blood flow is pres-
ent on both sides, even in unilateral varicoceles89.
Even though a change in testicular blood flow
direction associated with varicocele has not been
defined, it is very important to recognize that an
increase in blood flow is most compatible with
hyperthermia, and that contralateral organs may
respond in a similar fashion to their ipsilateral
counterparts when an injury is present, due to
hormonal and neural mechanisms.

Testicular hyperthermia is considered the most
important mechanism leading to the secondary
alterations associated with varicocele90. The scro-
tum is maintained at a lower temperature than
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body temperature owing to five important
anatomical traits: (1) dartos muscle, (2) cremaster
muscle, (3) countercurrent heat-exchange mecha-
nism, (4) the absence of adipose tissue and (5) the
presence of many sweat glands. Two systems play
a main role in thermal regulation. The scrotal sys-
tem, with the dartos and cremaster muscles, assists
the countercurrent heat-exchange mechanism.
This in turn allows heat exchange from the arterial
to the venous system, thus maintaining thermal
homeostasis90. Varicocele impairs this heat-
exchange mechanism, and therefore hinders the
cooling of arterial blood before it enters the testis.
This alteration in blood flow prevents the testis
from maintaining a lower temperature.

An increase in testicular temperature may have
a direct effect on spermatogenic germ cells, alter-
ing metabolism, Sertoli cell function, DNA syn-
thesis, apoptosis rates and nutrient content and
oxygen tension in the testicular environment, as
well as decreasing enzymatic activity and leading
to vascular alterations due to an increase in arteri-
ovenous shunting91,92. The higher testicular tem-
perature associated with androgenic suppression
will also act concurrently, altering different stages
of spermatogenesis, generally lowering the sperm
concentration93.

Spermatogenesis and apoptosis

Spermatogenesis is a continuous proliferative
process that leads to the production of millions of
sperm each day. Apoptosis, or programmed cell
death, is present in both physiological and patho-
logical situations, and will determine, during
gametogenesis, the sperm concentration in fertile
and infertile men. Apoptosis is associated with
nuclear DNA fragmentation94, and is present
throughout spermatogenesis, occurring in sper-
matogonia, spermatocytes and spermatids95.

Since the process of apoptosis has been exten-
sively studied and documented96–102, and
although it is known that heat stress, androgen
deprival and accumulation of toxic substances in
the testes all contribute to increase, apoptosis

rates, more studies regarding the molecular mech-
anisms underlying varicocele-induced activation
of apoptosis need to be done103.

Apoptosis-induced DNA fragmentation can
currently be evaluated through many different
techniques, of which the TUNEL (terminal
deoxynucleotide transferase-mediated dUTP
nick-end labeling) and the Comet (or single cell
gel electrophoresis) assays are noteworthy. In a
recent study, DNA fragmentation rates were sig-
nificantly increased in adolescents with grades II
and III bilateral varicocele104.

Sperm motility

Many men with varicocele present lower sperm
motility, and this may or may not be accompanied
by alterations in other sperm variables105. Most
studies have focused on three basic causes of this
lower sperm motility: an increased concentration
of reactive oxygen species (ROS), the presence of
antisperm antibodies and deficient mitochondrial
activity106.

ROS concentration in sperm is inversely
related to motility107. Although ROS are normally
present, and even necessary at low concentrations,
excessive ROS are present during leukospermia or
an increased presence of abnormal sperm, such as
sperm with cytoplasmic droplets108. Men with
varicocele present a higher concentration of ROS
and a lower antioxidant capability109. This is
demonstrated by the fact that these men demon-
strate a defect in mitochondrial oxidative phos-
phorylation, with a low concentration of the
mitochondrial coenzyme Q10, an important
antioxidant110, and a deficiency in superoxide dis-
mutase (SOD) and catalase111.

Sperm morphology

Although classical alterations in sperm morph-
ology associated with varicocele are an increase in
fusiform and amorphous cells112, recent data
assessed through strict criteria demonstrate
that there is a decrease in normal sperm

Kruger Chapter 08  12/7/06  11:19  Page 128



EVALUATION OF THE SUBFERTILE MALE 129

morphology113. Specific studies evaluating sperm
donors exposed to cadmium, shown to cause stress
to the testes, demonstrated an increase in the
expression of heat shock protein (HSP), which,
among other characteristics, possesses actin-like
sequences. Since it is not yet known whether
HSPs act as protectors of actin or inhibit its
polymerization114, and since patients with varico-
cele exposed to environmental agents possess
higher cadmium concentrations, future studies
may help us to understand how HSPs participate
in sperm morphology determination.

Another important finding is an increase in
cells with midpiece cytoplasmic droplets, which
lead to lower sperm motility in these patients with
varicocele115.

It is also important to assess the acrosome reac-
tion in patients with varicocele, along with func-
tional tests that evaluate the acrosome and its abil-
ity to bind to the zona pellucida. A study of
adolescents with varicocele found that sperm from
these patients possessed decreased binding
capacity to the zona pellucida (hemizona assay,
HZA), when compared with adolescents without
varicocele82.

Acrosome reaction

Alterations of sperm function seem to be more rel-
evant than morphology and concentration in
varicocele patients, and this involves the acrosome
reaction and zona pellucida binding116.

Sperm from patients with varicocele demon-
strate an altered calcium influx mechanism117.
Cofactors such as metals may exacerbate this alter-
ation, and there is a wide variety of individual
response, ranging from no alteration to infertility.
Since this variability may be explained by qualita-
tive and quantitative differences in protein expres-
sion, studies have set out to find candidate genes,
to evaluate susceptibility for this defect118.

The acrosome reaction is calcium-dependent,
and few motile sperm are able to complete this
exocytosis119. Following cholesterol efflux there is
an influx of calcium ions, which will stimulate

mannose receptor externalization and initiate exo-
cytosis through myosin activity117. Calcium influx
is controlled by voltage-dependent channels120,
and it has been demonstrated that men with varic-
ocele exhibit a deletion of amino acids in the cal-
cium channel pore, thus providing a genetic cause
for infertility. These channels may be altered when
environmental agents are present, since they may
also transport zinc, cadmium, cobalt, nickel, lead
and aluminum121. Since the testicular cadmium
concentration is higher and the zinc concentration
lower in men with varicocele118, it has been sug-
gested that cadmium may negatively affect cal-
cium channels. It has not yet been defined
whether varicocelectomy or zinc supplementation
will reverse the effects of cadmium on these
channels106.

In spite of the enormous progress that has been
achieved related to varicocele and its consequences
on spermatogenesis, many doubts still remain.
Prospectively designed studies, which are currently
scarce, would not only help us to understand bet-
ter the intrinsic mechanisms through which varic-
ocele affects male fertility, but also shed light on
the present uncertainties regarding treatment.

AZOOSPERMIA

Defined as the complete absence of sperm in the
seminal fluid after centrifugation, azoospermia
represents a very important topic in male infertil-
ity, and, as such, deserves special attention. It is
present in 1% of all men and in approximately
15% of infertile men122,123. The first issue regard-
ing azoospermia is to be certain that we really are
dealing with azoospermia and not severe oligo-
zoospermia. The distinction between these two
entities is not only a semantic issue but rather fun-
damental, since the presence of just a few sperma-
tozoa could represent the difference between being
a genetic father or not. 

This has become particularly true since the
introduction of ICSI in 1992. For this reason,
the WHO guideline recommends that if no
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spermatozoa are found in three aliquots of 10 µl of
semen, the whole specimen should be centrifuged
at 3000 g for 15 min and the resulting pellet
examined thoroughly52. Moreover, it is not
unusual to detect sperm in the specimen of a
patient initially considered azoospermic124. There-
fore, azoospermia should not be definitely
assumed unless two separate samples are scruti-
nized in this way.

Azoospermia may be due to a variety of condi-
tions, and a history, physical examination, hor-
monal profile, genetic and imaging resources will
be necessary not only to establish the cause but
also to direct the couple towards the best treat-
ment option suitable. Some causes are potentially
correctable; other conditions are irreversible but
still possibly treatable by assisted reproductive
techniques using the husband’s semen; and,
finally, some causes are irreversible and not
amenable to any form of treatment, demanding
donor semen or adoption in order to constitute a
family.

This section discusses the evaluation of some
specific conditions associated with azoospermia.

Azoospermia with small testicles

Azoospermia associated with bilateral small testi-
cles may be caused by either primary or secondary
testicular failure. The differentiation between
these two very distinct clinical situations is feasible
using the initial results of the endocrine tests.
Patients who sustain elevated FSH and LH and
low testosterone levels have primary testicular
insufficiency in both Leydig and germ-cell com-
partments. Elevated gonadotropins distinguish
primary testicular failure from hypothalamic–
pituitary diseases. Klinefelter’s syndrome and its
variants represent a typical example of primary
testicular failure. These alterations, confirmed by
karyotyping, account for 14% of these cases of
azoospermia125. On the other hand, some patients
might present azoospermia with elevated FSH but
normal LH and testosterone. Although they do
not exhibit total panhypogonadal dysfunction,

from a therapeutic perspective they are similar to
patients with primary testicular failure, and, as
such, are not clinically treatable. Finally, patients
with low FSH, LH and testosterone have second-
ary hypogonadism, and represent one of the very
few occasions where specific therapy may be effec-
tive. However, patients with congenital or
acquired hypogonadotropic hypogonadism are
rarely seen in an infertility clinic, but when they
do present they should be tested for deficiencies of
other pituitary hormones (thyroid-stimulating,
adrenocorticotropic and growth hormones)126.

Patients with an altered gonadotropin profile
and anosmia or hyposmia are candidates for Kall-
mann’s syndrome. A careful neurological examina-
tion, including visual field testing, serum pro-
lactin measurements and radiological images of
the pituitary fossa may reveal a pituitary adenoma.
It is especially noteworthy that, although it is
unusual for infertility due to hyperprolactinemia
to occur in men without impotence and hypo-
androgenization, hyperprolactemia does occur
without any detectable hypothalamic or sellar
alteration.

Congenital absence of vasa deferentia

Considering that the scrotal contents are very eas-
ily reached and knowing that the vas deferens is a
fairly solid structure, 3 mm in diameter, the diag-
nosis of unilateral or bilateral vasal agenesis is pos-
sible through physical examination. Ancillary
examinations or even surgical exploration is not
necessary to confirm the diagnosis, but may be
useful for seeking associated abnormalities.
Approximately 25% of men with unilateral vasal
agenesis and 10% of men with congenital bilateral
absence of the vasa deferentia (CBAVD) have uni-
lateral renal agenesis documented by abdominal
ultrasonography127. Moreover, since the seminal
vesicles and vasa deferentia are formed by the
Wolffian ducts, a variable degree of seminal vesicle
abnormalities is expected. Most patients with vasal
agenesis submitted to transrectal ultrasonography
(TRUS) will exhibit seminal-vesicle hypoplasia or
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agenesia. For the same embryological reasons, it is
possible to explain why a patient with unilateral
absence of the vas deferens may have segmental
abnormality of the contralateral vas deferens and
seminal vesicle and present with azoospermia. In
terms of seminal analysis, patients with CBAVD
commonly show a decrease in ejaculate volume,
fructose content and semen pH128,129.

Another remarkable clinical aspect about
CBAVD is its association with mutations of the
cystic fibrosis transmembrane conductance regula-
tor (CFTR) gene. Almost all patients manifesting
cystic fibrosis have CBAVD, and almost 70% of
men with CBAVD have mutation of the CFTR
gene. It is also important to mention that routine
laboratory methods may fail to identify all CFTR
abnormality in a man with CBAVD, and the pres-
ence of a mutation cannot be ruled out.

Assuming that we cannot be a 100% sure that
a man with CBAVD does not harbor a genetic
abnormality in the CFTR gene, if his semen is to
be used, it is very important to test his wife for
CFTR gene mutations. The chance that she may
be a carrier is estimated to be 4%130.

Azoospermia due to
obstruction/spermatogenesis failure

When bilateral testicular atrophy and vasal agene-
sis are excluded, azoospermia may occur due to
ductal obstruction at some level in the reproduc-
tive system, or abnormal spermatogenesis. To
determine the etiology of the azoospermia, we
must rely upon FSH measurements, ejaculate vol-
ume and testicular biopsy.

Normal ejaculate volume

Patients with normal ejaculate volume may pres-
ent either ductal obstruction or abnormalities of
spermatogenesis, and the FSH level could be used
to direct the next step. If the FSH level is high
(greater than twice the upper limit range), the
patient has severe germ- and Sertoli-cell dys-
function, and there is no need to perform a testic-
ular biopsy for diagnostic purposes. However, if

testicular sperm extraction with ICSI is being con-
sidered, a testicular biopsy may be indicated, ini-
tially, for prognostic purposes. On the other hand,
patients should be warned that the presence of
sperm in a previous biopsy specimen does not
assure that sperm will be found on the day of
ICSI. For that reason, the role of prognostic
biopsy in patients with a very high FSH concen-
tration has been considered rather controversial.
However, when a patient has a normal serum FSH
level, a testicular biopsy can lead to the diagnosis,
as normal serum FSH levels do not guarantee nor-
mal spermatogenesis. Testicular biopsy may be
unilateral or bilateral, and a consensus about this
issue has not yet been reached. If performed uni-
laterally, a testicular biopsy should be done on the
best testis. 

Testicular biopsy can be performed either by a
standard open incision technique or by percuta-
neous methods. An open surgical biopsy per-
formed under general anesthesia can provide
enough testicular tissue for histological and cryo-
preservation purposes. The presence of sperm in
the fresh specimen may avoid the need for repeat
surgery. If normal testicular histology is con-
firmed, obstruction at some level in the semen
pathway must be present, and the location of the
obstruction may be determined.

Vasectomy is, without any doubt, the most
common cause of ductal obstruction. After that,
bilateral epididymal obstruction is considered the
most important cause of obstructive azoospermia
and microscopic surgical exploration may show
dilated epididymal tubules. 

Low ejaculate volume

Patients with azoospermia and a very low ejaculate
volume (< 1 ml) may have gonadotropin insuffi-
ciency, CBAVD or ejaculatory duct obstruction
(EDO). Ejaculatory dysfunction does not cause
azoospermia, but rather aspermia or hypospermia
with oligozoospermia.

The determination of additional seminal
parameters, such as pH and fructose concentra-
tion, may be useful in determining the presence of
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total EDO, as the seminal vesicles produce an alka-
line secretion containing fructose. However, cau-
tion should be taken, because the results of semen
pH and fructose testing may be misleading if they
are not properly performed. The method of choice
for determining EDO is transrectal ultrasonogra-
phy (TRUS)70,131. Although vasography is consid-
ered an alternative method, TRUS is minimally
invasive and prevents the possible risk of vasal
injury associated with vasography. For a more
detailed description, the reader is directed to the
above section on ‘Imaging the reproductive tract’.

GENETIC EVALUATION

Screening for genetic alterations in infertile men is
usually recommended in cases of severe oligo-
zoospermia, non-obstructive azoospermia and in
azoospermia due to congenital bilateral absence of
the vasa deferentia. The most common genetic
tests used for evaluating the origin of these alter-
ations are: karyotyping, screening for Y-chromo-
some microdeletions and mutations in the cystic
fibrosis genes. Genetic screening may also be rec-
ommended for patients with varicocele or cryp-
torchidism, since more than one factor may be
present.

Karyotype

It has been known for decades that constitutional
chromosome abnormalities are more prevalent in
infertile men than in fertile men132, and these are
inversely related to sperm concentration. An esti-
mated 5% (2–8%) of infertile men present with
chromosomal alterations132–134, but in the azoo-
spermia group this number may reach 15%, and
this is mostly due to 47,XXY aneuploidy, or Kline-
felter’s syndrome, the most common chromoso-
mal abnormality in men with severe infertility135.
Almost all men with a 47,XXY karyotype are
azoospermic, while 46,XY/47,XXY mosaic men
may show a limited number of sperm in their
ejaculates. During testicular sperm extraction

(TESE), sperm is found in 50% of 47,XXY men136,
and most of them are 23,X or 23,Y, although there
is an increase in 24,XX or 24,XY cells. While
the majority of chromosome alterations in azoo-
spermic men are sex chromosome-related, a wide
array of abnormalities has been described, such as
reciprocal and Robertsonian translocations, inver-
sions, duplications and deletions.

Some preliminary studies have shown that
there is an increase in prenatally detected sex chro-
mosome abnormalities during gestations from
ICSI, when compared with gestations from natu-
ral conception137. It has also been well described
that infertile men possess an increase in chromo-
some alterations both in somatic cells and in
gametes138,139. Knowing that when men possess
these alterations there is an increased risk of abor-
tion, or of children being born with genetic and
congenital alterations, karyotyping is recom-
mended for patients presenting with azoospermia
or with severe oligozoospermia before performing
ICSI. 

Y-chromosome microdeletions

Since the original work by Tiepolo and Zuf-
fardi140, many studies have demonstrated an asso-
ciation between male infertility and the presence
of microdeletions in the long arm of the Y-
chromosome (Yq)141,142. Karyotyping will not
reveal these microdeletions, and therefore mole-
cular techniques such as the polymerase chain
reaction (PCR) must be used.

There are three loci (chromosomal regions)
associated with spermatogenesis in this region,
and they have been termed azoospermia factors:
AZFa, AZFb and AZFc. Many candidate genes
have been isolated in infertile men: DBY and
USPY9 in AZFa143,144, RBMY1 in AZFb145 and
DAZ in AZFc146. Other genes have been identi-
fied in Yq, but their contribution to the AZF
phenotype has yet to be determined.

Y-chromosome microdeletions may lead to
primary testicular insufficiency, which is charac-
terized by azoospermia or severe oligozoospermia.
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Around 60% of Y-chromosome microdeletions
occur in region AZFc, while 15% occur in AZFb
and 5% in AZFa. The other 20% involve more
than one AZF region141. Between 10 and 15% of
infertile men present Yq microdeletions142. In
patients with idiopathic severe oligozoospermia
this figure may rise to 18%, and in idiopathic
azoospermia to 20%. The region in which the
microdeletion occurs may also determine how
spermatogenesis will be affected. AZFa microdele-
tions are associated with complete absence of germ
cells, in a syndrome known as Sertoli cell only
syndrome (SCOS). AZFb microdeletions, on the
other hand, determine maturation arrest. Finally,
AZFc microdeletions, unlike AZFa and AZFb, are
not associated with any specific phase of sper-
matogenesis. Phenotypical alterations may range
from azoospermia to, more typically, oligo-
zoospermia147. The presence of AZFa and AZFb
microdeletions greatly decreases the chances of
finding sperm in the testes, and therefore screen-
ing for Y-chromosome microdeletions is very use-
ful in determining the prognosis for patients with
non-obstructive azoospermia148. Men with impor-
tant seminal alterations associated with clinical
conditions such as varicocele or cryptorchidism
may also present Yq microdeletions149–151.

Patients carrying AZFc microdeletions are not
necessarily azoospermic, and thus are candidates
for ICSI using sperm from the ejaculate or the
testes. In these cases, Y chromosome-bearing
sperm will transport the microdeletions. Male
children born from these patients will therefore
also possess these deletions152–154. Some recent
articles have suggested an increased risk of altered
gonadal formation and Turner’s syndrome (45,X0)
in children from Yq-microdeletion patients155–158,
and this leads to important ethical issues.

Patients with non-obstructive azoospermia or
severe oligozoospermia should be screened for
Y-chromosome microdeletions even if signs of tes-
ticular lesions are present, since both may occur
simultaneously, and ICSI may allow transmission
of these deletions. On the other hand, patients
with a sperm count of more than 10 × 106

sperm/ml do not need to be screened, since Yq
microdeletions are very rare in this case.

CFTR gene

Cystic fibrosis (CF) is one of the most common
recessive autosomal diseases in Caucasians, with a
prevalence of one affected person per 2500 births.
One in 25 individuals is an asymptomatic het-
erozygote. CF is caused by a mutation in the gene
encoding for the cystic fibrosis transmembrane
conductance regulator protein (CFTR). The most
common mutation in the CFTR gene is the dele-
tion of a phenylalanine in position 508 (∆508),
but more than 1000 different mutations have
been identified, according to the CFTR online
database (www.genet.sickkids.on.ca/cftr). Con-
genital bilateral absence of the vasa deferentia
(CBAVD) is in many cases considered an incom-
plete or mild form of CF. Around 70–80% of
these men are heterozygotes for CFTR muta-
tions159,160. Another mutation associated with
CBAVD is the presence of five thymines in intron
8 (the ‘wild-type’ has seven or nine), designated
the ‘5T allele’. This alteration leads to the non-
transcription of exon 9, and thus to low levels of
CFTR161. CBAVD is diagnosed in 1.5% of all
cases of male infertility. Most (60%) heterozygote
mutations are compound mutations (different
mutations in each copy of the CFTR gene)162.
Congenital unilateral absence of the vas deferens
(CUAVD) is also related to CFTR mutations.
Although the prevalence of mutations in these
patients varies significantly (10–73%)163,164, it has
been established that the occurrence of CUAVD is
due in part to the production of a defective CFTR
protein. Therefore the clinical manifestation of
patients with a CFTR mutation may be azoosper-
mia or oligozoospermia, associated with CBAVD
and CUAVD, respectively.

It is important to note that these patients
demonstrate normal spermatogenesis. They are
therefore candidates for ICSI by collecting sperm
from the epididymides or the testes. If their female
partner is a heterozygote for the CFTR mutation,
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their children are at risk of presenting classic cys-
tic fibrosis. Therefore, if a patient presents with
CBAVD or CUAVD, both partners in the couple
should be investigated for CFTR mutations,
and appropriate genetic counseling should be
provided.

CONCLUSIONS

We may expect that 30% of infertile couples are so
due to a significant isolated male factor, and asso-
ciated male and female factors are present in an
additional 20%. Although male factors contribute
to half of the cases of infertility, the pathophysio-
logical mechanisms of male infertility are so
poorly understood that most infertile men are
described as idiopathic oligo/astheno/terato-
zoospermia rather than having an etiological diag-
nosis. As a consequence, there is no scientific basis
for clinical treatment, except for gonadotropin
deficiency. The use of assisted reproductive tech-
nologies, particularly ICSI, has become the rule,
instead of the exception, and physicians and
patients have shifted focus from the cause of infer-
tility to the ultimate goal, pregnancy. To reverse
the present situation, we need to improve current
male-factor diagnostic tools, emphasizing genetics
and post-receptor mechanisms, which will open
new venues for protein- or gene-based therapies
directed towards the underlying cause and mecha-
nisms of male infertility.
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The basic semen analysis

Roelof Menkveld

INTRODUCTION

The scientific approach to establish a male’s fertil-
ity potential by means of the semen analysis
started in 1677, with van Leeuwenhoek’s letter to
the Royal Society of London describing the dis-
covery of the human spermatozoon by Johan
Ham. According to Schirren1, van Leeuwenhoek
stated that in the case of a sterile marriage, the
microscope could solve the problem as to the
responsible partner. A more scientific approach to
the semen analysis procedure was introduced by
the end of the 19th century, when Lode2 per-
formed the first dilutions of semen samples before
performing a sperm count with the aid of a hemo-
cytometer, finding a mean sperm concentration of
60.88 × 106/ml for the four males investigated. In
1941, Hotchkiss3 published a basic grading sys-
tem for sperm motility evaluation that was modi-
fied by MacLeod and Heim4 in 1945 to a system
in which the motility and progressive activities
were recorded separately, the motility in 10%
units and the forward progression on a scale of
0–4.

Belding5 made one of the first contributions
towards sperm morphology evaluation as we know
it today by suggesting a classification for abnor-
malities of the head, midpiece and tail, which
could be indicated as a single abnormality or a
combination of abnormalities. This was followed

by a description of the acrosome and the presence
of vacuoles in the sperm head by Williams et al. in
19346. Over this time period, different methods
were proposed for the evaluation of semen samples
with the inclusion of various semen parameters
and standards for normality4,5,7–12.

Further standardization and minimum
requirements for the methodology of a semen
analysis performance and ‘normal’ semen variable
standards were established in 1951 by the Ameri-
can Fertility Association13. This was followed by
the contributions of MacLeod and Gold14, Fre-
und15,16 in the 1960s and Eliasson in the
1970s17,18, especially with regard to sperm mor-
phology. In order to obtain better world standard-
ization of semen analysis, the first World Health
Organization (WHO) manual was published in
198019, followed by the 198720, 199221 and 1999
editions22.

Requirements for a complete extended semen
analysis as performed today are undergoing
changes according to the demands of time and
new developments in the fields of spermatology
and andrology, as well as assisted reproductive
technologies (ART). Today, a complete basic
semen analysis must also include screening tests
for the presence of antisperm antibodies, such as
the mixed antiglobulin reaction (MAR) test23, and
a leukocyte peroxidase test24 aimed at identifying
the presence of polymorphonuclear leukocytes.
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Other tests are still mentioned in the 1999
WHO manual22, including the sperm–mucus
penetration test25, performed with good periovu-
latory human cervical mucus or with human
mucus replacements such as bovine mucus26 or
hyaluronate27, the sperm–cervical mucus contact
test28, the zona-free hamster-ovum penetration
test29 and the hemizona assay test30, which are per-
formed to a lesser and more selective extent, for
example when indicated by unexplained poor
ART results. Newly developed tests such as the
DNA status of the spermatozoa31, the acrosome
reaction test32, the reactive oxygen species (ROS)
activity of the spermatozoa and especially leuko-
cytes33 and the antioxidation capacity of seminal
plasma34 have recently attracted more attention.

However, owing to new developments and
advances in ART procedures, especially intracyto-
plasmic sperm injection (ICSI), McDonough35

doubted the future role of the standard basic
semen analysis, and wrote: ‘Traditional sperm
analysis as a clinical test may become nothing
more than an ancestral heirloom. It may be per-
formed spasmodically by those who know how to
do it, like a 1940-air show or laparotomy, to
remind us of the good old days. We have come to
the end of something. Surely someone will want
to carve a headstone for traditional sperm analysis
or perhaps a mausoleum will be more fitting.’

It is difficult to agree with the above concepts.
Even in the light of new developments such as in
vitro fertilization (IVF) and especially ICSI, semen
analysis has and will be the most important test in
the initial investigation of a male’s fertility poten-
tial. It is therefore extremely important that a
semen analysis should be performed skillfully and
properly. If the necessary background data are
known, including a short personal and medical
history, so that the results can be interpreted cor-
rectly, the basic (complete) semen analysis will
always remain the cornerstone of the initial inves-
tigation of a male’s fertility potential, as part of a
couple’s basic infertility investigation.

A complete semen analysis can be divided into
the following four categories: (1) background

data, (2) physical analysis, (3) microscopic analy-
sis and (4) additional procedures. Biochemical
analyses and functional tests should be performed
on repeated semen analysis when indicated, for
instance after unexpected poor results with ART.

THE BASIC SEMEN ANALYSIS

Specimen handling

Semen samples present a possible biohazard since
they may contain harmful viruses, e.g. human
immunodeficiency virus (HIV), hepatitis B and
herpes. Therefore, semen samples should always
be handled with care, as if infected, and the wear-
ing of protective gear is advised (gloves, masks and
spectacles). Further information is given in the
1999 WHO manual22, based on the work of
Schrader36.

Background data

A semen analysis cannot be interpreted unless
some basic facts are known, namely the method
by which the sample was produced, the time lapse
between production and analysis, days of absti-
nence and the type of container used, as these fac-
tors can have an influence on the results, as dis-
cussed below. These factors are the so-called
background data, and should also include data
from a succinct medical history taken when the
semen sample was received.

Methods for the production of semen

Today, it is expected that the semen sample should
be collected in a specially equipped, and if neces-
sary air-conditioned, room at or in close proxim-
ity to the laboratory, especially when special tests
are involved37,38. This method has the advantage
that the exact time of semen production and the
time lapse between production and investigation
are known, and observations such as the presence
of coagulation and the occurrence of liquefaction
can be made. The way in which the sample is
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produced is also controlled. Many patients may
produce a sample by coitus interruptus or by using
a spermicidal condom if the sample is produced at
home.  Coitus interruptus has the disadvantage
that the first part of the sample may be lost. An
indication that the sample may have been pro-
duced by coitus interruptus will be the presence of
vaginal epithelium cells38.

When the patient collects the sample at the
laboratory, a relationship can be built with the
patient, information is easy to obtain and the
patient’s enquiries can be answered. It often hap-
pens that a sample is brought to the laboratory
and left on a counter without any information.
The results of such a semen analysis cannot be
evaluated or interpreted because the method of
production, days of abstinence and time of ejacu-
lation are not known.

For patients having problems producing a
semen sample by masturbation, a wide range of
special condoms are available, such as silastic
condoms (e.g. Seminal Collection DeviceTM,
HDC Corp., Milipitas, CA, USA)39, the Seminal
PouchTM made of polyethylene (Milex Products
Inc., Chicago, USA), condoms made of poly-
urethane (Male-Factor PakTM; FertiPro NV,
Beernem, Belgium) and complete kits (Hy-geneTM

Kit, FertiPro) for transportation of the sample to
the laboratory22. Normal latex condoms should
not be used for semen collection as they may
impair sperm motility due to their spermicidal
properties.

Semen samples should thus be produced by
masturbation into a clean plastic container that is
sterile-packed at shipment, or otherwise should be
separately sterilized at the laboratory. The patient
is instructed to urinate and then to wash his hands
with soap and water and the glans of the penis
with water alone, before producing the sample.

The patient should be asked about the precise
period of abstinence, as well as a short medical his-
tory. Questions regarding his medical history
should include information on the occurrence of
any previous infections or illnesses, especially in
the past 3 months, if it is his first visit, or since his

previous semen analysis when a repeat analysis is
being performed. Also included in this medical
history should be questions on any recent medi-
cation or anesthesia in the past 3 months, any pre-
vious history of operations of the urogenital tract,
especially involving the bladder, an orchidopexy,
orchiectomy, varicocelectomy or testicular biopsy,
or whether he has had any severe injuries of the
testicles or orchitis. A note should also be made
about his smoking and drinking habits40.

Containers

In the early years, glass containers were used, but
this practice should be discouraged, owing to the
possibility of virus contamination and the fact
that the glass containers have to be washed and
sterilized after use. There is also the possibility that
the container may break while being washed, or
even when the man is producing the semen sam-
ple40. The ideal container is a 60–100-ml wide-
mouth plastic jar made of polypropylene, with a
screw cap that fits tightly to prevent any loss of
semen when it is transported. In our experience,
some types of plastic (e.g. polystyrene) have the
disadvantage that they may cause increased viscos-
ity, or may be toxic to the spermatozoa and may
influence motility. Before the introduction of new
containers in a laboratory, these should always first
be tested for any negative effects on the semen
sample and ART outcome39,40.

Abstinence

The profound effect of abstinence on semen
parameters, especially semen volume and sperm
concentration, is well known41. It is therefore
important that a fixed period of abstinence should
be prescribed so that optimum results can be
expected, the semen analysis is performed accord-
ing to more standardized conditions and the
results of different semen analyses can be com-
pared with each other. If this is not done, it is
impossible to know whether differences between
semen parameters of different semen samples from
the same patient are due to normal variation, a
difference in days of abstinence or both. The
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variation of 2–7 days suggested in the WHO
manual22 is too long42, and should be standardized
to 3–4 days40,43. The question is now raised
whether the period of abstinence should be
expressed as days or the exact number of hours42.
For routine semen analysis the number of days
will be acceptable, but for medical trials the exact
number of hours is advised.

After production of the semen sample the con-
tainer is placed in an incubator at 37°C until com-
plete liquefaction has occurred. The sample is
then ready for evaluation, and is usually trans-
ferred to a graduated conical test-tube for further
processing.

Physical parameters

Parameters describing the appearance of the sam-
ple are classified by Freund44 and Zaneveld and
Polakoski45 as physical parameters, and include
the color, liquefaction and viscosity, while coagu-
lation and odor can also be added to this category.
Although strictly speaking a biochemical charac-
teristic, pH is also included in this group. All these
parameters are simple to evaluate and are mainly
determined by visual examination.

Coagulation

This is an important aspect of semen analysis that
is ignored by many investigators, mainly because
many semen samples are still produced at home
instead of at the laboratory. Human semen is ejac-
ulated in a liquefied state, but is quickly trans-
formed into a semisolid state or coagulum, proba-
bly under the influence of the enzyme protein
kinase46 secreted by the seminal vesicles. In a nor-
mal situation, nearly the whole sample is trans-
formed into the coagulated state, and only a very
small part remains liquefied. This is generally
regarded as the first portion of the ejaculate, con-
taining the major part of the motile sperm frac-
tion. In cases where coagulation does not occur it
may be the result of congenital absence of the vas
deferens and the seminal vesicles, as the coagu-
lating enzymes originate from the seminal vesicles,

and is then also associated with the absence of
fructose in the seminal plasma.

Liquefaction

In a normal sample, liquefaction occurs within
10–20 minutes. This is caused by a proteolytic
enzyme fibrinolysin secreted by the prostate47, as
well as two other proteolytic enzymes, fibrino-
genase and aminopeptidase48. Liquefaction there-
fore serves as an indicator of normal prostatic
function.

After complete liquefaction the sample will
appear homogeneous in composition and color.
Small roundish particles may still be present in
some samples; however, this can be regarded as
normal, and they will usually dissolve within an
hour. If liquefaction takes more than 20 minutes
or does not occur at all, it is a sign that the
prostate is not functioning normally, usually as a
result of previous prostatitis. In some cases this
non-liquefaction of semen may be a cause of infer-
tility, as the spermatozoa are not released from the
coagulum40.

Viscosity

As long ago as 1934, Cary and Hotchkiss7

described the consistency of semen as slightly
more viscous than water. The most convenient
way to determine viscosity is by means of a modi-
fied pipette method37. The semen is drawn into a
Pasteur pipette and slowly released in a drop-wise
fashion. The viscosity is regarded as normal when
single drops are formed that are released within a
distance of 20 mm from the point of the pipette.
If threads are longer than 20 mm the viscosity can
be regarded as increased40.

It is also important to distinguish between a
delayed period of liquefaction (non-homogeneous
appearance) and an increase in the viscosity
(homogeneous but ‘sticky’). Increased viscosity
may be the result of abnormal prostatic function
due to an infection in the genital tract, prostate or
seminal vesicles49, or an artifact as a result of the
use of an unsuitable type of plastic container, fre-
quent ejaculation or the psychological state of the
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patient. A constant increase in viscosity may be
regarded as a cause of infertility45 for in vivo con-
ception, and can also have an adverse effect on the
determination of spermatozoa concentration and
motility.

Biochemical means should be used to reduce
high semen viscosity, for example α-amylase50 and
chymotrypsin51, while another method is the
addition of an equal volume of a medium such as
saline, phosphate-buffered saline or culture
medium, followed by repeat pipetting with a
wide-bore pipette52. In these cases, care should be
taken that the sperm concentration is correctly
calculated, taking into consideration the extra
dilution effect of the added fluid53.

Volume

The most common method still used today to
determine the volume is by transferring the sam-
ple to a 15-ml graduated conical tube and read-
ing the volume to the nearest 0.1 ml. Determina-
tion of the volume can also be performed by
means of weighing samples, taking the total
weight of the sample and container minus the
container weight determined beforehand. The
weight is expressed as the nearest 0.1 ml, taking
1 g equal to 1 ml53.

The normal volume of an ejaculate after 3–5
days of sexual abstinence is 2–6 ml. Hotchkiss11

stressed the importance of a normal volume, as
this is needed for good buffering function of the
seminal pool against the acid secretions of the
vagina. If the volume of a semen sample is smaller
than 1.0 ml, it is important to establish whether a
complete sample was collected. This is important,
as the first portion containing the major amount
of sperm with the best motility is often lost. A low
volume may, however, also be the result of an
obstruction due to a previous infection of the gen-
ital tract, or of congenital absence of the seminal
vesicles and vas deferens; this condition will be
associated with the absence of fructose45. A small
volume may also be due to retrograde ejaculation,
especially if the patient has had any previous
surgery of the prostate or the bladder neck.

Retrograde ejaculation can be diagnosed by
investigation of the urine after ejaculation.

Color

By paying attention to the color of the semen sam-
ple, an indication of possible pathology of the
semen can already be obtained. Cary and
Hotchkiss7 described the color of normal semen as
opaque and grayish, which will change to yellow-
ish with an increase in the days of abstinence.
Hotchkiss11 noticed that fresh blood will give
semen a reddish color and old blood a brownish
color, which may be caused by recent inflamma-
tion. In cases of inflammation a more yellowish
color may exist, while samples with a low sperm
concentration will usually have a transparent and
watery consistency. Schirren1 found that certain
types of medicine such as antibiotics might dis-
color the semen.

Odor

Although semen has a strong, distinctive odor,
derived from the prostatic secretions, this parame-
ter is seldom used. The odour is sometimes com-
pared to that of the flowers of the chestnut or St
John’s bread tree. It is thought that the odor is
caused by oxidation of the spermine secreted by
the prostate. Only with absence of the odor or
when an uncharacteristic odor is present should a
note be made, as this is usually associated with an
infection45, or is the result of a long period of
abstinence37.

pH

Preference should be given to pH measurement
using a special pH indicator paper (range 6.4–8.0;
Merck #9557), for hygiene reasons and also the
possibility that sexually transmitted diseases may
be transferred when using the glass-electrode
method. After liquefaction, a drop of semen is
placed on the indicator strip and immediately
compared against a color scale. The pH of a nor-
mal ejaculate may vary between 7.2 and 7.822.

In cases of acute prostatitis, vesiculitis or bilat-
eral epididymitis, the pH will always be more than
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8.045. In cases of chronic infection of the above
organs, the pH will always be below 7.2, and can
be as low as 6.6. With an obstruction of the
ejaculatory duct or in cases where only prostatic
fluids are secreted, the pH will also be less than
7.0, and if the sample is azoospermic this low pH
may also indicate the presence of bilateral congen-
ital absence of the vas deferens22.

Microscopic analysis

Wet preparation examination

After completion of the physical examination, the
centrifuge tubes are placed on a cradle or roller
system39 for the duration of all subsequent proce-
dures. This can be done at room temperature or at
37°C. After 10 minutes of gentle mixing, a drop
of semen is taken with a positive-displacement
pipette and placed on a precleaned glass slide kept
at 37°C until use. The size of the drop of semen
will depend on the size of the coverslip used, so
that the depth of fluid between the microscope
slide and the coverslip is about 20 µm, to allow
maximum free movement of the spermatozoa and
still optimum visibility with a 40× objective. The
standard drop size most often used is 10 µl for a
20 × 20-mm coverslip. Complete guide tables for
different sizes of coverslips and corresponding
drop sizes to be used can be found in several pub-
lications22,39,53. The preparation is left for a few
minutes to stabilize before examination.

General appearance All examinations of wet
preparations are done with phase-contrast optics,
first at a 100× or 150× or low-power field (LPF)
magnification (with 10× or 15× objectives) to
obtain an overall view, and then at 400× or high-
power field (HPF) magnification (with a 40×
objective). The examination starts with scanning
through ten LPFs to get an impression of the gen-
eral appearance of the sample. The impression
obtained here will dictate all subsequent proce-
dures, such as the performance of a MAR test23 if
enough motile spermatozoa are present, or a vital

staining test54 when the motility is low. An
estimation of the number of spermatozoa per
HPF is made, which will be used to determine the
dilution of the sample for calculation of the sperm
concentration and drop size to be used for prepar-
ing smears for sperm morphology evaluation.

Agglutination and presence of other cells The sam-
ple is also examined for the presence of sperm
agglutination. Two types of agglutination can be
observed. In the first instance, agglutination can
be due to non-specific factors where, in most
cases, non-motile spermatozoa adhere to cells
present in the seminal plasma; when this occurs it
is termed aggregation39. The second is specific
agglutination, caused by antisperm antibodies,
which consists mostly of motile spermatozoa
clumps with only minimal involvement of other
cells or debris39. Agglutination is described as neg-
ative (–), occasional (±), slight (+), moderate (++)
or severe (+++)40, or as an appropriate percentage
to the nearest 5%39,53. A note is also made of the
presence of other cells, such as round cells, and the
presence of spermine phosphate crystals, recorded
in the same way as for agglutination. The presence
of any organisms is also recorded.

Analysis of quantitative
parameters

The parameters classified under this heading are
those that are regarded by many investigators to
constitute a complete or standard semen analysis,
and include estimation of the percentage and
grade of sperm motility, the vital staining proce-
dure to determine the percentage of live sperma-
tozoa, if indicated due to poor motility, the sper-
matozoa concentration and the morphology of the
spermatozoa. The MAR test23 and a leukocyte
peroxidase test24 should now also be included as
routine procedures55.

Motility and forward progression Motility is now
mostly determined in one of two manners. The
first is by manual observation of the sample
with phase-contrast optics. More recently,
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automated computer-assisted semen analysis
(CASA) techniques have been introduced with
varying degrees of success22,39. This is discussed
briefly under a separate heading dealing with
CASA.

For the manual method, the wet preparation
slide, as prepared for the initial examination, can
be used and the evaluation is performed as
described in the WHO22 and European Society
for Human Reproduction and Embryology
(ESHRE)53 manuals. The exact aliquot of semen
to provide a depth of 20 µm is of importance due
to the rotary and spiral movement pattern of
progressive motile spermatozoa. If the time inter-
val between the initial wet preparation and
observation for motility is too long, a new prepa-
ration should be made, and examination of the
wet preparation should begin as soon as the flow
of the semen drop has ceased. If this has not
occurred within a minute, a new preparation
should be made and examined53.

Spermatozoa are classified according to the
rapidity of their forward progressive motility into
four grades, from grade a to grade d, as follows: 

• Grade a = rapid progressive motility;

• Grade b = slow or sluggish progressive motility;

• Grade c = non-progressive motility;

• Grade d = immotile.

Definitions of rapid and slow forward motility
will differ, depending on whether the motility
evaluation is performed at room temperature or at
37°C by means of a hot stage fitted on the micro-
scope. For rapid motility at 37°C, the spermato-
zoa should travel ≥ 25 µm per second, and at room
temperature ≥ 20 µm per second, i.e. the distance
of five and four sperm heads, respectively, as sper-
matozoa move more rapidly at 37°C22. If the for-
ward progression is < 5 µm per second, for both
room temperature and 37°C determinations, sper-
matozoa are regarded as having a non-progressive
grade c motility. Between these limits, spermato-
zoa will be regarded as having a grade b or slow
forward motility. 

At least 200 spermatozoa should be counted in
five separate high-power magnification fields with
the aid of phase-contrast microscopy. The per-
centages of the different categories must add up to
100%. The count should be repeated on a separate
wet preparation. The results of the two counts are
then averaged, provided that they are within
acceptable limits that can be calculated according
to a method provided in the ESHRE manual53.

Poor motility or asthenozoospermia can be
caused by several factors. One reason may be arti-
facts caused by the wrong method of collection,
such as use of a condom which may be sperm-
toxic, contamination by vaginal secretions, the use
of lubricants56, an incomplete sample, a long delay
in transportation of the sample to the laboratory
or exposure to extreme temperatures. Artifacts can
also be caused by technical factors such as cold
shock due to use in the laboratory of cold con-
tainers, slides and pipettes, the use of unsuitable,
contaminated or wet containers, storage of the
sample at an adverse temperature57,58 or wrong
thickness of the wet preparation (< 10 µm), hin-
dering the free rotational movement of the
spermatozoa59. Poor motility can also be due to
structural abnormalities of the midpiece60, or the
short-tail61 and immotile cilia or Kartagener’s syn-
drome62. Poor motility may also be caused by
unfavorable environmental conditions during the
formation and maturation of spermatozoa before
they are released from the Sertoli cells63,64, or dur-
ing transport through the epididymis65 and ductal
system, or via abnormal functions of the prostate
or seminal vesicles caused by acute infections or
inflammation of the accessory glands. Other fac-
tors that can cause poor motility are the presence
of hematospermia, a varicocele, chromosomal
aberrations, bacterial infections and an abnormal
pH58,66, as well as the presence of certain metals or
metal ions67.

Sperm concentration In 1929, the well-known
article of Macomber and Sanders68 was published
in which their sperm counting technique, which
forms the basis for most of the techniques still
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used today, was described. A 1:20 dilution was
made with the aid of a white blood-cell pipette,
and the count performed on a hemocytometer.
The diluting fluid consisted of a 5% sodium
bicarbonate solution to which 1% formalin was
added.

Over the years, the pipettes used to prepare the
dilutions have changed, with the aim of measuring
and delivering the semen aliquot to be diluted as
accurately as possible. Concern about delivering
the true measured volume of the semen aliquot is
due to the higher viscosity of semen compared
with water. Instead of the white blood-cell pipette,
Eliasson18 used micropipettes to make a 1:50,
1:100 or 1:200 dilution.  Van Zyl69 introduced
the use of a glass tuberculin syringe instead of the
white blood-cell pipette. With this method it is
possible to make a 1:10, 1:20 or a 1:100 dilu-
tion. Menkveld et al.70 demonstrated that the
results of the tuberculin syringe method compared
well with the results of the white blood-cell pipette
(WCP) method. In 1979, Makler introduced a
special sperm-counting chamber, which was
improved in 198071. With the Makler chamber it
is possible to carry out sperm counts directly on
undiluted semen samples, after immobilization of
the spermatozoa in a hot water bath at ± 60°C.
The exact amount of semen delivered to the
chamber for this apparatus is not as critical as for
the preparation of dilutions for counting using the
standard hemocytometer.

Depending on the observed sperm number per
high-power field, a 1:10, 1:20 or a 1:50 dilution
will be made, while some laboratories also make
use of a 1:100 dilution40. It is now advised that
positive-displacement pipettes should be used to
deliver the semen aliquot, and a normal air-
displacement pipette to deliver the dilution
fluid22,53. For a 1:10 dilution, 900 µl of the dilu-
tion fluid is placed in a small tube and 100 µl of the
semen sample is transferred to the dilution fluid by
means of the positive-displacement pipette. The
sperm suspension is thoroughly mixed by vortex,
and both sides of a hemocytometer with improved
Neubauer ruling is carefully filled without spilling

the suspension over the sides of the chamber. The
hemocytometer is left in a moist Petri dish for
about 10 minutes for the spermatozoa to settle on
the bottom of the chamber40. The number of
spermatozoa in the upper left corner block (con-
sisting of 16 smaller blocks) of the central grid,
used for counting red blood cells, is counted, to
determine the proportion of blocks from the 25 in
the grid that should be considered for counting.

A reference table is given in the WHO22 and
ESHRE53 manuals indicating the number of
blocks from the 25 to be included so that in all
instances the number of spermatozoa counted will
be more than 200. The counting procedure is
repeated on the other side. By the use of a table
also provided in the two manuals22,53, the actual
concentrations are calculated, depending on the
initial dilution and the number of blocks counted
per side of the hemocytometer. It is very impor-
tant to note that the two tables with conversion
factors in the WHO22 and ESHRE53 manuals dif-
fer, due to the fact that the WHO manual (incor-
rectly) first obtains the mean of the two counts.
The two counts obtained are compared to estab-
lish whether the results are within acceptable
limits by means of a formula also provided in the
two manuals. If the counts are not within accept-
able limits, the whole counting procedure should
be repeated. Estimation of the sperm concentra-
tion with the aid of computerized equipment
(CASA) is gaining ground, and is now used as the
routine method in many laboratories22,39.

Differences still exist as to what can be
regarded as a normal sperm concentration, and
many different so-called normal cut-off values
have been proposed, including 60 × 106 by
Macomber and Sanders68, 20 × 106 by Eliasson18

and by MacLeod and Gold72 and 10 × 106/ml by
Van Zyl69 and Van Zyl et al.73,74.

Sperm morphology evaluation The 1999 WHO
manual22 recommends that sperm morphology
evaluation should be performed according to strict
Tygerberg criteria. The principles for the eval-
uation of sperm morphology by strict Tygerberg
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criteria were laid down by Menkveld41 and
Menkveld et al.75, while the clinical application for
the in vitro situation was demonstrated by Kruger
et al.76. In a follow-up study Kruger et al.77 also
described the prognostic categories with strict cri-
teria for in vitro fertilization outcome, i.e. the
poor-prognosis or P-group with ≤ 4% morpholog-
ically normal spermatozoa, the good-prognosis or
G-group with 5–14% morphologically normal
spermatozoa and the normal group with ≥ 15%
morphologically normal spermatozoa76,77.

Sperm morphology evaluation according to
strict criteria uses a holistic approach, starting
with the preparation of clean microscope slides,
the correct preparation of thin semen smears, the
correct methodology for evaluation of the slides,
i.e. the correct optics and magnification to be
used, the correct number of spermatozoa to be
evaluated and, most important of all, the criteria
for a morphological normal spermatozoon as
based on biological evidence41,78,79. Morphological
evaluation of the semen smear can also include
evaluation of the semen cytology. Therefore, two
slides are prepared, one thicker smear for semen
cytology evaluation and a thin smear for sperm
morphology evaluation. It may also be beneficial
to prepare one or two extra smears that can be
kept in case the original smear is unsuitable for
evaluation, or for back-up purposes18,73.

Morphological evaluation of spermatozoa The
morphological evaluation of spermatozoa as dis-
cussed here is based on the methodology described
by Menkveld41, Kruger et al.76, Menkveld et al.75

and Menkveld and Kruger78. If indicated, due to
oiliness or dirt, slides must be thoroughly cleaned
before use, first washed in a detergent, rinsed in
clean water and then rinsed in alcohol and air-
dried78. For the morphology evaluation smear, a
small drop of semen is used so that a very thin
smear is prepared. As a result, all the spermatozoa
will be within one focus level and each sperm can
be visualized separately and no more than 5–10
spermatozoa will be present per visual field at oil
magnification (1000 or 1250×). The size of the

drop will depend on the sperm concentration; for
high concentrations a small drop is used (~5 µl),
for normal concentrations a drop of ~10 µl will be
used and for low concentrations a drop of not
more than 15 µl, as with these thicker smears the
semen may wash off with the staining procedure78.
The thickness of the smear can also be controlled
by altering the angle and speed of the microscope
slide used to make the smear11,17.

The slides are left until they appear to be just
air-dried, i.e. only a few minutes, and are then
immediately fixed in methanol or ether–alcohol
(50:50) and can be stored for later reference or
until staining. The modified Papanicolaou tech-
nique should be the preferred method for staining
the smears22,39,75. Alternative staining methods
exist, such as the rapid blood-staining methods80,
and the Spermac stain method81,82. The Spermac
stain is also a rapid staining method and gives
excellent staining of the acrosome region and
sperm tails81. The rapid blood-staining methods,
such as Diff-Quik®80, cause the spermatozoa to
swell slightly, and thereby may cause slight alter-
ations to the form of the spermatozoa giving rise
to bigger size measurements, which should be kept
in mind when using these stains. Problems with
background staining can also occur when too
much seminal plasma is present on the slide83.

The criteria used for a morphologically normal
spermatozoon are based on the appearance of
spermatozoa seen in good cervical mucus drawn
from the endocervical canal shortly after inter-
course for the performance of a postcoital test.
These spermatozoa have a very homogeneous
appearance, with only small biological varia-
tions75,78,84. According to the strict Tygerberg cri-
teria41,75, a normal spermatozoon is defined as one
having an oval form with a smooth contour and a
clearly visible and well-defined acrosome, with
homogeneous light blue staining. The tail should
be apically inserted without any abnormalities of
the neck/midpiece region; there should be no tail
abnormalities; and there should be no cytoplasmic
residues at the neck region or on the tail. Mea-
surements for an abnormal cytoplasmic droplet
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and normal sperm size as seen with Papanicolaou
staining are based on those described by Eliasson
in 197117. The size of a normal acrosome was
described as covering between 40 and 70% of the
anterior part of the sperm head, with abnormal
cytoplasmic droplets being present when larger
than 50% of a normal-sized sperm head, which
will measure 3.0–5.0 µm in length and
2.0–3.0 µm in width. The midpiece should not be
longer than 1.5 times the length of a normal head
and about 1 µm thick. The tail should be about
45–50 µm long and without any sharp bends17.
For a spermatozoon to be classified as morpholog-
ically normal, with strict Tygerberg criteria41,75,
the whole spermatozoon must be normal, as sug-
gested by Eliasson17. However, in contrast to the
views of earlier workers14,15,17, borderline or
slightly abnormal spermatozoa are considered to
be abnormal according to strict Tygerberg crite-
ria41,75. This was proposed to keep allowable
sperm morphology variations as small as possible,
in agreement with biological variations seen in the
cervical mucus75.

However, the measurements as proposed by
Eliasson17 and in other publications22,75 are in
need of re-evaluation, as the range allowed espe-
cially for the normal head length of 3.0–5.0 µm is
probably too wide. Our own experience indicates
that the head length for normal spermatozoa
may vary between 4.0 and 4.5 µm, with a mean
of 4.07 ± 0.19 µm and a mean width of
2.98 ± 0.14 µm, as measured with a built-in
microscope eyepiece micrometer (Menkveld,
unpublished data). We have shown in several pub-
lications that males presenting with large-headed
spermatozoa of > 5.0 µm in length, and with a
proportional increase in width, and/or large acro-
somes can be associated with poor in vitro fertil-
ization results76,85 and decreased sperm functional
abilities85.

The presence and size of, and terminology for,
cytoplasmic droplets or cytoplasmic residues are
also controversial. Originally, it was stated by
Eliasson17, the WHO manuals19,20 and Menkveld
et al.75 that a normal cytoplasmic droplet present

on spermatozoa should be < 50% of a normal
sperm head. This has been changed to < 30% in
the 1999 WHO manual22. Recently, Cooper et
al.86 and Cooper87 addressed this issue of the
presence and size of the cytoplasmic bodies, as well
as the correct terminology to be used. From the
publication by Cooper87, it is clear that the reten-
tion of cytoplasmic material on spermatozoa as
seen in air-dried and stained smears can be associ-
ated with impaired sperm function. It is also clear
from this article and from our own experience34

that no amount of cytoplasmic material should be
present on a normal spermatozoon at all, and if
observed it should be regarded as an abnormality,
regardless of the size or amount of cytoplasmic
material present. In the article by Cooper87, it is
suggested that the correct term to use if cyto-
plasmic material is present should be ‘excess cyto-
plasmic residues’, or just cytoplasmic residues.

At least 200 spermatozoa should be evaluated
in duplicate per slide with the highest magnifica-
tion possible, i.e. 1000×, but preferably 1250×. In
case of any doubt about the dimensions of a sper-
matozoon, the size can be measured with a
micrometer. The spermatozoa should preferably
not be evaluated in one area but in several areas, to
increase the accuracy of the evaluation78.

The latest WHO manuals21,22 recommend that
spermatozoa should be classified only as normal or
abnormal. A note should be made if a specific
abnormality occurs in a frequency of > 20%.
However, as indicated above, an abnormal sper-
matozoon can have only one specific abnormality
or any combination of two or up to four abnor-
malities. To reflect this, the teratozoospermia
index (TZI) was introduced as an indication of
the mean number of abnormalities per abnormal
spermatozoon21,22. The TZI value will therefore
always be between 1 and 4. However, in the 1999
WHO manual22, cytoplasmic residues were omit-
ted as an abnormality, and the TZI value was indi-
cated as being between 1 and 3. This was in con-
trast to the ESHRE manual, which maintained
that this is not correct and the value should be
between 1 and 453.
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Evaluation of semen cytology For the evaluation
of the semen cytology, i.e. investigation of the
presence of different cells and organisms, a thicker
smear is prepared. A small drop of egg albumin
may be added to ensure better adherence of the
cells to the slide. However, the more intense stain-
ing of the albumin background can sometimes
make it difficult to identify the round cells pres-
ent. The smears are fixed immediately in 1:1 solu-
tion of ether–alcohol for 30 minutes and stained
together with the slide for morphology evalua-
tion78. The slides are screened at a low magnifica-
tion (15×), and if any cells or organisms are
observed a 40× objective is used to make a better
diagnosis. Cells looked for are especially poly-
morphonuclear white blood cells, monocytes and
epithelium cells. With good staining, germinal
epithelium cells, sometimes called precursors, can
also be identified. The presence of identified cells,
especially polymorphonuclear white blood cells
(WBC) is recorded separately in a semiquantita-
tive way by means of plus and minus signs as fol-
lows: no cells/HPF –; occasional cells/HPF ±; 1–5
cells/HPF +; 5–10 cells/HPF ++; > 10 cells/HPF
+++78. A good correlation has been found between
WBC identified in this manner and granulocyte
white blood cells counted by means of the leuko-
cyte peroxidase method, with ≥ +WBC/HPF cor-
relating to ≥ 0.25 × 106 leukocytes/ml semen, a
value found to be of pathological importance78,88.
More details of the cytological evaluation of
semen smears and the origin89 of different cell
types and the identification of these cells have
been published by others55,89–91.

The mixed antiglobulin reaction (MAR) test A
MAR test as described by Jager et al.23 must be
included in all semen analysis as a routine proce-
dure, as a screening test for the possible presence
of antispermatozoa antibodies if a sufficient num-
ber of motile spermatozoa are present. The origi-
nal MAR test as described by Jager et al.23 makes
use of a suspension of sensitized R1R2 erythro-
cytes. The erythrocytes are sensitized by washing
them three times with a phosphate-buffered saline

(PBS) solution, pH 7.5. The suspension is mixed
5 : 1 with a strong incomplete anti-D serum
(Behring ORRA 20/21) and incubated at 37°C
for 30 minutes. After incubation the suspension is
again washed three times in PBS and suspended to
a hematocrit of 5–10%. This suspension can be
kept at 4°C for a few days23. However, today, most
laboratories make use of commercial products
(MarScreen, Bioscreen, New York, USA; Sperm-
Mar, FertiPro)22, in which the erythrocytes are
substituted by latex particles92.

For the latex MAR test, a drop of semen is
placed on a clean glass slide followed by a drop of
antiserum to human immunoglobulin (IgG) and a
drop of the sensitized latex particle suspension.
Care should be taken that the drops do not touch
each other, as this can influence the outcome of
the test. The drops are thoroughly mixed with a
coverslip and then covered by the same coverslip.
The test is read after 10 minutes at room temper-
ature. No interpretation is made if latex aggluti-
nates are not observed. The test is reported as neg-
ative if no latex particles are observed bound to
motile spermatozoa, doubtful when < 10% of
motile sperm have latex particles bound to them,
positive if 10–90% of motile spermatozoa show
latex particles bound and strongly positive if
> 90% of motile spermatozoa show latex particles
bound. In all cases of a positive MAR test (> 10%
binding), blood and seminal plasma can be
obtained for subsequent testing of antisperm anti-
body titers with the microagglutination93 and
immobilization94 tests at a later stage.

However, these tests are now also performed
very rarely in most modern andrology labora-
tories, and have been substituted by the
Immunobead test for IgA, IgG and IgM (Irvine
Scientific, Santa Anna, USA; Laboserv GmbH,
Am Boden, Staufenberg, Germany)53. Commer-
cial kits are also available for the direct determi-
nation of IgA and IgM antisperm antibodies in
semen, although IgM antibodies are seldom found
on spermatozoa and the clinical relevance is not
clear. IgA, on the other hand, is the anti-
sperm antibody of most clinical importance, as
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spermatozoa coated with IgA antibodies are not
capable of penetrating the cervical mucus in vivo,
and may be an important reason for long-standing
unexplained infertility, which is easily treatable by
intrauterine insemination (IUI) of the husband’s
washed spermatozoa. Some laboratories perform
the IgG and IgA MAR test simultaneously on the
semen sample, while others only do the IgA MAR
test if the IgG MAR test is positive, as IgA anti-
sperm antibodies are seldom found on their
own95.

Detection and role of leukocytes Ejaculates usually
contain cells other than spermatozoa, called round
cells, compiled of, for example, white blood cells
and germinal epithelium cells, the latter con-
tributing up to 90% of all round cells in fertile
males, with a mean concentration of
0.12 × 106/ml semen, as found by Ariagno et al.96.
The inclusion of a test for the identification of
granular white blood cells must now be regarded
as part of the standard basic routine semen analy-
sis, as the presence of leukocytes is associated with
the production of ROS55, causing DNA damage
and reduced pregnancy rates with ART33. Many
procedures are available for the detection of leuko-
cytes in semen, but, based on the available litera-
ture, the leukocyte peroxidase test is indicated as a
basic test for this purpose24.

Peroxidase test for detecting leukocytes. The solu-
tion for performing the leukocyte peroxidase test
(Endtz test)97 is prepared by dissolving 125 mg
benzidine and 150 mg cyanosine (phloxine) in
50 ml 95% alcohol which is then further diluted
with 50 ml distilled water. This solution can be
stored in a light-protected bottle. A 3% hydrogen
peroxide solution is also prepared. Before the test
is performed, 250 µl of the stock solution is mixed
with 20 µl of the peroxide solution. For the test
itself, one drop of semen is mixed with one drop
of the above working solution on a clean glass
slide, covered with a coverslip and examined
microscopically after 2 minutes, and the number
of brown cells per high-power field estimated.
Neutrophil granulocytes (leukocytes) stain brown.

Granules of basophil and eosinophil granulocytes
stain reddish brown to violet, while lymphocytes
and precursors stain light pink, as they are
peroxidase-negative22,24. The concentration of
peroxidase-positive cells can be counted with the
aid of a hemocytometer, and expressed as 106/ml
semen. The WHO manual22 suggests that the pre-
sence of > 1 × 106 granulocytes/ml semen should
be regarded as the presence of leukocytospermia,
possibly based on the work of Comhaire et al.98.

Other methods for the detection of leukocytes. The
suitability of the leukocyte peroxidase test as a
screening test for leukocytes has been questioned,
and more sophisticated methods have been pro-
posed55. However, it has been demonstrated that
polymorphonuclear granulocytes are the most
prevalent WBC in semen22,55, and these cells are
mainly responsible for the production of
ROS99,100. As the leukocyte peroxidase test detects
only granular WBC, the procedure can be consid-
ered a suitable and reliable routine test for this
purpose97.

The identification of lymphocytes and mono-
cytes is possible with the aid of monoclonal anti-
bodies against the common leukocyte antigen
CD45, whereby granulocytes, lymphocytes and
macrophages can be detected, while other mono-
clonal antibodies allow the selective staining of
other WBC subpopulations101–104. According to
Wolff 99, immunocytochemistry can be considered
the gold standard for the detection of WBC, but
these methods are time-consuming and labor-
intensive, and thus more suitable as a research tool
than a routine method.

The use of flow cytometry with the aid of
monoclonal antibodies can also be considered.
Ricci et al.105 described this method as a simple,
reproducible procedure, capable of accurately
detecting leukocytes in semen and categorizing
the different WBC subpopulations without any
preliminary purification procedures of the semen
samples. Another (indirect) method is the
detection of polymorphonuclear leukocyte
(PMN) elastase. This enzyme is released by
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activated granulocytes, and can be measured in
fresh or frozen seminal plasma. The method is
objective, but costly and time-consuming. A
strong correlation has been found between elastase
levels and WBC numbers in semen106. Esfandiari
et al.107 used the nitroblue tetrazolium reduction
test for the identification of leukocytes and the
assessment of ROS production by leukocytes and
spermatozoa.

The most basic way of detecting WBC in
semen samples is by direct observation of semen
smears using bright-field light microscopy with
the aid of the Papanicolaou, or the Bryan–
Leishman staining108 technique, as discussed in
the preceding morphology section. However, the
cytological identification of leukocytes and germi-
nal epithelium cells has always been regarded as an
insufficient method in much of the literature109.
The argument is the inability of most observers to
diagnose accurately the various leukocyte subpop-
ulations, or even the inability to distinguish
between the different WBC forms and immature
germinal epithelium cells. However, positive iden-
tification of both groups is possible with a good
staining method such as Papanicolaou, although
thorough theoretical knowledge, practical training
and extensive experience are required78,89–91,110–112.

Cut-off values for leukocytospermia. Controversy
exists about what can be regarded as leukocy-
tospermia. The WHO manual defines leukocy-
tospermia as the presence of excessive numbers of
white blood cells (WBC) or leukocytes in the
human ejaculate, which are predominantly
granulocytes and more specifically of the neutro-
phil subtype, and states that in a normal ejaculate
the number of WBC should be < 1 × 106/ml21,22.
Politch et al.113 already concluded that more
research is needed to establish thresholds for
pathological levels of WBC in semen for both
a mono-antibody-based immunohistological
method and the peroxidase method. New cut-off
values as low as 0.25 × 106 and even 0.2 × 106

WBC/ml have been proposed88,108.
Controversy about leukocytospermia. The fact

that the presence of leukocytes in semen may have

a negative impact on semen parameters and sperm
function was addressed as early as 1980 by
Comhaire et al.98 and in 1982 by Berger114, and in
1990 by Wolff et al.115. However, in 1992 and
1993, Tomlinson et al. published three articles
with an opposite view103,104,116. The first article
indicated that seminal leukocytes may play a pos-
itive role in male fertility by the removal of mor-
phologically abnormal spermatozoa, the second
suggested that the presence of immature germ
cells but not leukocytes in semen is associated with
reduced success of in vitro fertilization and the
third, a prospective study, suggested that leuko-
cytes and leukocyte subpopulations in semen are
not a cause for male infertility103,104,116. In 1995,
Aitken and Baker concluded that there does not
appear to be a convincing case for believing that
seminal leukocytes are ‘good Samaritans’. They
mentioned that on the other hand leukocytes may
often be present without an obvious effect but that
it must always be kept in mind that WBC may
pose a risk depending on the circumstances that
led to their infiltration of the semen sample and
that the potentioal of WBC to act as negative
terrorists must not be ignored117.

Since then, several more articles with opposing
views have been published, as well as reports sug-
gesting that inflammation of the male reproduc-
tive tract causing leukocytospermia may be a tem-
porary and self-limiting episode, and that this
phenomenon is probably common even in fertile
males118,119.

Matters are further complicated by reports of a
very poor relationship between the presence of
bacteriospermia and leukocytospermia and male
genital tract inflammation120. Comhaire et al.
reported that leukocytospermia may be associated
with inflammatory reactions of the male genital
tract due to the presence of bacteria, and found
that ejaculates with > 106 peroxidase positive
cells/ml semen contained significantly more path-
ogenic bacteria isolates, compared with a group of
men with < 106 peroxidase-positive cells/ml
semen98. Punab et al. also found a positive corre-
lation between the WBC count and the number
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of different micro-organisms, and also between
the WBC count and the total count of micro-
organisms in the semen samples they investigated
for both leukocytospermia and bacteriospermia108. 

In contrast, Rodin et al. found that leukocy-
tospermia was a poor marker for the presence of
bacteriospermia121, while Eggert-Kruse found no
significant association between leukocytospermia
and bacteriospermia122, and neither did Cottell et
al.123.

The origin of bacteriospermia is still complex.
Bacteriospermia usually occurs due to one or more
of the following three reasons: (1) normal colon-
ization, (2) contamination of the semen sample or
(3) a urogenital infection123. The male genital
tract is usually bacteria-free, but the urethra may
be colonized by a variety of micro-organisms. It is
not clear to what extent these bacteria, which are
usually considered as commensal organisms, can
contribute to an inflammatory process124. Matters
are furthermore complicated due to the possibility
of contamination of semen samples by non-
pathogenic commensals of the skin or glans
penis123. It is therefore not clear to what extent
bacteriospermia is indicative of male genital infec-
tion per se, and different results for the relation-
ship between leukocytospermia and bacteriosper-
mia have been published, as mentioned above.

To add to the controversy, the incidence of
leukocytospermia as found in different infertile
male populations varies widely from 6.8 to
44.3%125.

Influence of leukocytospermia on semen parame-
ters and sperm function. As mentioned in the above
paragraph on ‘Controversies about leukocytosper-
mia’, contradictory reports have been published in
the literature on the effect of leukocytospermia or
even the presence of leukocytes on semen param-
eters and the functional ability of spermatozoa.

For instance, Kaleli et al. found a significant
positive correlation between leukocyte counts, as
determined using the leukocyte peroxidase test,
and increased hypo-osmotic swelling test scores,
higher sperm concentrations and enhanced acro-
some reactions126. These favorable effects were

especially noted at seminal leukocyte concentra-
tions of between 1 and 3 × 106/ml semen.
Kiessling found that semen samples with eval-
uated concentrations of leukocytes contained a
significantly higher frequency of spermatozoa
with ideal morphology127.

Eggert-Kruse et al. did not find any significant
association between the presence of leukocy-
tospermia and the production of antisperm anti-
bodies in semen of the IgA and IgG types as
detected using the red blood-cell MAR test122.
Neither did Rodin et al. find a negative or positive
effect on semen parameters and sperm function in
the presence of leukocytospermia121.

Many reports on the negative effects of leuko-
cytospermia on sperm function have been pub-
lished, for instance by Chan et al., who showed
that, in the presence of leukocytospermia, hyper-
activation of spermatozoa, but not sperm motility,
was negatively affected128. Negative correlations
between leukocyte concentrations and progressive
sperm motility, normal sperm morphology and
the hypo-osmotic swelling test have also been
reported129, as well as a negative effect on normal
sperm morphology, with an increase in the inci-
dence of the stress-related phenomenon of elon-
gated spermatozoa112.

From the most recent literature, it is now clear
that the main negative effect of leukocytospermia
is the production of ROS, causing DNA fragmen-
tation and damage of spermatozoa as detected
with the TUNEL (terminal deoxynucleotide
transferase-mediated dUTP nick-end labeling)
and sperm chromatin structure assays31,33,130,131.
Henkel et al. found that DNA fragmentation due
to leukocytospermia did not correlate with in vitro
fertilization rates, but found a significantly
reduced pregnancy rate in IVF and ICSI patients
inseminated with spermatozoa for semen samples
containing high numbers of TUNEL-positive
spermatozoa. This would imply that spermatozoa
with damaged DNA are able to fertilize an oocyte,
but at the time that the parental genome is
switched on, further development of the embryo
stops, leading to a lower pregnancy rate31,33. This
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is in agreement with earlier work published by
Aitken et al. showing that the incidence of spon-
taneous pregnancies was negatively correlated
with the generation of ROS in a prospective study
performed in a group of oligozoospermic patients,
where about half the population exhibited
increased ROS activity132, and is also confirmed
by the work of Fedder110. Therefore, the main
negative effect of the presence of leuko-
cytospermia seems to be high ROS production,
especially by the WBC but also by spermatozoa
themselves, which then causes poor sperm func-
tional ability either by ROS action on the sperm
membrane where they interact with poly-
unsaturated fatty acids or by DNA damage or
fragmentation.

Source of leukocytospermia. According to Barratt
et al. leukocytospermia has a heterogeneous etiol-
ogy, including infections, inflammations and
autoimmunity, making the immediate cause for
this condition quite complex and unclear133. In
most cases, leukocytes present in semen are
presumed to originate from some sort of infection
in the male genital tract, but most men with
leukocytospermia have negative cultures of sam-
ples obtained from the seminal tract134,135. Purvis
and Christiansen found that, often, the source of
white blood cells in semen is the testicle/epi-
didymis, and that this may be of significance,
since spermatozoa are exposed to the potentially
damaging influence of leukocytes for much longer
periods in the epididymis than in other parts of
the tract, leaving more time for DNA damage to
occur136. It is thought that in some males the ori-
gin of leukocytospermia may be sources outside
the genital tract, and a wide range of these factors
that may cause leukocytospermia have been
reported109,118,120,136–141.

Trum et al. reported that leukocytospermia
was associated with a history of gonorrhea120.
Close et al. found that current cigarette smokers,
marijuana users and heavy alcohol users showed a
statistically significant greater number of leuko-
cytes in the seminal fluid than did non-users, in a
group of 164 men investigated for infertility

problems142. The increase in round cells and
leukocytes in semen samples from smokers was
confirmed by a study of Trummer et al.143. It has
also been reported that clomiphene citrate treat-
ment of a group of males with low serum testos-
terone levels may have led to leukocytosper-
mia144. Although it was not correlated with the
presence of leukocytospermia, Bieniek and Riedel
reported that the same bacteria could be found in
the semen samples of men who were diagnosed
with bacterial foci in their teeth, oral cavities and
jaws, and that after 6 months, following dental
treatment in about two-thirds of these men, their
semen samples proved to be sterile and the semen
parameters such as sperm concentration, motility
and morphology had clearly improved, while the
semen parameters of the control group remained
poor137.

Treatment of leukocytospermia. In many reports,
antibiotics have routinely been used to treat leuko-
cytospermia, but this is also a controversial matter
as several studies have obtained differing
results118,134.

A meta-analysis of the effectiveness of treat-
ment with broad-spectrum antibiotics of men suf-
fering from leukocytospermia and/or bacte-
riospermia was performed by Skau and Folstad139.
In total, 23 clinical studies were identified, but
only 12 studies were included for analysis. Their
results indicated that the most used antibiotics
were doxycycline, erythromycin and trimetho-
prim in combination with sulfamethoxazole, and
treatment resulted in significant improvements in
semen quality. When improvements in the results
for different semen parameters were expressed as
weighted effect size, the smallest effect was found
for sperm concentration, with a mean weighted
effect size of 0.16, followed by semen volume and
sperm motility, with a mean weighted effect of
0.20, followed by an improvement in normal
sperm morphology, with a weighted effect size of
0.22, and the best response to antibiotic treatment
was a significant reduction in the concentration of
leukocytes in semen samples, with a mean
weighted effect size of 0.23.
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A literature survey with emphasis on anti-
biotic treatment for leukocytospermia only was
performed, and 12 articles dealing with the
topic were identified110,118,119,145–153. Ten of the
articles reported a positive response, that is, a
reduction in seminal leukocyte concentra-
tions110,118,145–147,149–153. Some of the articles also
reported an improvement in semen parameters,
and four110,118,145,153 reported the occurrence of
pregnancies as a result of the antibiotic treatment.
In a case study of a male with azoospermia, antibi-
otic treatment for leukocytospermia resulted not
only in a decrease of the leukocyte concentration,
but also in the appearance of spermatozoa; how-
ever, two ICSI treatment cycles were unsuccess-
ful150. Interesting was the observation by Branigan
and Muller that higher ejaculation frequencies
enhanced the disappearance of leukocytes from
semen samples145, and this was confirmed by
Yamamoto et al.152. Only two articles reported
that significant reductions in the leukocyte con-
centrations were not obtained119,148.

There may be several reasons for not obtaining
a positive response with antibiotic treatment for
leukocytospermia. One reason may be that differ-
ent end-points are set for successful treatment
results, as illustrated by the two cases found in the
literature survey referred to above, reporting a
negative result. Although there was a (significant)
reduction in seminal leukocyte concentrations
after antibiotic treatment, this did not meet the
end-point of total eradication of leukocytospermia
set by the authors119,148.

Other reasons may be as postulated by Purvis
and Christiansen, who proposed two reasons
for difficulties in showing positive antibiotic
treatment-effects in infertile males presenting with
leukocytospermia118. The first is that the therapy
may not have been appropriate for the organism(s)
responsible for the infection, or that the dose or
duration may have been inadequate. According to
the authors, only certain antibiotics, the most
important being ciprofloxacin, have the capacity
to penetrate the accessory sex glands in high

enough concentrations. The encouragement of
frequent ejaculation during antibiotic treatment is
important, as the higher turnover of secretions
would be anticipated to encourage passage of the
antibiotics into the glandular lumen of affected
organs and thereby increase the efficiency of the
treatment. The second is that pathological changes
in the reproductive tract, due to the presence of
infection and responsible for poor semen quality,
may become permanent (e.g. epididymal stenosis
causing a delay in transit time of spermatozoa or
seminiferous tubule failure caused by orchitis).
Antibiotic treatment can therefore be expected to
have a positive effect on sperm quality only if the
chronic infection is still active and the pathologi-
cal organism is still present, and where the degree
of damage is still limited.

Eggert-Kruse et al. are of the very forcible
opinion that patients with symptoms of genital
tract infections (leukocytospermia) should be
treated as soon as possible, often as partner ther-
apy, to avoid the severe sequelae of ascending
infections102. However, they and others warn
strongly that antibiotic treatment should be used
with caution and used only when clearly indi-
cated, especially in healthy individuals102,154,155,
the reasons being that the non-critical use of
antibiotics may result in resistant strains of bacte-
ria, and that certain antibiotics may also have a
possible toxic effect on spermatogenesis. 

The working mechanism of antibiotic treat-
ment in the improvement of semen parameters is
not yet quite clear. One mechanism suggested by
Skau and Folstad is that antibiotic treatment may
cause a reduction in the level of cytotoxic cells
present in the testes, causing a reduction in
immune activity in the testes, resulting in a higher
number of morphologically normal spermatozoa,
and less DNA damage139. The effect of treatment
can also lead to pregnancies without clear alter-
ations in semen quality but after the disappear-
ance of leukocytes from the ejaculate, possibly
because the source of ROS production and thus
DNA damage has been eliminated.
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Sperm vital staining test Where previously it was
normal procedure to perform a vital staining test
on every semen sample with a sperm concentra-
tion of > 1.0 × 106/ml, it is now mostly performed
in cases with progressive sperm motility of < 30%.
The method as described by Eliasson54, based on
the method described by Blom156, is generally
used. A drop of semen is placed on a spot plate
and mixed with one drop of 1% aqueous eosin Y
solution. After 15 seconds two drops of 10%
aqueous nigrosin solution are added and thor-
oughly mixed. A drop of this mixture is trans-
ferred to a clean glass slide and a thin smear made
and air-dried. The smears are examined with a
100× oil magnification. Red cells or any sperm
cells not totally white are regarded as dead, and
the results are expressed as the percentage of live
(white) sperm. It is important to note that,
although the staining solutions are referred to as
aqueous eosin Y and nigrosin solutions, this refers
to the type of eosin Y and nigrosin. Both eosin
Y and nigrosin should be dissolved in phosphate-
buffered solutions to prevent hypo-osmotic
swelling of the sperm tails and the induction of
sperm death due to the hypo-osmotic stress caused
when the solutions are prepared with water, which
thus can give false-negative (low vitality) results157.

The performance of a vital stain technique is
an important tool to distinguish between live but
motionless and dead spermatozoa. Motionless but
still alive spermatozoa can be found, for example,
in cases of Kartagener’s syndrome, or may be
caused by cold shock. In cases where all spermato-
zoa are found to be dead by vital staining, the con-
dition is called necrozoospermia. 

Additional procedures

Azoospermia

When examination of the wet preparation indi-
cates that the semen sample contains no sperma-
tozoa, i.e. azoospermia, the following steps are
performed. The sample is centrifuged in a conical
disposable plastic centrifuge tube for 10 minutes

at 3000 g. The supernatant is carefully drawn
off and discarded, and the pellet suspended in a
small amount of medium and re-examined micro-
scopically using phase-contrast optics. The results
are interpreted as follows:

• No spermatozoa observed = azoospermia;

• Spermatozoa present = cryptozoospermia, or
sometimes called severe oligozoospermia
(< 1 × 106 spermatozoa/ml)39.

Moderate oligozoospermia

In cases where the spermatozoa concentration is
< 5.0 × 106/ml, the remaining semen after comple-
tion of all procedures can be centrifuged at ± 200 g
for 10 minutes. The pellet is suspended in a small
volume of medium and a small drop used to pre-
pare a standard smear. The smear is air-dried and
stained for use in cases where there are too few
spermatozoa present on the original morphology
smear.

Semen biochemistry

Semen biochemistry is not usually performed as
part of the standard basic semen analysis proce-
dure. However, in cases of azoospermia, or in the
presence of round cells in the wet preparation, cer-
tain tests can be performed to aid in the diagnosis
of azoospermia, or identification of granular white
blood cells when round cells are present. These
biochemical tests are usually carried out on semi-
nal plasma obtained by centrifugation of the
semen sample in a conical disposable test-tube at
3000 g for 30 minutes.

A test for α-glucosidase can be performed to
identify a possible obstruction at the site of the
epididymis, as this enzyme is produced exclusively
by the epididymis158. When the α-glucosidase
value is reduced, it can be interpreted that the
azoospermia may be due to an obstruction at the
level of the epididymis. In cases of azoospermia,
the fructose content of the seminal plasma can
also be determined, either biochemically or
directly on the semen sample as a bench test (as
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discussed below). Fructose is inter alia an indi-
cator of the secretory function of the seminal
vesicles, and low fructose levels may indicate
congenital dysgenesis (absence) of the seminal
vesicles and vas deferens. A kit (Fructose Test; Fer-
tiPro) for the spectrophotometric determination
of fructose in semen/seminal plasma is commer-
cially available22.

In cases where round cells are observed in the
wet preparation, a PMN-elastase assay can be per-
formed159. This enzyme is secreted by activated
granulocytes, and can be measured in fresh or
frozen seminal plasma. The method is objective
and convenient, but costly and time-consuming,
as 20 samples must be tested at the same time, but
a strong correlation has been found between elas-
tase levels and WBC numbers in semen. An
increased value of > 290 ng/ml semen is a strong
indication of the presence of leukocytes, or a silent
inflammation of the genital tract106,160.

Colorimetric bench method for fructose
determination

A bench method for the quick determination of
fructose has been described by Amelar, based on
the Selivanoff method161. In this test, 5 mg of
resorcinol is added to 33 ml of concentrated
hydrochloric acid and diluted to 100 ml with dis-
tilled water. An aliquot of 0.5 ml semen is added
to 5 ml of the reagent in a heat-resistant glass tube
and heated to boiling point. In the presence of
fructose, an orange-red coloring will appear
within 60 seconds after boiling. Special care
should be taken when performing this procedure
by wearing protective clothing, especially glasses
for protection of the eyes, due to the vicious boil-
ing161.

Semen cultures

In all cases where a semen analysis is done for the
first time, swabs should be prepared for culturing
of aerobic bacteria and for Ureaplasma and
Mycoplasma, especially in cases for ART proce-
dures. The patient should be instructed to pass
urine and then to wash his hands with soap and

water and the glans penis with water alone. The
semen is produced into individually packed and
sterilized containers. Unfortunately there is
poor correlation between bacteriospermia and
leukocytospermia, and the validity of culturing
semen samples has been questioned55. It is also
evident that it is difficult to culture semen sam-
ples, and some laboratories prescribe specialized
procedures in order to obtain optimal results22.

Computer-assisted semen analysis

The past decade has seen the development of
many computer-based systems to analyze semen
samples more accurately, objectively and effi-
ciently. Although systems for the measurement of
sperm concentration22,39,162,163 and normal mor-
phology164 exist, the motility parameter has
received the most attention22,163. These systems
have primarily enabled the critical analysis of
sperm head kinematics, while flagellar kinematics
remains a future challenge. To date, numerous
parameters of sperm head motion have been iden-
tified, of which 11 have been officially accepted
and standardized. Computer-assisted semen
analysis (CASA) has also been invaluable in the
characterization of hyperactivated motility22.

Three of the most generally used CASA
parameters are: (1) curvilinear velocity (VCL), i.e.
the measure of the rate of travel of the centroid of
the sperm head over a given time period (this is
calculated from the sum of the straight lines join-
ing the sequential positions of the sperm head
along the sperm’s track); (2) straight-line velocity
(VSL) (this represents the straight-line distance
between the first and last centroid positions for a
given time period); (3) linearity of forward pro-
gression (LIN) (this is reported as the ratio
VSL/VCL expressed as a percentage, and repre-
sents the value of 100 cells swimming in a per-
fectly straight line)22,39,163.

In an attempt to standardize CASA results
stringent guidelines for the correct operational
procedures for CASA systems have been proposed
by the ESHRE Andrology Special Interest
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Group165,166. The guidelines include several rec-
ommendations, namely, the need for internal and
external quality control, adequate training,
including that offered by the different manufac-
turers, and correct operational procedures. The
group have advised that in any manuscript or
report the technical operational procedures should
be clearly spelled out. These should include the
image acquisition rate, which is recommended as
50 Hz, tract sampling time, recommended to be a
minimum of 0.5 seconds, indication of the type of
smoothing algorithm employed, the number of
cells sampled, recommended to be > 200 in at least
six fields, the type of chamber used, recommended
depth 10–20 µm, and also some data on the
instrument used, such as the model and software
version numbers and microscope optics and
magnification22,39,156,166.

Quality control in the andrology
laboratory

In the modern andrology laboratory, the impor-
tance of a distinct quality assurance (QA) policy
has become very evident in the past decade, and
every laboratory should have such a program in
place, including measures for quality control
(QC). QA is the larger picture of QC and exam-
ines overall laboratory quality, including good lab-
oratory administration of personnel and labora-
tory procedures, communications skills between
all role players and introduction of remedial
actions taken when indicated, and documentation
of procedures and programs. Detailed descriptions
of QA and QC programs and methods can be
found in the WHO 1999 manual22, the ESHRE
manual53 and various articles165,166 and text-
books39.

The 1999 WHO manual22 and the ESHRE
manual53 also place great emphasis on especially
QC, which must include an internal (IQC) and
an external (EQC) leg. The IQC program should
include aspects of control of equipment and repli-
cate assessments of the main semen parameters
between and within technologists. It can also

include sampling of monthly averages and other
more sophisticated actions such as assessing sys-
tematic differences between technicians.

There are several EQC programs in different
countries and continents run by governments, for
example UK NEQAS (UK National External
Quality Assessment Service), or national and
international society programs such as those of the
European Academy of Andrology (EAA) and
ESHRE. These programs are limited due to prac-
tical logistical difficulties in sending out large
numbers of the same samples as well as cost
factors.

A problem encountered with the different pro-
grams is that the standards between them differ,
and also they do not all follow the same proce-
dures with regard to standardization. It is known
that some national programs use Diff-Quik™-
stained smears and others Papanicolaou-stained
smears, which may give different results. Other
problems have been encountered with sperm mor-
phology as demonstrated by Cooper et al.167, indi-
cating that users of the ESHRE EQC program are
much more strict in their sperm morphology scor-
ing compared with users of the EAA and UK
NEQAS programs. Disagreements between motil-
ity grades a and b have also been found between
the three schemes. Better standardization can be
achieved by continued training of laboratory per-
sonnel, as done by the ESHRE Special Interest
Group in Andrology with their basic semen
analysis training program168, but continued inter-
action between laboratories and the training
facility is also important to assure continued
standardization169.

INTERPRETATION OF SEMEN ANALYSIS
RESULTS

As mentioned previously, a semen analysis result
cannot be interpreted correctly unless all factors
that may have an influence on the results are
known. It is also important when repeat semen
analyses are performed and compared with
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previous results that there are a number of factors
that may add to the normal biological variation of
the results170. Some of them are discussed below.

Sources of variation affecting semen
parameters

Many sources of variation are known, but only
some of those that can cause large variations in
semen parameters, such as sexual abstinence, sea-
sonal influences or illness, are discussed briefly.

Today, it is an accepted fact that abstinence can
have a pronounced but varied effect on the semen
parameters. This can vary from a small influence
on sperm morphology to a statistical significant
effect on sperm motility, sperm concentration and
semen volume. This is due to the fact that pro-
duction of spermatozoa and the secretions of the
accessory glands that form the seminal plasma are
daily ongoing processes37,40,41,45.

It is generally accepted that the human is not a
seasonal breeder and that spermatogenesis is a
continuous and active process throughout the
year. However, a few studies have been reported in
which a possible seasonal influence has been inves-
tigated171–175. From the literature, it appears that
this influence is the result of increased summer
temperatures and is mainly an influence on sperm
concentration and/or sperm morphology. On the
other hand, it has also been speculated that day
length rather than temperature may be a reason
for seasonal fluctuations175. Henkel et al. found
significant seasonal changes in chromatin conden-
sation and sperm count175. Best chromatin-intact
values with a mean maximum value of 86.2% ani-
line blue-negative spermatozoa were found in Jan-
uary, and the highest mean sperm concentration
of 68.75 × 106/ml semen was found in April in a
group of patients investigated in Germany. For a
control group of patients from the Southern hemi-
sphere, a seasonal change shift by 4–5 months was
observed for maximum chromatin condensation,
but no trend for sperm concentration could be
observed.

Mention is often made in articles or chapters
on male infertility that a common cold, a bout of
influenza or other febrile illnesses will have an
adverse effect on spermatogenesis. Therefore, it is
important that this is queried in the questionnaire
to be completed with every semen analysis1,37.
MacLeod published several articles demonstrating
the effect of a viral infection with an increased
body temperature as well as the effect of chicken-
pox on semen quality176,177. He found that sperm
concentration, motility, forward progression and
morphology were all impaired.

The same effect was observed by Menkveld
and Kruger40,41. The effect can be quite drastic,
and is an important factor when evaluating semen
analysis results. Two cases presented by Menkveld
and Kruger40,41 illustrated that the motility, speed
of forward progression and percentage of morpho-
logically normal spermatozoa were the first
parameters to show negative effects of the illness.
The sperm concentration was not immediately
negatively affected, probably due to storage of
spermatozoa in the genital tract. This may suggest,
therefore, that sperm morphology and movement
can be altered while in the genital tract, especially
the epididymis65,178. The negative effect of the ill-
ness is longest reflected in the sperm morphology,
which may indicate that spermatogenesis and
spermiogenesis are very sensitive as far as the
whole process of morphogenesis is concerned.

The adverse environmental effects investigated
above seem to have their most pronounced effects
on sperm morphology40,41,179. Menkveld et
al.40,41,179, like MacLeod14,176,177, came to the con-
clusion that sperm morphology is a very sensitive
parameter that will reflect any adverse influence
on the body/testes in a short time. Menkveld and
Kruger speculated that any illness or infection
might cause a temporary decrease in the percent-
age of morphologically normal forms, after which
it will return to its original value40,41. However, if
the testes are repeatedly attacked by adverse influ-
ences or conditions, this may start to cause histo-
logical changes in the lamina propria and basal
membrane or Sertoli cell function, which will
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then adversely influence spermatogenesis. This
negative effect will first be reflected in a gradual
lowering of the percentage of morphologically
normal spermatozoa179,180, with an increase in the
percentage of elongated sperm as well as an
increase in the number of immature forms. This
will then be followed by a decrease in the sperm
concentration40,41,180.

Number of semen analyses to be
performed

Zaneveld and Polakoski45 advocated that if a
patient produces a normal sample with the first
semen analysis, then there is no need to perform a
further semen analysis. However, if the sample is a
borderline case or classified as abnormal according
to the specific laboratory’s standards, it will be
necessary to do more semen analyses before a final
diagnosis can be made. In these cases they recom-
mend that three semen analyses, with 3–5 weeks’
intervals, should be carried out. Some authors feel
that there will always be some variation from sam-
ple to sample, and that it is therefore necessary to
perform at least two semen analyses before a diag-
nosis can be made181–183. Others have stated that
several or 3–4 semen analyses over a period of 3
months, representing a complete cycle of sper-
matogenesis, are required to make an estimation
of a patient’s fertility potential18,37,73.

An aspect that must now seriously be consid-
ered is the cost factor. Due to the increasing costs,
the tendency is to keep the number of semen
analyses per patient to a minimum. A good policy,
therefore, in a case where the first semen sample is
classified as normal according to the specific labo-
ratory’s standards, will be to suffice with one
semen analysis and to repeat the semen analysis
only if indicated due to a long time interval or due
to a recent medical event. In a case where the
semen analysis is abnormal, the analysis can be
repeated two or three times within a period of 3
months so that a good semen profile of the patient
can be obtained.

Interpretation of results

The evaluation of a semen specimen must be
based on an overall picture that relates seminal
volume, spermatozoa concentration, motility and
sperm morphology and the results of additional
tests such as the MAR test23, leukocyte peroxidase
test and biochemical results24. It must be kept in
mind that even when results are far below the nor-
mal values of a laboratory, conceptions can still
occur, although the time to reach this goal may be
longer in such cases compared with cases where
normal semen values are observed39,184.

A distinction should also be made according to
the reason the semen analysis was requested.
Results of a semen analysis that may establish a
poor prognosis for in vivo fertilization may still be
adequate for in vitro fertilization. Calculating an
index of the total concentration of morphologi-
cally normal motile spermatozoa may be of use for
in vitro fertilization but is of little relevance for in
vivo fertilization, as volume plays an important
part in these calculations. It is known that oligo-
zoospermia is frequently associated with a large
semen volume, which must be regarded as an
abnormal parameter, and this abnormal factor can
therefore not be used to calculate such an index
and compensate for the low sperm concentration.
Large semen volumes are associated with semen
loss from the vagina after intercourse, resulting in
a large percentage of the available spermatozoa
also being lost.

Much has been written about interrelation-
ships between semen parameters and the compen-
sating interaction of semen parameters37,185.
Although there may be a general tendency186 that
high sperm concentrations are associated with
higher percentages of motility and normal mor-
phology, Menkveld et al.41,75,180 have shown that
there are exceptions, especially as far as sperm
morphology is concerned. With regard to the
compensating interaction of semen parameters,
the above-mentioned argument also holds true. In
cases where the volume is within the normal
range, a certain degree of compensating interac-
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tion may occur, but this will be limited. It was
observed43,73 while calculating normal values and
minimal values for conception, based on the
occurrence of conceptions in an infertile popula-
tion (which incidentally should be used and not
so-called ‘normal populations’), that a single and
consistently very abnormal semen parameter
could be associated with no, or only a sporadic,
occurrence of conception in apparently normal
women43,187.

Standards for normal semen
parameters and fertility

Normal standards of semen parameters for the
basic semen features, i.e. volume, motility, sperm
concentration and morphology, have from time to
time been published43 and also reviewed in the
WHO manuals19–22. In the 1999 WHO man-
ual22, the term ‘normal values’ was changed to ‘ref-
erence values’. The values published in the WHO
manuals19–22 were mostly obtained through stud-
ies done on so-called normal or fertile popula-
tions, and were not the lowest values necessary to
achieve spontaneous pregnancies. This means that
spontaneous pregnancies in normal relationships
can also be obtained with lower semen parameter
values than those indicated in the manuals. Many
authors, especially those not working in the field
of andrology, do not take this fact into considera-
tion, and confuse normality with fertility. This
results in a situation whereby if the semen param-
eters (variables) are not within the normal range,
as given in the WHO manuals19–22, males are
regarded as infertile, i.e. not capable of concep-
tion. This can lead to social problems and stress
among couples, for example in cases where spon-
taneous pregnancies actually occur after such a
pronouncement has been made.

The differences between standards for normal-
ity and fertility have been demonstrated by Van
Zyl188, Van Zyl et al.73,74 and Menkveld and
Kruger41,43. Results of semen analyses of males
who had recently impregnated their wives were

classified according to the then internationally
accepted normal standards17 by Van Zyl et al.73

and according to the 1987 WHO manual20 nor-
mal values by Menkveld and Kruger41,43, and
compared with classifications based on the values
used for fertility at Tygerberg Hospital189. Van Zyl
et al.73 found that only 18.8% of the men were
classified as normal or fertile according to the then
normal international criteria, as against 68.4% of
men according to the Tygerberg values. Menkveld
and Kruger41,43 found corresponding values of
20.5% and 64.5%, respectively. The Tygerberg
normal values were based on comparison of the
values of each separate semen parameter with
those in spontaneous pregnancies obtained in a
group of apparently normal women attending the
infertility clinic at Tygerberg Hospital73,74,187. The
lowest value for each semen parameter, above
which no significant increase in pregnancy rate per
interval group occurred, was taken as the normal
value for fertility for each semen parameter. It was
found that, based on these semen parameter val-
ues, males could be divided into one of three
groups, fertile or normal, subfertile and infertile.
Fertile is regarded as an optimal chance for spon-
taneous conception in vivo, subfertile as a reduced
chance and infertile as a small chance. These
values were found to be also applicable to in vitro
fertilization189.

Recently, a number of studies have been
published in which the semen parameter values of
males from so-called fertile populations were
compared with the semen parameter values of
males from subfertile populations, in order to
determine minimum cut-off values for the differ-
ent semen parameters, to establish a male’s fertility
potential190–194.

Guzick et al.192, similar to Van Zyl et al.73,74,
Menkveld41 and Menkveld and Kruger189, found
that men’s fertility potential could be classified
into one of three groups based on their semen
parameters as possibly fertile or normal, subfertile
and infertile. A summary of the proposed values
for the different classes as found in the various
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Table 9.1 Cut-off values of semen parameters for the classification of a male’s possible fertility potential, as found
in the recent literature, based on a comparison of fertile versus subfertile populations. The Tygerberg Hospital values
are based on pregnancies observed

Author/semen parameters Infertile Subfertile Fertile

Ombelet et al.190

concentration (106/ml) 34.0
progressive motility (%) 45.0
morphology (% normal) 10.0 (SC)

Guzick et al.192

concentration (106/ml) < 13.5 13.5–48.0 > 48.0
motility (% motile) < 32.0 32.0–63.0 > 63.0
morphology (% normal) < 9.0 9.0–12.0 > 12.0 (SC)

Günalp et al.193

concentration (106/ml) 9.0
progressive motility (%) 14.0 42.0
morphology (% normal) 5.0 12.0 (SC)

Menkveld et al.194

motility (% motile) 20.0 45.0
morphology (% normal) 21.0 31.0 (WHO)
morphology (% normal) 3.0 4.0 (SC)
AI (% normal) 3.0 3.0
TZI (0–4) 2.09 1.64

Tygerberg Hospital values*
concentration (106/ml) < 2.0 2.0–9.9 ≥ 10.0
motility (% motile) < 10.0 10.0–29.0 ≥ 30.0
morphology (% normal) < 5.0 5.0–14.0 ≥ 15.0
volume (ml) < 1.0 and > 6.0 1.0–6.0

*Based on publications of Van Zyl69,188, Van Zyl et al.73,74,187, Menkveld41, Menkveld and Kruger40,43,189 and
Kruger et al.76,77; AI, acrosome index; TZI, teratozoospermia index; SC, strict Tygerberg Criteria41,75; WHO, 1992 World
Health Organization criteria21
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studies190,192–194 is presented in Table 9.1. For the
Tygerberg classification, the male is categorized
based on his poorest semen parameter189. It is
believed that in the subfertile group some com-
pensating interaction between the different semen
parameters may occur. However, if a specific
semen parameter falls in the infertile category, the
impairment is so severe that one or even more
good semen parameters cannot compensate for
the single poor parameter189; nevertheless, even in
these cases, a spontaneous in vivo pregnancy is still
possible.
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Advances in automated sperm morphology
evaluation

Kevin Coetzee, Thinus F Kruger

INTRODUCTION

Normal sperm morphology has been shown to be
predictive of male fertility, independent of other
semen parameters. Two literature surveys were
conducted to assess this value, both confirming
the superior value of percentage normal sperm
morphology, as compared with any other manu-
ally evaluated semen parameter1,2, when evaluated
using standardized methodology under controlled
conditions.

In humans, normal fertile ejaculates contain
spermatozoa exhibiting considerable morphologi-
cal variations not only in the size and shape of the
head and the acrosome, but also in the degree of
nuclear vacuolation, size of persisting cytoplasmic
droplets, midpiece disturbances and tail abnorm-
alities1. Since 1950 many investigators have tried
to create a standardized set of criteria for the assess-
ment of human sperm morphology3–9. The major
shortcoming underlying the universal acceptance
of any of these criteria and/or guidelines has been
the large interobserver, intraobserver and inter-
laboratory coefficients of variation observed. The
value of manually evaluated sperm morphology
outcomes has been questioned by many, owing to
the lack of precision and reliability observed. Most
of the variation inherent to manual evaluations

can be attributed to the subjective nature of
evaluation and methodological inconsistencies.
Despite the lack of confidence in the manually
evaluated sperm morphology outcomes, the maj-
ority of clinics persist in the use of the standard,
manually evaluated semen analysis1,10.

Automated systems have the power to increase
the objectivity, precision and reproducibility of
sperm morphology evaluations, and add further
value by providing accurate sperm kinematics
measures. As attractive as this option may seem,
not many automated systems have been intro-
duced into routine andrology laboratories. The
majority of systems currently in operation are used
in more experimental situations, because of the
objective biological resolution of the systems. The
probable reasons for the resistance to routine
application of the systems are: (1) the cost of the
systems, (2) technical limitations of some of the
systems (software and hardware) and (3) the lim-
ited number of technical and clinical studies pub-
lished per system to prove their value11. Only
through continued demonstration of the value of
objective automated semen analysis outcomes in
relation to fertility in large prospective random-
ized studies will the incentive increase to intro-
duce automated systems into routine andrology
laboratories12.
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AUTOMATED SYSTEMS

Although this chapter’s focus is on automated sys-
tems, manual techniques and semiautomatic sys-
tems have been developed that can also be classi-
fied as objective systems. These techniques and
systems are important in that they are often sim-
ple and economical to set up and use. Calamera et
al.13 modified and described a manual method
using only a video camera, monitor and micro-
scope. An acetate overlay mask of normal sperm
morphology was created by three independent
observers using World Health Organization
(WHO) 199214 guidelines and strict criteria.
Similarly, Goulart et al.15 in a comparative study
(manual vs. semiautomatic vs. automatic)
developed a manual system in which the operator
controlled all the settings (strict criteria) and the
evaluation procedure, using a computer mouse.
Semiautomatic methods for classifying human
sperm based on objective measurements of
head shapes and sizes have also been devel-
oped15,16, in which the operator can interactively
control the evaluation procedure. In the study by
Goulart et al.15, the semiautomatic system was
found to be the most reliable and secure method
for performing sperm analysis, as such a system
allowed the operator to confirm or correct possi-
ble computer misidentification. Although these
systems have demonstrated a certain degree of
accuracy and reliability in the evaluation of sperm
morphology, the limitation is the time required
per evaluation.

True automated systems consist of a micro-
scope, a video camera, a computer, a frame grab-
ber and morphology software. The systems work
as follows. The video camera delivers the image
(digitization) to the frame grabber, which stores it
for analysis, and the image is evaluated by the
morphology software and included for statistical
analysis. Recognition of spermatozoa and exclu-
sion of other cells depend on the software specifi-
cations (gates) for sperm shape, size and color
(stain) intensity. Once spermatozoa are recognized

and separated from debris and other cells, metric
measurements are performed on the sperm head,
midpiece, acrosome and other cytological features.
The software is normally programmed to recog-
nize spermatozoa according to dimensions and
criteria required by the authors17. These may
depend on the staining procedure used (e.g.
Papanicolaou vs. Diff-Quik) and the range of
values of the classification systems used (e.g. strict
criteria, WHO guidelines, biological selection cri-
teria, etc.).

Many variations (hardware and/or software) of
the above configuration can be developed to elim-
inate a weakness and/or exploit a strong point
(Table 10.1). Sofitikis et al.18 used a confocal laser
scanning microscope instead of a normal light
microscope to evaluate sperm morphology quanti-
tatively. They were therefore able to use unstained
semen samples to define the normal ranges of
sperm morphometric parameters, to exclude the
effect of the staining procedure.

The initial systems relied only on morphomet-
ric measurements to classify spermatozoa into
groups. Evaluation precision was improved by the
Hamilton Thorne Research integrated visual opti-
cal system (IVOS), which introduced the signa-
ture method of including evaluation of the sperm
head shape, shown to be of most clinical signifi-
cance19,32. The ability of the systems to evaluate
shape is important, because the correct cell head
aspect ratio does not always guarantee normality.
Other systems have also incorporated shape analy-
sis methods in their evaluation procedure, for
example the Hobson Sperm Tracker20.

The sperm head automated morphometric
analysis system (SHAMAS) used by Garrett et al.33

included another classification parameter, %Z: the
percentage of sperm with characteristics which
conform to those of sperm that bind to the zona
pellucida of the human oocyte. These ‘zona
pellucida preferred’ values indicate axial sym-
metry, narrow neck and large acrosomal area as
important for sperm–zona binding, and therefore
normal fertilizing potential. 
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SLIDE PREPARATION AND STAINING

In a world-wide survey conducted by Ombelet et
al.34, it was confirmed that a wide variety of dif-
ferent methodologies were being followed for the
evaluation of sperm morphology. The adopted
and adapted methods included procedures for the
preparation of semen samples and staining of
sperm cells, as well as classification systems used to
identify normal and abnormal cells. Ombelet et
al.34 concluded that an urgent need to standardize
sperm morphology evaluation methodology
existed. Just as in the case of the visual evaluation
of sperm morphology, users of computer-assisted
sperm morphology analyzers must recognize that
the principles of standardization and quality con-
trol are paramount to accurate evaluations35.

Sample preparation and staining may signifi-
cantly influence the precision and reliability of
sperm morphology evaluations. The variation that
may result from these procedures can to a large
extent be overcome by an experienced technician
using visual evaluation, but this may not be possi-
ble when an automated system is used24. By the
very nature of the evaluation process in automated
systems, there is no means of compensating for
preparation defects and artifacts. For example,
small differences in background shading relative
to cell staining intensity can result in digitization
errors, leading to incorrect classification or the
inability to identify the cell as a sperm.

Davis and Gravance25 found that the percent-
age of normal sperm detected by the CellForm-
Human method was not different for washed
specimens compared with unwashed controls. The
technical variability arising from semen prepara-
tion and slide staining methods could, however,
be reduced when specimens were washed and
resuspended to a standard concentration
(150–200 × 106) before smearing. Lacquet et al.23

also preferred using washed semen samples resus-
pended at a concentration of 100 × 106 cells/ml.
Thin, evenly spread smears were made from this
solution to ensure that approximately five cells
were available per screen for analysis. It is now

preferred practice to prewash the semen sample
and to adjust the concentration of the resultant
sperm sample. A single- or double-wash procedure
can be followed. If a single wash is performed the
sample must be adequately diluted (≥ 1:5, semen/
medium) prior to centrifugation. Washing the
semen sample may be essential for two reasons: (1)
to remove as much of the acellular constituents
(plasma) of the semen as possible and (2) to con-
centrate the sperm sample11. The presence of a
high concentration of seminal plasma results in
intense background staining and flaking during
the staining procedure. A droplet, its size depend-
ing on the concentration of the resultant sperm
sample, must be thinly smeared across a clean slide
and allowed to air-dry (room temperature). This
capability of being able to adjust the concentra-
tion of sample is especially important for oligo-
zoospermic samples. The sample processing proce-
dure must result in between 10 and 20 sperm per
high-field magnification (5–10 sperm per com-
puter screen) to optimize the reading time. The
density of sperm required for automatic evalua-
tions is therefore double that required for manual
evaluations.

The most commonly used stains or staining
methods used for the evaluation of sperm mor-
phology are hematoxylin stain, the Papanicolaou
method, the Shorr method, the Spermac method
or the Diff-Quik method. Morphometric meas-
urements were found to be more accurate and pre-
cise when sperm were stained with GZIN than
when stained with Papanicolaou or hematoxylin25.
Lacquet et al.23 found no statistical difference in
outcome between five different Diff-Quik (Hema-
color Kit, Merck) staining procedures. Menkveld
et al.24, in a study comparing the effect of washing
and staining methods (Papanicolaou, Shorr, Diff-
Quik and Spermac) on automated evaluation,
obtained results comparable to manual evaluation
by washing the semen samples once and staining
with Diff-Quik stain. Wang et al.27, using a
simplified Shorr staining procedure, found that
less shrinkage of the spermatozoa occurred com-
pared with the Papanicolaou staining procedure,
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resulting in higher length, width and length/width
ratio means. Different staining procedures there-
fore result in different chromatic and physical
appearances of sperm cells. This is certainly true
for the Papanicolaou and Diff-Quik staining
methods36.

Dimension-specific software (Papanicolaou
and Diff-Quik) has therefore been loaded into the
Hamilton Thorne Research (IVOS) system. A
study was hence conducted to determine the
agreement between computer-analyzed normal
sperm morphology values (n = 97) stained accord-
ing to the Papanicolaou and Diff-Quik methods17.
A significant bias of 1.6% was obtained in favor of
higher normal sperm morphology percentages
when the Diff-Quik method was used. One of
these two methods had to be selected to standard-
ize methodology for future automated evaluation
studies. The Diff-Quik staining procedure was
selected as the preferred staining method, because
of its simplicity, short staining time and good con-
trast. This difference seen when using different
stains also illustrates the importance of ensuring
that the software program is developed according
to the method of cell staining used.

These results illustrate the importance of the
standardization of procedures, and of selecting
procedures that will result in optimal cell recogni-
tion and evaluation. The requirements are: thin,
evenly spread smears (five sperm cells per screen)
to ensure that all sperm are on the same focus
plane, and a staining procedure that ensures min-
imal background staining, good contrast and good
color differentiation. The reproducible production
of high-quality slides will ensure that the time
required to carry out normal sperm morphology
evaluations is kept to the minimum.

EVALUATION PRECISION

The manual evaluation of sperm morphology still
continues, resulting in inaccurate and valueless
measures, even though a better alternative exists.
The coefficients of variation for repeat estimates

by manual evaluation of normal sperm have been
observed to be as high as 100% within and
between laboratories. The average coefficients of
variation for most laboratories are probably in the
range 30–60%37. This high possible level of varia-
tion may no longer be acceptable, with increasing
pressure for laboratories to implement strict qual-
ity control programs and be accredited according
to the guidelines and conditions of accreditation
bodies. If automated systems represent the only
alternative, the question would have to be whether
the available versions have reached the level of pre-
cision acceptable for routine implementation.

Although inaccurate and imprecise, the visual
evaluation of sperm morphology provides the only
practical standard with which to compare the out-
comes of automated evaluations of normal sperm
morphology. For these systems to be accepted they
must first demonstrate coefficients of variation
smaller in magnitude than those obtained for
visual evaluations. The strict criteria are unique in
that the underlying philosophy of the classifica-
tion system limits variation in the evaluation of
sperm morphology. This is clearly illustrated by
the study performed by Menkveld et al.32, in
which relatively low coefficients of variation were
obtained for repeat manual evaluations by experi-
enced technicians, ranging between 5.21 and
27.76%. The goal should therefore be to develop
systems that will produce coefficients of variation
of < 10%.

Davis et al.12, measuring the same sperm
repeatedly by computer, obtained a < 1% overall
coefficient of variation for repeated measures. In
their study, Kruger et al.19 analyzed 255 cells three
times in succession and obtained pairwise agree-
ments of 0.85, 0.80 and 0.85 (K statistic > 0.75,
i.e. excellent agreement). Davis et al.12 also parti-
tioned the variance among other factors and
obtained the following coefficients of variation:
between men 1.84–4.17%, between slides
0.6–1.38%, between repetitions 0.16–1.10% and
between sperm 6.59–11.39%. Sperm morphology
outcomes, as determined by an automated system
using stained smears from washed samples, was

Kruger Chapter 10  12/7/06  11:23  Page 175



MALE INFERTILITY176

shown in a study by Garrett and Baker30 to have a
coefficient of variation equaling < 4% for the same
semen sample and < 7% with different batches of
stain. The authors concluded that such results are
superior to those of an experienced technician
using manual evaluations. The average intraslide
(three repeat measures) coefficient of variation for
the automated evaluations of 100 cells and 200
cells was found to be 9.73% and 8.30%, respec-
tively, when using the IVOS. The average inter-
slide coefficient of variation obtained using the
IVOS was, however, 15.39%38. The approxi-
mately 6–7% higher variation obtained for inter-
slide evaluations, as compared with intraslide eval-
uations, may once again point to the importance
of sample and slide preparation.

The average coefficient of variation for repeat
evaluations is known to be a function of both the
number of sperm evaluated and the percentage of
normal forms25,39, due to statistical presupposi-
tions. Semen samples with low percentages of nor-
mal sperm (< 10%) will inherently exhibit higher
variability in repeat analyses. Davis and Gra-
vance25 concluded that at least 200 cells should be
evaluated to obtain a stable estimate of the per-
centage of normal sperm. Analyzing the group of
patients in whom the average normal sperm mor-
phology outcome across the three evaluations was
≤ 10%, a coefficient of variation of 13.9% and
10.63%, for 100 and 200 cells, respectively38, was
obtained. Greater confidence in normal sperm
morphology outcomes will therefore be achieved
if 200 or more cells are evaluated in patients with
low normal sperm outcomes. The evaluation of
200 or more cells per sample (per slide) will
become more feasible as the speed of processors
used in automated systems increases.

In a study comparing sperm morphology ana-
lyzed by a computer equipped with a morpholo-
gizer with that using the traditional manual
method, Wang et al.27 found a significant correla-
tion between the two methods (r = 0.52;
p < 0.0001) for percentage of normal forms.
Although the mean percentages of normal forms
classified by the methods were not significantly

different (72.4% vs. 72.3%), the limits of agree-
ment were relatively large (–20.5% to +20.7%).
Davis et al.12, comparing manual with automated
classification, obtained a 60% unambiguous
agreement. They also found that the automated
classification method always resulted in a lower
percentage of normal sperm than the manual
method: 50.9% compared with 61.9%. Kruger et
al.22, evaluating 43 slide preparations blindly,
found that 84% of the FERTECH’s evaluations
compared well with the manual method. In a
subsequent study, Kruger et al.19 correlated the
percentage normal morphology (strict criteria)
outcomes between manual and automated evalua-
tions and found the limits of agreement to be
between 12.1 and –15.5%. In the percentage nor-
mal sperm morphology range 0–20%, the limits
of agreement were, however, narrower (8.4 to
–6.6%). The Spearman correlation coefficient for
this study was 0.85, which was similar to the cor-
relation (r = 0.83) obtained between two observers
performing manual evaluations. Using the 14%
fertility cut-off point for strict criteria, Kruger et
al.21 found that the automated system was able to
classify 81.3% (65/80) of cases, similar to the
manual method.

Four identical automated instruments (Cell-
Trak-S), two each at two sites, were used to ana-
lyze (archive) videotape material40. The coeffi-
cients of variation obtained for repeated measures
were between 1 and 8% for each variable meas-
ured on all instruments. Kruger et al.41 examined
intermachine variation for two IVOS set-ups
(Tygerberg vs. Norfolk), evaluating the same
slides. The comparison showed no difference in
the mean percentage of normal forms (15.6% vs.
15.8%) produced by the two systems. Although a
correlation coefficient of 0.92 was obtained, the
coefficient of variation was, however, 20.65%. In
a multicenter study in which 30 sperm morphol-
ogy slides were evaluated at five independent cen-
ters using the IVOS, the magnitudes of variation
(coefficients of variation) obtained ranged
between 11.36 and 23.09%42. Although most of
the major variables (sample preparation, cell
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staining and classification system) influencing the
evaluation of sperm morphology were eliminated,
a variation of > 15% was still obtained between
outcomes produced at the different centers.

The results observed show that there is good
agreement between an experienced manual
observer’s evaluations and automated evaluations.
The results also show that the use of an automated
system does not mean that all variation will be
eliminated. The technologist performing the
computer-assisted evaluation therefore still has an
important role to play in limiting variation. Fac-
tors other than sample and slide processing that
the technologist can control, and which may
significantly influence outcomes, are focus and
illumination.

FERTILITY PREDICTION VALUE

The primary objective for developing any diag-
nostic tool for in vitro or in vivo human fertility
diagnosis is the ability to determine accurately the
fertility potential, to provide the infertile couple
with realistic advice with regard to conception
potential. Replacement of manual evaluations of
sperm morphology with automated evaluations,
therefore, also requires unequivocal proof that the
outcomes have predictive value.

Wang et al.28 were among the first to assess the
usefulness of automated sperm morphology evalu-
ation to predict the outcome of human sperm fer-
tilizing capacity. Multivariate discriminant analy-
sis was used to analyze the ability to predict the
outcome of the zona-free hamster-oocyte assay.
The eight variables selected were able to predict
fertility capacity with 74% accuracy, compared
with 84% when the manual method was used.
Kruger et al.22 determined the prognostic value of
the IVOS by evaluating 21 slides from Tygerberg
Hospital and 21 slides from Norfolk’s in vitro fer-
tilization (IVF) program. The fertilization rates for
the two fertility groups, < 14% and > 14% normal
forms, were 33.3% (15/45) and 76.6% (46/60),
respectively, for manual evaluations and 46.8%

(30/64) and 75.6% (31/41), respectively, for auto-
mated evaluations (Tygerberg slides). Evaluations
performed on the Norfolk slides produced a simi-
lar result: 27.4% (14/51) and 90.0% (127/141)
and 33.9% (18/53) and 88.4% (123/139) for the
manual and computer analyses, respectively.

Sofitikis et al.18, using fresh sperm and a con-
focal scanning laser microscope, found that when
the percentage normal forms were ≥ 22%, fertil-
ization occurred in 25 of 26 cases, while below
this percentage only two of 15 cases fertilized
oocytes. MacLeod and Irvine26 examined the
value of both manual and computer-assisted
semen analysis (WHO 198743) using the Hamil-
ton Thorne HTM-S 2030 in predicting the in
vivo fertility (‘normal’ women) of cryopreserved
donor semen. When the post-thaw semen profiles
were compared, pregnant versus not pregnant,
there were differences in respect of both mor-
phometry and movement characteristics deter-
mined by the HTM-S. When multiple logistic
regression was used to predict the achievement of
pregnancy, the conventional criteria of semen
quality were of no value (χ2 = 6.67; p = 0.353).
However, the automated assessment of morpho-
metric and movement characteristics successfully
predicted outcome in 86.9% of cases (χ2 = 44.3;
p = 0.0021). The most important variables in the
regression were morphometric attributes (mean
minor axis, mean major axis and mean area),
amplitude of lateral head displacement and aver-
age path velocity.

Kruger et al.21, using an automated system,
showed that in patients with ≤ 10 × 106 motile
spermatozoa, normal sperm morphology and the
number of oocytes were important predictors of
fertilization. The normal sperm morphology out-
comes produced by automated evaluations were
also found to be significantly (p = 0.0001) corre-
lated with fertilization by logistic regression.
Except for one case, all other zero fertilization
cases were found to be within the group with
< 106/ml sperm and < 10% normal sperm mor-
phology. The overall fertilization rates for the
fertility subgroups were: 45.6% (37/81) for the
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group with ≤ 4% normal forms, 72.5% (87/120)
for the 5–9% group, 82.1% (46/56) for the
10–14% group and 85.2% (69/81) for the > 14%
group. In another study conducted by the Kruger
group44, the automated normal sperm morphol-
ogy outcomes were found to be significant predic-
tors of both fertilization (p = 0.0419) in vitro and
pregnancy (p = 0.0210), using logistic regression
models. The fertilization rates across the 5% nor-
mal sperm morphology fertility cut-off point were
39.4% (≤ 5%) and 62.9% (> 5%), while the preg-
nancy rates were 15.2% (≤ 5%) compared with
37.36% (> 5%). The significance of the 5% nor-
mal sperm morphology fertility cut-off point
established by the manual evaluation of sperm
morphology, using the strict criteria, has therefore
been confirmed by computer-assisted evaluations.

In a study using the Hobson Sperm Tracker, a
positive correlation was found between the fertil-
ization rate (FR%) and the proportions of sperm
with a normal (oval) head shape, sperm exhibiting
acrosomal vacuoles, sperm with a normal acroso-
mal size (40–70% of total head area) and sperm
undergoing the acrosome reaction (AR) after
adding follicular fluid20. Multiple regression
analysis revealed that by incorporating the above
four parameters, the sensitivity of prediction of in
vitro fertilization rate values was 79% and the
specificity was 93%, with a positive predictive
value of 96%. During 1997–99, 1191 infertile
couples with no known barrier to conception were
assessed by conventional semen analysis and
automated measurements, including motility,
concentration and morphology evaluations33. A
SHAMAS (sperm head automated morphometric
analysis system) analysis was performed on Shorr-
stained smears of washed semen. The analysis
measures %C, which is similar to conventional
manual percentage normal morphology, and %Z,
the percentage of sperm with characteristics con-
forming to those of sperm that bind to the zona
pellucida of the human oocyte. Binding to the
zona pellucida is essential for fertilization, and the
process is highly selective for sperm with axial
symmetry, a narrow neck and a large acrosomal

area. Three factors were found to be independ-
ently and significantly related to natural preg-
nancy in a multivariate Cox regression analysis, of
which %Z was the most important, followed by
VSL (straight-line velocity) and female age33.

More large prospective randomized studies
using automated evaluations are required to estab-
lish the ‘true’ clinical value of these systems. These
must be performed using standardized and con-
trolled slide preparation and sperm cell staining
methods. The appropriateness of the manually
established normal sperm morphology thresholds
may have to be re-examined, or new thresholds
may have to be determined by regression analysis.

CONCLUSIONS

Automated systems have been shown to have the
potential to eliminate the biases and subjectivity
plaguing the manual evaluation of sperm mor-
phology. Although they are objective, the accuracy
of the results from these systems can also be com-
promised by methodological errors. Variables such
as sperm preparation methods, sperm cell staining
methods, focus, parameter settings and the soft-
and hardware components used can have a signif-
icant effect on the precision of evaluations. To
ensure comparative and reliable results, proce-
dures and instruments must be standardized and
quality control maintained.

The studies performed, at least with the use of
the IVOS, have shown that its precision and the
predictive value of its outcomes are at least equal
to the outcomes produced by an experienced
observer performing manual evaluations. The
group of patients identified with < 5% normal
sperm morphology, as with the manual evaluation
of sperm morphology, have been shown to have a
significantly depressed fertilization and pregnancy
probability. Further clinical studies are needed to
determine the true value of the automated sys-
tems, whereby multiple parameters, morpho-
metric and kinematic, are measured in relation to
fertility outcomes to create predictive models.
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Sperm morphology training and quality
control programs are essential for
clinically relevant results 

Daniel R Franken, Thinus F Kruger

INTRODUCTION

Primary knowledge and understanding of the
morphological appearance, and bright-field
microscopic configuration, of a normal human
sperm cell form the basis of the evaluation method
for sperm morphology in which more strict crite-
ria are applied. Disagreement in the results can be
caused by a variety of factors, such as discrepancy
in the specific techniques used during the analysis.

Since more clinicians are becoming aware of
the importance of training and subsequent quality
control measurements, standardization in semen
analysis methodologies has become mandatory. In
close agreement with the present author’s beliefs,
Kvist and Bjorndahl have made an important con-
tribution towards the standardization of tech-
niques needed to obtain a globally accepted and
World Health Organization (WHO)-recognized
semen analysis result1. The techniques focus
mainly on assessments of sperm concentration,
sperm motility, sperm morphology and sperm
vitality.

Several authors have stressed the value of the
assessment of human sperm morphology during
both in vitro2–5 and in vivo6 studies. Furthermore,
assessment of human sperm morphology and
sperm concentration can also serve as a variable in
reproductive health studies involving endo-
crinology and environmental toxicology, when

specific endocrine disruptors are present7–11.
These statements were confirmed by Coetzee et
al.12, who summarized all the important articles in
a meta-analysis.

Training of andrology technologists can be
accomplished using different educational
approaches, of which the one-to-one workshop is
the most successful teaching method. Direct com-
munication and input on a one-to-one basis with
an experienced worker ensures that the trainee
understands the basic concepts of sperm morph-
ology. This method, however, has a disadvantage
in that only a small number of trainees can be
trained per session. Our experience has indicated
that a maximum of ten students per teacher can be
trained per session13,14.

A second and also valuable teaching method is
the so-called group consensus technique15. In this
method, the trainer (usually an individual with
ample experience in sperm morphology evalua-
tion) uses computer or video images that are pro-
jected onto a screen during training sessions. The
advantage of this method lies in the fact that large
numbers of students can be trained during a sin-
gle session. The disadvantage of this method lies
in the mass communication style, and the individ-
ual is often lost during group discussions.

A third training method is the use of an
interactive CD-ROM program. Such an inter-
active computer program contains a variety of
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high-quality images of numbered spermatozoa.
Advantages of this method include training at the
individual’s own leisure and time, as he/she can
repeat specific sections of the program where cer-
tain concepts are poorly understood.

During previous studies we have presented
numerous sperm morphology workshops in
Africa, the Middle East and Europe. The format
of these workshops consisted generally of hands-
on, one-on-one teaching, accompanied by various
sessions of consensus training, as well as the use of
a CD-ROM program (Strict 1-2-3). During the
group consensus training sessions, participants
were requested to evaluate photomicrographic
images of sperm cells projected onto a large non-
reflecting screen. It is important to remember that
the educational value of the training will be
enhanced if trainees are exposed to all the above-
described methods.

SPERM MORPHOLOGY QUALITY
CONTROL

Sperm morphology evaluations have important
clinical value only in cases where the evaluation of
normal/abnormal cells is done with accuracy. In
most cases, manual reading by light microscopy
under high-power magnification (1000×) has
been the method of evaluation. Several factors
have been identified that can influence the out-
come of sperm morphology readings. These fac-
tors include quality of the slide, and staining pro-
cedures. Typically, a poor slide consists of a thick
semen layer with multiple sperm cells on top of
one another, thus causing extensive overlapping of
cell heads, tails and debris.

Each andrology laboratory should therefore
have an internal as well as an external quality con-
trol program. For example, the results obtained
from each technician on the quality control sam-
ple are tabulated and plotted on a graph against
the sample number. The mean and standard devi-
ation of the results for each sample are computed
and also plotted against the sample number. As

part of the internal quality control system, each
andrology technician should be able to prepare
high-quality sperm slides in order to provide
repeatable and reliable morphology readings for
the referring clinicians.

At Tygerberg, a protocol has been developed
for the preparation of sperm slides that not only
are of a high quality but also fulfill the require-
ments of the manual reading techniques for sperm
morphology16. These slides adhere to the descrip-
tion for the preparation of semen smears supplied
by the WHO17–20.

Slide preparation

For each sample, at least two smears should be
prepared from a fresh sample for duplicate assess-
ments in case of poor staining. The slide should
first be cleaned, washed in 70% alcohol and dried,
before a drop of semen is applied to the slide (Fig-
ure 11.1)20.

To ensure optimal slide quality, the following
standard protocol should be used during slide
preparations: (1) frosted, precleaned glass slides
with grounded edges are used at all times; (2)
sperm counts are used as a guide to determine the
sperm droplet size eventually used to prepare the
smear (if the sperm count is > 60 × 106 cells/ml, a
< 10-µl droplet is used, while if the sperm count is
< 60 × 106 cells/ml, a 10–30-µl drop is used; the
final number of sperm cells in both cases should

Droplet volume is determined
by the sperm concentration

Second slide is used
to make thin semen
smearsB A

Figure 11.1 Feathering method to prepare undiluted sperm
morphology smears
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produce 8–12 spermatozoa per high-power mag-
nification); (3) the semen drop is typically placed
in the middle of the slide at a point more or less
20% from the frosted end, using a micropipette
fitted with disposable tips (Gilson P100; Lasec
Laboratories, Cape Town, South Africa). The
semen is gently touched at a 45° angle with the
width side of a second slide; this allows the semen
to spread evenly across the width of the first slide,
after which the second slide is slightly pulled back-
wards and then pushed forwards while pushing
downwards over the entire length of the first slide.

MONITORING THE TECHNICIAN’S
SPERM MORPHOLOGY READING
SKILLS

The Tygerberg approach

A typical Tygerberg sperm morphology training
session consists of a multiple approach method
that relies on hands-on, one-on-one individual
training (experienced worker vs. inexperienced
worker). We believe that this training method is
imperative during the initial stages of teaching.
Furthermore, we also use the consensus training
and CD-ROM interactive programs. In our expe-
rience, after the training sessions, participants
were enrolled on the continuous quality control
(CQC) program. Participants received, on a quar-
terly basis, two Papanicolaou prestained sperm
slides from normo-, terato- or severe terato-
zoospermic samples. The participant recorded the
percentage of normal cells present on these slides,
and the results were forwarded to the reference
laboratory at Tygerberg Hospital. The ‘correct’
results according to the reference laboratory, i.e.
the percentage of normal forms present on each of
the slides, were subsequently supplied to the par-
ticipating laboratory13,14.

Due to the fact that the morphological slides
used for evaluation of the standard of the trainees
were random samples from different sperm
donors, standardization was needed with respect

to an index that is not dependent on the morpho-
logical level. On the assumption that the reference
laboratory’s morphology reading is the gold stan-
dard, an index was calculated using the following
standardized statistical score:

Standard deviation (SD) score = trainee score –
reference laboratory score divided by SD test slides
that were shipped to trainees14

As expected, the standard deviation decreases with
lower levels of morphology, i.e. < 4% normal
forms. The SD score reflects the number of SD
units by which the measurement of the trainee dif-
fers from the gold standard for the specific slide.
Each trainee can be evaluated according to the SD
score for his/her level of agreement with the gold
standard. Two SD score levels were chosen in
order to evaluate poor readings, and for this pur-
pose we selected the values ± 0.5SD and ± 0.2SD.
The individual SD scores obtained from the train-
ing and follow-up contacts can be plotted against
time on a graph that also indicates the limits.

An ongoing study at Tygerberg Hospital aims
to record the value of quarterly monitoring and
refresher courses on morphology reading skills of
technicians over a period of 40 months. Nineteen
individuals from 13 different andrology laborato-
ries from Switzerland, Malaysia and Singapore
were enrolled in a sperm morphology quality con-
trol program after initial training sessions. The
mean values for the test slides (two slide sets)
reported by each individual are presented in Fig-
ure 11.2. We regarded recordings outside the
± 0.2SD score as a warning (Figure 11.2), and
results outside the ± 0.5SD score as an indicator
for the individual to become concerned about
his/her sperm morphology reading skills.

Five of the 19 participants (Figure 11.2 num-
bers 1, 7, 8, 9 and 19) attended annual refresher
courses during the period. Participants 13 and 19
did not attend any refresher training, but main-
tained the reading skills acquired after one-to-one
training. Adequate technician training is of para-
mount significance to achieve consistent results
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within a given laboratory. Even when strict crite-
ria are utilized13,14, interlaboratory variation is
probably the result of various factors, including
(1) different semen and smear preparation tech-
niques, (2) differences in interpretation and (3)
technician experience15.

Using specific criteria, we were able to classify
the trainees according to their reported results.

Classification of reading skills

Poor reading skills

If 50% of readings recorded over the 40-month
period were inside the limits of error, i.e. the
± 0.5SD score, poor reading standards were
assumed. Using the overall correctness of each
individual, the results depicted in Figure 11.2
indicated that five (26%) participants (5, 6, 11,
17, 18) had poor reading skills during the evalua-
tion period.

Marginal reading skills

If 51–59% of readings recorded over the 40-
month period were within the ± 0.5SD score,
marginal reading skills were assumed.

Good reading skills

If 60–69% of the readings recorded over the 40-
month period fell inside the limits of error, i.e. the
± 0.5SD score, good reading standards were
assumed. Five (26%) individuals (9, 12, 14, 15,
16) had good reading skills.

Excellent reading skills

If ≥ 70% of the readings recorded over the 40-
month period were within the ± 0.5SD score,
excellent reading skills were assumed. Results in
Figure 11.2 show that nine (47%) of the partak-
ing individuals (1, 2, 3, 4, 7, 8, 10, 13, 19) main-
tained excellent reading skills.

Our results clearly illustrate that an external
quality control program can be successfully imple-
mented on condition that continuous monitoring
is part of the program. In general, we were satis-
fied with the overall reading skills of the study
group, since 73% maintained sperm morphology
reading skills that were classified as good or excel-
lent. We firmly believe that the technical mainte-
nance of morphology readings is, apart from the
initial training sessions, also dependent on annual
refresher courses. The five participants, namely 1,
7, 8, 9 and 19 who randomly attended refresher
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Figure 11.2 Mean standard deviation (SD) scores reported by 19 individuals from 13 andrology laboratories for test slides 1 and 2
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courses were able to maintain their acquired read-
ing skills. These individuals consistently produced
reading skills that were within ± 0.2SD score lim-
its of error (Figure 11.3). This study also high-
lights the feasibility of initiating a global sperm
morphology quality control program.

Finally, an important finding during the study
was the significant role that the annual refresher
courses played in the maintenance of morphology
reading skills. Here, for the first time, we illus-
trated that those technicians who attended
refresher courses were able to maintain their mor-
phology reading skills over an extended period. In
general, all participants (except refresher course
attendees) showed a decline in reading at about
6–9 months after initial training. We believe that
this is a tendency that will occur in any andrology
unit, and laboratory directors should be aware of
this phenomenon. Previous studies21–23 concluded
that the only way to ensure comparable inter-
laboratory results is through participation in a
multicenter proficiency testing program24. Similar
to the present study, Keel et al.21 suggested that
such a proficiency testing system should comprise
an external interlaboratory quality program. Dur-
ing this program, simulated identical patient spec-
imens are tested by participating individuals/
laboratories.
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Role of acrosome index in prediction of
fertilization outcome

Roelof Menkveld

INTRODUCTION

The clinical usefulness of the strict Tygerberg cri-
teria for sperm morphology evaluation1 for in
vitro fertilization outcome and later for in vivo
pregnancies has been demonstrated by Kruger et
al.2,3 and Van Zyl et al.4, respectively, and there-
after has been confirmed in many publications5.
However, even in the presence of the so-called P-
pattern or in the poor-prognosis group (≤ 4%
morphological normal forms), some men achieve
fertilization of oocytes in vitro, and in vivo preg-
nancies occur occasionally3,5. Therefore, efforts to
develop more sensitive predictors, especially for
expected in vitro fertilization rates, are continu-
ously being put forward. Some of these predictors
are based on sperm biochemical tests such as the
sperm chromatin dispersion test6, the sperm chro-
matin structure assay7 and the ubiquitin-based
sperm assay8, while others incorporate a combina-
tion of semen variables, for example the post-wash
total progressively motile cell count9, or have
refined certain existing semen variables such as
sperm morphology by the use of more specific
sperm morphology parameters, namely the sperm
deformity index10 or the spontaneous acrosome
reaction as seen with Spermac staining11.

In this regard, Menkveld et al.12 introduced the
acrosome index (AI) as an additional tool in the
prediction of in vitro fertilization outcome. It was

shown that the AI is another sensitive parameter,
like normal sperm morphology evaluated accord-
ing to strict criteria, in the prediction of in vitro
fertilization rates of ≥ 50%, and that the AI is
especially useful in the P-pattern group of
patients. Since the AI can provide additional
information, compared with normal sperm mor-
phology, it can therefore be regarded as an inde-
pendent parameter13 for the prediction of assisted
reproductive procedure outcomes. This additional
role of the AI as a prognostic factor has been dis-
cussed in only a few publications14–18, and is
reviewed briefly in this chapter, with emphasis on
the functional role played by the acrosome in the
fertility pathway, particularly in relation to sperm
binding to the zona pellucida, and its usefulness in
assisted reproduction procedures, especially
intracytoplasmic sperm injection (ICSI).

ROLE OF THE ACROSOME IN THE
FERTILITY PATHWAY

The acrosome is formed by the Golgi apparatus
during spermatogenesis, and can be described as a
secretory granule situated at the apex of the sperm
head, consisting of an inner acrosomal membrane
that is closely associated with the nucleus of the
sperm and which is continuous with the outer
acrosomal membrane. The acrosomal matrix
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proper is located between the two membranes.
The whole acrosome as well as the rest of the sper-
matozoon is covered by the plasma membrane.
The acrosome contains a number of enzymes such
as (pro)acrosin, which plays a vital role in the fer-
tility pathway with regard to sperm binding to and
penetration of the zona pellucida19.

With contact of the spermatozoon to the zona
pellucida, the acrosome undergoes the acrosome
reaction, which can be described as an exocytotic
event involving localized fusion between the outer
acrosomal and plasma membranes, resulting in
the formation of vesicles with the release of mainly
the enzymes hyaluronidase and (pro)acrosin
through the holes formed by the vesicles, and is
one of the most important steps in sperm binding
to and penetration of the zona pellucida20,21. It is
now becoming increasingly evident that, for these
functions to take place, especially with regard to
sperm binding to the zona pellucida, normal
sperm morphology and especially normal acroso-
mal morphology is essential22,23. Strong selection
also takes place at the zona pellucida for sperma-
tozoa with normal-sized acrosomes, as was nicely
illustrated by Garrett and Baker24.

Acrosomal size also plays an important role in
the ability of the spermatozoon to undergo the
acrosome reaction. Spermatozoa with large acro-
somes were associated with a significantly higher
percentage of live spontaneous acrosome-reacted
spermatozoa, while spermatozoa with small acro-
somes were associated with a high percentage of
sperm death25. Semen samples containing a low
percentage of spermatozoa with intact acrosomes
were also associated with total fertilization fail-
ure11, due to the inability of these spermatozoa to
bind to the zona pellucida, as the acrosome reac-
tion must take place at the time of binding to the
zona pellucida. However, the inability of zona pel-
lucida-bound spermatozoa to undergo the zona
pellucida-induced acrosome reaction may also
play an important role in non-fertilization26,27.
According to Benoff et al.28, the human sperm
acrosome reaction occurs in vitro only in the most
morphologically normal spermatozoa, and about

50% of all in vitro fertilization (IVF) failures are
thought to be related to anomalies of acrosome
structure and function.

MICROSCOPIC EVALUATION OF
ACROSOMAL MORPHOLOGY

At first, the human sperm acrosome was deemed
too small to be visualized by direct microscopy,
and scanning electron and transmission electron
microscopy were used or advocated29. However,
the ability to evaluate acrosome morphology by
light microscopy is now acknowledged1,12.

Visual evaluation of sperm acrosomal mor-
phology, performed with good bright-field optics
at 1000× or preferably 1250× magnification on
high-quality Papanicolaou-stained smears, is based
on acrosomal size, its form and the staining char-
acteristics of the acrosome, and can be performed
simultaneously with the routine sperm morphol-
ogy evaluation1,12. For classification as a morpho-
logically normal acrosome, the same principles are
applicable as for the classification of morphologi-
cally normal spermatozoa according to strict crite-
ria, except that the postacrosomal area of the
sperm head can be abnormal, but no neck/mid-
piece and tail abnormalities or cytoplasmic
residues may be present1. If the spermatozoon is
classified as normal, the acrosome must always be
classified as normal. This means that the acrosome
index will always be equal to, but in most cases
greater than, the percentage of morphologically
normal spermatozoa. When the acrosome evalua-
tion is done simultaneously with the routine mor-
phology evaluation, two laboratory counters are
needed. On the first counter the sperm morphol-
ogy is scored as normal or abnormal, and the sec-
ond is used to keep a record of the acrosomes con-
sidered to be normal, or the whole range of
acrosomal defects can be scored1,12,30.

Acrosomal defects as seen with the light micro-
scope can be classified as specific defects or as non-
specific alterations. Specific acrosomal defects,
which are mostly concerned with acrosome size,
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are genetically caused31,32, such as globozoosper-
mia19, and the miniacrosome defect33. However,
genetic sperm defects are not limited to the acro-
some only, but may affect any part of the sperma-
tozoon, the short or stump tail defect being one
observable by light microscopy34. These condi-
tions are rare, but when they occur, are easy to
detect using the light microscope.

However, acrosomes can also be classified as
too large, an abnormality that may in some cases
be associated with a higher rate of spontaneous
acrosomal reactions25 and decreased in vitro fertil-
ization rates2,12. Staining defects may include
irregular acrosomes, multiple vacuoles, cysts and
‘empty’ acrosomes29. These staining defects may
indicate damage of the acrosome membranes,
with subsequent leaking of (pro)acrosin from the
acrosomes35. Jeulin et al.29 found low fertilization
rates of semen samples containing predominantly
spermatozoa with acrosome staining defects, and
postulated that the low in vitro fertilization rates
associated with these increased acrosomal abnor-
malities might not be due to the presence of
abnormal acrosomes per se, but due to a relation-
ship between acrosomal abnormalities and nuclear
immaturity of the spermatozoa. Sperm DNA
abnormalities may be due to the production of
reactive oxygen species (ROS) by the spermatozoa
themselves, but mostly due to leukocytes present
in semen samples36.

ROLE OF THE ACROSOME INDEX IN
ASSISTED REPRODUCTION

In 1986, Kruger et al.2 reported that sperm mor-
phology evaluated according to strict criteria1 was
a strong prognosticator of in vitro fertilization
outcome in cases with a normal sperm concentra-
tion (≥ 20 × 106/ml) and progressive motility
(≥ 30% motility). A cut-off value at 15% mor-
phologically normal spermatozoa was found to be
associated with a fertilization rate of 37% in the
≤ 14% group, but no pregnancies, and 82% in the
≥ 14% group. In 1988, Kruger et al.3 also reported

that a drastic drop in the fertilization rate (7.6%)
occurred when < 4% morphologically normal
spermatozoa was observed in a semen sample,
while in the 4–14% group the fertilization rate
was 63.9%.

In an initial investigation of the role of acro-
somes and fertilization30, it was observed that two
distinct morphological acrosome patterns could
be observed in the < 4% normal morphology
group, whereby fertilization did and did not
occur. In the few men with good fertilization, it
was striking to observe a pattern of slightly and
moderately elongated spermatozoa, but with mor-
phologically normal (size and form) acrosomes. In
one of the cases, four of four ova were fertilized in
vitro, although there were only 2% morphologi-
cally normal spermatozoa present, but a total of
17% of spermatozoa had normal acrosomes. In a
typical case in the group with no fertilization, of
six ova inseminated in vitro, it was observed that
small and/or abnormal acrosomes were mainly
present. This case presented with only 1% mor-
phologically normal spermatozoa and with a total
of only 4% normal acrosomes.

In an ongoing study including 23 males,
Menkveld et al.35 found that when the acrosome
morphology was classified into different groups,
i.e. normal, small, staining defects and amor-
phous, and expressed as an acrosome index (per-
centage normal acrosomes), no fertilization
occurred when the acrosome index was ≤ 15%.
Important was the fact that, once again, cases were
found where normal sperm morphology was < 5%
but the acrosome index was > 15%. In those cases
with an AI > 15% the fertilization rate was always
≥ 50%. The relationship between AI (percentage
normal acrosomes) and fertilization rate was
underlined by the observation that statistically sig-
nificant differences were found for the acrosome
index between groups with fertility rates of < 50%
and ≥ 50%, i.e. 1.5 ± 1.9% and 28.5 ± 11.6% nor-
mal acrosomes, respectively35.

When a receiver operating characteristic
(ROC) curve analysis was performed on the IVF
results of the 23 males37, a cut-off value of ≥ 10%
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(sensitivity 100% and specificity 100%) was
obtained for the prediction of a fertilization rate of
≥ 50%. This result was confirmed in a follow-up
study of 33 males12. A higher correlation between
AI and fertilization rate (r = 0.8631; p < 0.0001)
was found, compared with the correlation
between morphology and fertilization rate
(r = 0.7953; p < 0.0001). This means that the AI
can be regarded as a more sensitive measurement
of fertilization potential than sperm morphology,
especially in the < 5% morphologically normal
spermatozoa group. This may be attributed to the
fact that spermatozoa with normal acrosomes but
classified as abnormal according to the strict
Tygerberg criteria, such as slightly abnormal, or
slightly and moderately elongated spermatozoa,
are more likely to bind to the zona pellucida22,23

and to undergo the acrosome reaction38, com-
pared with spermatozoa from samples with a low
AI (< 10% normal acrosomes).

In 1998, Menkveld et al.39 reported on the pre-
dictive role of the AI and normal sperm morph-
ology compared with that of the teratozoospermia
index (TZI) as described in the 1992 WHO man-
ual40 in a study of 110 patients. It was found that
the AI at a cut-off value of ≥ 9% had a better pre-
dictive value to predict the possibility of a > 50%
in vitro fertilization rate, compared with normal
sperm morphology at > 5%, and sperm morph-
ology had a better predictability compared with
the TZI at ≤ 1.46, by ROC curve analysis, with
areas under the curve of 0.920, 0.739 and 0.634,
respectively. In a study to define normal cut-off
values based on data from fertile and subfertile
populations, Menkveld et al.41 determined the AI
cut-off value to be at 8% normal acrosomes.

These results are in agreement with previous
reports on the role of acrosomal morph-
ology11,23,28,29. Liu and Baker23 found that in cases
with < 30% morphologically normal sperma-
tozoa (according to WHO criteria), the acrosome
status (percentage normal) was an important

prognosticator of expected fertilization in vitro.
Chan et al.11 reported that semen samples with a
low percentage (< 40%) of spermatozoa with
intact acrosomes were associated in 31% of cases
with total fertilization failure (TFF). Benoff et
al.28 showed that by increasing the insemination
concentration of spermatozoa to at least
25 000/ml acrosomally normal spermatozoa in
patients with poor acrosomal morphology, fertil-
ization rates and pregnancy rates reached similar
levels compared with couples in whom the male
presented with normal acrosomal morphology.
These publications confirmed the fact that a min-
imum number or a minimum percentage of sper-
matozoa with normal acrosomes are needed for
normal fertilization to occur in vitro, and under-
line the important physiological role played by
acrosomes in the fertilization pathway21.

Few reports by other investigators on the role
of the AI per se have been published so far.
Söderlund and Lundin14 investigated fertilization
of split sibling oocytes for IVF and ICSI in
patients but with < 5% morphologically normal
spermatozoa with ≥ 1 × 106/ml motile spermato-
zoa after a swim-up procedure. With the aid of
ROC curve analysis for IVF rates of ≥ 50%, a
cut-off value for the AI was determined at 7%.
The 81 patients were divided into two groups:
group A with AI < 7% included 42 patients, and
group B with AI ≥ 7% included 39 patients. The
in vitro fertilization rate in group A was 43.5%,
which was significantly lower compared with that
of group B at 71.9% (p = 0.001). The study
showed that in semen samples with < 5% morph-
ologically normal spermatozoa and an AI ≥ 7%,
the mean fertilization rate was about 70%, com-
pared with the mean fertilization rate of 40% in
the < 7% AI group. Rhemrev et al.15 found no
pregnancies in a group of 87 couples where the
males presented with an AI < 5% and a fast total
radical-trapping antioxidant procedure (TRAP) of
< 1.14 mmol/l.
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THE ACROSOME INDEX AND
SELECTION OF PATIENTS FOR
INTRACYTOPLASMIC SPERM INJECTION

With the introduction of ICSI42, new doors have
been opened for couples with severe male fertility
problems, as with ICSI it is possible to overcome
functional deficiencies, abnormal sperm morphol-
ogy or shortage of adequate numbers of motile
spermatozoa by placing a spermatozoon directly
into the oocyte.

ICSI can be regarded as a very invasive proce-
dure, and may also be more expensive in many
centers compared with standard IVF. Further-
more, concern exists over the possible negative
effects of ICSI, due to the injection of possibly
genetically abnormal spermatozoa43, on their off-
spring with regard to genetic and congenital
abnormalities44, increased spontaneous abortions,
preterm deliveries and reduced birth weights45.
ICSI should therefore be restricted to those cou-
ples with an unacceptably high risk of a low fertil-
ization rate or total fertilization failure. However,
a recent publication by Greco et al.46 has shown
that ICSI can also have a positive side, in so far as
males with DNA-damaged (fragmented) sperma-
tozoa in their semen samples, leading to decreased
implantation and pregnancy rates but normal fer-
tilization rates47, can be successfully treated by
ICSI with testicular spermatozoa. It was found
that DNA fragmentation was significantly
decreased in testicular spermatozoa, leading to a
pregnancy rate of 44.4% and an implantation rate
of 20.7%. An alternative to performing a testicu-
lar biopsy to obtain spermatozoa with low DNA
damage may be to perform a selection procedure
by the use of cervical mucus, as Bianchi et al.48

have shown that spermatozoa able to cross a cervi-
cal mucus barrier possessed higher levels of DNA
protamination and practically no signs of endo-
genous nick translations.

In cases of extreme oligozoospermia49, crypto-
zoospermia, globozoospermia50 or obstructive
azoospermia, the choice of an ICSI procedure is
self-evident, but problems in deciding between

ICSI and IVF may arise when there is a chance of
recovering sufficient numbers of motile spermato-
zoa after sperm preparation15. In the previous sec-
tion dealing with in vitro fertilization, an oocyte
fertilization cut-off value of ≥ 50% was used to
determine the AI cut-off value12,14. However, an
in vitro fertilization rate cut-off value point of
50% may be regarded as too high to decide
between ICSI and IVF. A more appropriate fertil-
ization cut-off point for ICSI may be regarded as
a fertilization rate of < 37% (two standard devia-
tions (SDs) below the normal expected fertiliz-
ation rate).

The only data so far available on this aspect
were published by Menkveld et al. in 199951. They
conducted a prospectively designed study to inves-
tigate use of the AI as an additional parameter to
sperm morphology evaluated by strict criteria in
the selection of patients for ICSI. In this study,
134 semen samples were examined blindly on the
day of IVF oocyte recovery. Sperm morphology
and sperm acrosomal morphology were visually
evaluated using light microscopy and expressed as
the acrosome index (percentage normal acro-
somes). ROC curve analysis indicated that for in
vitro fertilization rates of ≤ 37% (2SD below their
normal mean fertilization rate), the normal sperm
morphology cut-off value was ≤ 3% (sensitivity
51%, specificity 89%, area under the curve 0.718)
and for the acrosome index ≤ 7% (sensitivity 86%,
specificity 86%, area under the curve 0.929). By
lowering the fertilization rate cut-off points to
< 30% and < 25%, with ROC curve analysis, the
AI cut-off point was lowered to ≤ 6%, while for a
fertilization rate of ≤ 20% the AI cut-off point
increased to ≤ 7% again. In all instances the mor-
phology cut-off point remained at ≤ 3%. With the
AI cut-off points at ≤ 6% and ≥ 7%, fertilization
rates were 22.4% (35/156 ova) and 74%
(365/489 ova), respectively. According to the
above results, the AI cut-off point can be set at
≤ 6% and be clinically helpful in the selection of
patients who would need ICSI, especially in the
group of patients showing P-pattern morphology
(≤ 4%).
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In the study by Söderlund and Lundin14 there
was no significant difference between the two AI
groups (group A with AI < 7% and group B with
AI ≥ 7%) when ICSI was performed, with fertil-
ization rates of 65.8% and 63.5%, respectively.
The study showed that in semen samples with
< 5% morphologically normal spermatozoa and
an AI ≥ 7% the mean fertilization rate was about
70%, compared with the mean fertilization rate of
40% in the < 7% AI group. The conclusion of
Söderlund and Lundin was that evaluation of the
sperm morphology and AI in combination with
the total number of normal spermatozoa available
after sperm preparation has a better predictive
value for the choice of IVF or ICSI treatment than
that of the basic semen parameters alone14. Rhem-
rev et al. suggested that patients with an AI < 5%
may benefit from ICSI to prevent total fertiliza-
tion failure and/or that males with < 2% morpho-
logically normal spermatozoa should go for ICSI,
and concluded that the evaluation of sperm mor-
phology and AI in combination with the total
number of motile sperm available after sperm
preparation/separation may have a better predic-
tive value for choice of IVF or ICSI treatment
than the basic semen parameters alone15.

CONCLUSIONS

The AI can play an important role in the decision-
making process of assisted reproductive treatment
procedures. Over time, the AI cut-off value for
expected IVF rates of ≥ 50% has been lowered
from ≥ 16% normal acrosomes to ≥ 9%, and
determined to be at ≥ 8% to distinguish between
a fertile and a subfertile population. However, the
most important aspect is to decide whether to
advise couples to undergo the ICSI procedure or
not, and for this purpose a cut-off AI value of
≤ 6% normal acrosomes was determined by
Menkveld et al.51 as well as by Söderlund and
Lundin14, and < 5% by Rhemrev et al.15. Both
Söderlund and Lundin, and Rhemrev et al. sug-
gested that the combination of AI cut-off value

and total progressively motile spermatozoa
number obtained after sperm preparation
(< 1.10 × 106/ml and < 1.0 × 106/ml, respectively)
are strong tools in the decision whether to per-
form ICSI14,15.
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Acrosome reaction: physiology and its
value in clinical practice

Daniel R Franken, Hadley S Bastiaan, Sergio Oehninger

INTRODUCTION

For successful fertilization of oocytes by spermato-
zoa, a set of functionally normal parameters with
regard to oocyte and spermatozoon maturity is of
paramount importance. In the spermatozoon,
besides motility and zona binding, the occurrence
of the acrosome reaction is of primary importance
in the development of functional capability. How-
ever, before spermatozoa are able to undergo the
acrosome reaction, essential modifications in cell
physiology of the sperm, called capacitation, must
occur. Numerous studies have tried to elucidate
the precise biochemical and biophysical changes
involved in the process determining a spermato-
zoon’s fertilizing capacity. The normal progress of
these changes may display important biomarkers
of fertilizing ability, including the ability of the
sperm to penetrate the cumulus oophorus, the
corona radiata, the zona pellucida (ZP) and the
vitelline membrane.

The ability to evaluate the human acrosome
reaction is, however, restricted by a practical limi-
tation. The loss of the human acrosome cannot be
observed on living sperm by phase-contrast or
differential interference-contrast microscopy,
because of its relatively small size compared with
that of other mammalian species. Initially, best
results were obtained by electron microscopy; this
method, however, is not suited for routine

analysis because of its expense and complexity.
The need thus arose for a relatively simple test by
which the human acrosome reaction could be
quantified at the light microscope level. In addi-
tion, the labile nature of the human sperm acro-
some makes analysis of the reaction problematic.
The chosen procedure must therefore be able to
distinguish between normal and degenerative
reactions.

In addition to the above limitations, the exis-
tence of multifactorial induction and regulating
systems and the individual perspectives and meth-
ods of measurement chosen by laboratories con-
tribute to the uncertainty that still exists regarding
the subject.

THE BIOCHEMISTRY OF CAPACITATION
AND THE ACROSOME REACTION

The acrosome of a human spermatozoon is a
membrane-bound organelle that develops during
spermatogenesis as a product of the Golgi com-
plex. It surrounds the anterior portion of the
sperm nucleus and can be divided into the follow-
ing components:

• Plasma membrane;

• Outer acrosomal membrane;
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• Acrosomal matrix;

• Inner acrosomal membrane;

• Equatorial segment.

Factors inhibiting capacitation are incorporated
into the membranes of sperm during maturation
in the epididymis1,2. These factors include
sialoglycoproteins, sulfoglycerolipids and steroid
sulfates, which induce a significant increase in the
net negative charge of the outer acrosomal
membrane3. This state of decapacitation (stability)
is maintained after ejaculation by the presence of
inhibitory macromolecules in the seminal plasma4

and in the lower areas of the female reproductive
tract1. A specific glycoprotein has been identified
as the primary decapacitator1; it is bound to
the outer acrosomal membrane and can prevent
interaction with extracellular signals as well as
inhibit ion channel activity and/or enzymes5. This
stability is further enhanced by the incorporation
of cholesterol into the acrosomal membrane com-
plex, preferentially into the plasma membrane.

Sperm acquire their fertilizing ability in vivo
during their migration through the female genital
tract. Capacitation can also be induced in vitro in
chemically defined media6. The complete process,
however, is not yet fully understood, but is
thought to involve major biochemical and bio-
physical changes in the membrane complex,
energy metabolism and ion permeability. The
most significant changes are:

• Modification, redistribution and/or loss of the
epididymal seminal plasma and cervical deca-
pacitation factors – by exogenous or endoge-
nous proteases specifically activated (plasmin,
kallikrein and acrosin)1,2;

• Net negative charge decrease by endogenous
hydrolases (sterol sulfatase)3;

• Membrane fluidity increase by the efflux of
cholesterol, altering the cholesterol/phospho-
lipid ratio and the influx of unsaturated fatty
acids; these changes are thought to be serum
albumin-mediated3,7;

• Altered permeability allowing the increased
uptake of calcium ions, glucose and oxygen,
resulting in an elevated energy state, inducing
hyperactivated motility and ability to undergo
the acrosome reaction8,9.

Notwithstanding the extent of these changes,
capacitation is also thought to be a reversible
event. The exact threshold of irreversibility, how-
ever, remains undefined, i.e. what constitutes the
boundary between capacitation and the acrosome
reaction. Many of these structural changes pro-
posed to characterize capacitation may, however,
be irreversible, which may lead to an untimely
acrosome reaction. The acrosome reaction can
therefore be seen as the end-point of capacitation.

Signals for initiation of the acrosome reaction
are most likely received by one or more receptors
on the plasma membrane surface, which transmit
the message across the membrane. Zaneveld et al.5

proposed a mechanism by which membrane
receptor activation of guanosine triphosphate
(GTP)-binding proteins stimulates second-
messenger systems which regulate ion transport.
An endogenous calcium ion threshold concentra-
tion has long been thought of as the primary
inducer of the acrosome reaction8,10. Yanagimachi
and Usui11 showed that upon the addition of cal-
cium, but not magnesium, guinea-pig sperm
incubated for several hours in calcium-free
medium underwent the acrosome reaction within
10 minutes. Since then, calcium has been impli-
cated in many reactions leading to complete loss
of the acrosome and eventually fertilization10:

• Activation of many enzymes (acrosin,
hyaluronidase, phospholipase A2);

• Activation of enzyme messenger systems
(adenylate cyclase);

• Neutralization of the net negative charge;

• Induction of hyperactivated motility3.

Stock and Fraser12 examined the extracellular Ca2+

requirements for the support of capacitation and
the spontaneous acrosome reaction in human
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spermatozoa, and concluded that the optimal con-
ditions for capacitation and the acrosome reaction
in human spermatozoa require extracellular Ca2+

at 1.80 mmol/l with calcium channels providing a
means of calcium entry. In contrast, White et al.13

found that the acrosome reaction rates at 4 hours
and 20 hours were little different in media with or
without calcium, although the absence of calcium
had a significant effect on the quality of motility.

The human sperm acrosome reaction is an exo-
cytotic event characterized by significant ultra-
structural changes leading to the complete loss of
the outer acrosomal cap, following:

• Decondensation of the acrosomal matrix;

• Fenestration and vesiculation of the plasma
membrane and outer acrosomal membrane;

• Dispersion of the vesicles;

• Release of the acrosomal content.

Nagae et al.14 proposed a unique morphological
sequence for this acrosome reaction. Vesicles
established in the intermediate stage were formed
by the invagination and pinching off of the outer
acrosomal membrane and the plasma membrane.
Stock et al. described a similar characterization15.
In contrast, Yudin et al.16 found that human
sperm undergo an acrosome reaction similar to
that of other mammals, in which the outer acro-
somal and plasma membranes initially fuse by fen-
estration followed by vesiculation. The dispersion
of these vesicles leaves the spermatozoon sur-
rounded by a single, continuous membrane, i.e.
the inner acrosomal membrane. In addition to
these changes, the membrane proteins of the
plasma membrane overlying the equatorial/
postacrosomal region of the sperm head undergo a
conformational change, resulting in activation3.
This activation may facilitate fusion of the sperm
with the oocyte vitelline membrane.

The loss of the membranes also releases or
exposes activated lysins, assisting sperm penetra-
tion of the ZP2. Acrosin, a trypsin-like serine pro-
tease found in the acrosome, has been implicated

in a number of events leading to fertilization.
These include assisting sperm penetration of the
ZP, triggering of the acrosome reaction2 and acti-
vation of regulatory enzymes involved in Ca2+

transport5. Studies using p-aminobenzamidine
(PABA)17, an inhibitor of mouse sperm acrosin,
have shown that acrosin is a necessary factor for
dispersal of the acrosomal matrix, probably
through the activation of proacrosin. In the pres-
ence of PABA, the membranes undergo normal
vesiculation, but ZP penetration is inhibited.

MEASUREMENT OF THE ACROSOME
REACTION IN HUMAN SPERMATOZOA

Capacitation and the acrosome reaction can be
induced chemically, providing a controlled means
for the evaluation of acrosomal exocytosis. Table
13.1 presents agents and methods commonly used
to monitor and trigger the acrosome reaction. The
acrosome reaction can be examined during basal
conditions (incubating sperm under capacitating
conditions) and/or following exogenous induction
with pharmacological or physiological agonists.
Inducers that have been analyzed in the
clinical setting include the calcium ionophore

Table 13.1 Agents and methods commonly used to
monitor the spontaneous and induced acrosome
reaction

Inducers of the acrosome reaction

Calcium ionophore
Pentoxifylline 
Follicular fluid
Progesterone
Solubilized zona pellucida

Methods to assess the acrosome reaction
Optical microscopy: triple-staining
Transmission electron microscopy
Chlortetracycline fluorescent assay
Fluorescent lectins
Labeling with antibodies
Flow cytometry
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A2318718–21, pentoxifylline22,23, steroids24–27, fol-
licular fluid (FF)28, solubilized ZP29–31 and low
temperature20. The methodologies used to exam-
ine acrosomal exocytosis have included triple
staining (optic microscopy)32, transmission elec-
tron microscopy33, chlortetracycline fluorescent
assay34, fluorescent lectins35,36, labeling with anti-
bodies37 and flow cytometry38.

There are, however, inherent negative side-
effects that must be taken into account, such as
the possible negative effect on motility, and the
fact that the means of induction overrides the nor-
mal processes involved in the acrosome reaction.
For example, using a calcium ionophore, a toxic
chemical substance, as the inducer, the time
required for capacitation is minimized. The addi-
tion of complex biological fluids such as maternal
cord serum, FF, granulosa cells, cumulus oophorus
and ZP, even though uncontrolled in nature, is
physiologically more correct. This is of particular
relevance when future improvements in the treat-
ment in male infertility are to be introduced into
an assisted reproduction program, and also for
furthering our knowledge of the in vivo regulatory
system.

As mentioned above, several techniques have
been employed to detect the acrosome reaction,
each with its own level of characterization. Aitken
and Brindle39, however, showed that probes tar-
geting different components involved in the acro-
some reaction measure acrosomal loss at different
rates. The labile nature of the acrosomal vesicle
also requires a means of determining sperm viabil-
ity and distinguishing between ‘normal’ and
degenerative reactions. In the triple-stain tech-
nique according to Talbot and Chacon35, trypan
blue is used. Cross et al.36 included the supravital
stain Hoechst 33258, while Aitken et al.21, in their
protocol for assessing the ability of viable human
spermatozoa to acrosome-react in response to
A23187, employed a fluorescein-conjugated lectin
in concert with the hypo-osmotic swelling test.
The use of these different techniques may have a
significant influence on the interpretation and
comparison of results. This is illustrated by the

often equivocal results obtained in acrosome reac-
tion studies.

PHYSIOLOGICAL INDUCERS AND
REGULATORS OF THE ACROSOME
REACTION

Stock et al.15 found that 32% of sperm coincu-
bated with oocyte–cumulus complexes for 14–18
hours had initiated or completed the acrosome
reaction. The effect of a number of female repro-
ductive tract products on sperm fertilizing capac-
ity was evaluated by coincubating fertile sperm
samples with endometrial, oviductal, granulosa
and cumulus cells, FF and maternal serum, by
Bastias et al.40. Compared with control samples,
endometrial and oviductal cell cultures did not
alter sperm fertilizing capacity or their movement
characteristics. Sperm coincubated with FF, gran-
ulosa cells or cumulus cells, however, exhibited a
significantly higher ability to penetrate zona-free
hamster ova. It is therefore reasonable to propose
that secretions of cumulus cells could be involved
in regulation of the sperm acrosome reaction.

Siegel et al.41 concluded from their study that
components within the FF might influence sperm
physiology and enhance sperm fertilizing capacity
by activating sperm proteinase systems involved in
sperm reaction and interaction. An active
Sephadex G-75 fraction identified in FF was
found to stimulate a rapid, transient increase in
the intracellular free Ca2+ in human spermato-
zoa42. The ability of this fraction to induce the
acrosome reaction led the authors to conclude that
this influx of Ca2+ is responsible for the initiation
of acrosomal exocytosis. Using indirect immuno-
fluorescence, FF was found to induce the acro-
some reaction rapidly after the sperm had been
incubated for at least 10 hours43. Induction of the
human acrosome reaction by whole FF and/or the
active Sephadex G-75 component was found to
satisfy the ultrastructural criteria known for phys-
iological reactions, as shown by transmission elec-
tron microscopy16.
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Yudin et al.16 also showed that human sperm
capacitated for 6 hours at 40°C and then incu-
bated with FF for 180 seconds resulted in 40% of
the sperm reacting. Sperm incubated for 22 hours
before FF treatment had their acrosome reaction
rate enhanced six-fold, illustrating the potential
effect of FF. An adequate preincubation period
followed by FF treatment therefore seems to result
in the synchronization of capacitation and facilita-
tion of the acrosome reaction. In contrast, Stock
et al.44, examining the incidence of spontaneous
acrosome reactions in human spermatozoa
exposed to FF, found that FF can stimulate the
acrosome reaction, but only after continuous
exposure (> 6 hours) to 50% FF/medium. A short
exposure (1 hour), even after 24 hours of preincu-
bation, did not induce the reaction.

Recent studies have shown that the human
sperm acrosome reaction-inducing activity in FF
can be attributed to progesterone (P). Osman et
al.24 purified an active fraction from the fluid aspi-
rated from preovulatory human follicles and iden-
tified it as 4-pregnen-3,20-dione (progesterone)
and 4-pregnen-17α-ol-3,20-dione (17-hydroxy-
progesterone). This was confirmed by Blackmore
et al.25, Foresta et al.45 and Baldi et al.46, who
found that only P and 17-hydroxyprogesterone
were able to induce a rapid, long-lasting, dose-
dependent increase of intracellular free calcium,
with maximum effect being obtained with
1.0 µg/ml. Sueldo et al.27, however, found that
1.0 µg/ml of P enhanced the acrosome reaction
only after 24 hours of incubation.

Luconi et al.47 found several rapid non-
genomic effects of P and estrogen (E) in human
spermatozoa. They seem to be mediated by the
steroids binding to specific receptors on the
plasma membrane that are different from the clas-
sical ones. Progesterone, specifically, has been
demonstrated to stimulate calcium influx, tyrosine
phosphorylation of various sperm proteins, in-
cluding extracellular signaling-regulated kinases,
chloride efflux and cyclic adenosine monophos-
phate (cAMP) increase, finally resulting in the
activation of spermatozoa through the induction

of capacitation, hyperactivated motility and the
acrosome reaction. On the other hand, E, which is
present in micromolar levels in follicular fluid,
seems to modulate sperm responsiveness to P. This
occurs when E acts rapidly on calcium influx and
on protein tyrosine phosphorylation.

In general, the isolation and characterization of
the putative membrane receptors for P (mPR) and
E (mER) in spermatozoa are still elusive. Luconi47

obtained evidence supporting the existence and
functional activity of mPR and mER in human
spermatozoa. To characterize these membrane
receptors, they used two antibodies directed
against the ligand-binding domains of the classical
receptors, namely c262 and H222 antibodies for
PR and ER, respectively, hypothesizing that these
regions should be conserved between non-
genomic and genomic receptors. In Western blot
analysis of sperm lysates, the antibodies detected a
band of about 57 kDa for PR and 29 kDa for ER,
excluding the presence of the classical receptors.
On live human spermatozoa, both antibodies were
able to block the calcium and AR response to P
and E, respectively, whereas antibodies directed
against different domains of the classical PR and
ER were ineffective. Furthermore, c262 antibody
also blocks in vitro the human sperm penetration
of hamster oocytes. Taken together, all these data
strongly support the existence of mPR and mER
different from the classical ones, mediating rapid
effects of these steroid hormones in human
spermatozoa.

Siegel et al.41 also found that FF obtained from
different women under different stimulation regi-
mens did not affect the fertilizing potential differ-
ently. Morales et al.48, however, found that there
was a positive, highly significant (r = 0.72;
p > 0.005) correlation between the acrosome
reaction-inducing activity and the P level of each
FF sample.

Nevertheless, recent reports on the chemical
nature of the acrosome reaction-inducing mole-
cule present in FF have been contradictory. In
contrast to the authors who attributed the acro-
some reaction-inducing activity present in human
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FF to P, Miska et al.49 reported evidence to suggest
that this substance is a protein. These authors
identified a protein with a molecular mass of
about 50 kDa and demonstrated the substance’s
sensitivity to unspecific proteases, increased tem-
perature and pH changes. In a further study50, the
same authors identified the acrosome reaction-
inducing substance (ARIS) as the progesterone-
binding protein corticoid-binding globulin
(CBG). Using anti-human CBG antibodies and
dextran-coated charcoal they showed that only P
bound to CBG could induce the acrosome reac-
tion. CBG is a member of the SERPIN (serine
proteinase inhibitor) superfamily that binds P
tightly. Proteolysis by serine proteinases results in
the release of this steroid hormone. This mecha-
nism is thought to be essential in the activation of
neutrophils by delivering high local concentra-
tions of corticoids in inflammatory processes.

The serine proteinase involved in the sperma-
tozoon is acrosin, localized at the plasma mem-
brane, with inactive proacrosin located within the
acrosome. During capacitation, proacrosin and
acrosin are exposed at the plasma membrane. The
CBG–progesterone complex, which may become
bound on the plasma membrane, will therefore be
proteolytically cleaved by exposed acrosin, leading
to high local concentrations of P and subsequent
induction of the acrosome reaction, confirming
the important role of acrosin in physiological
induction of the acrosome reaction. The exact
mechanism underlying P-stimulated calcium
entry in human sperm has, however, not been
fully established. Another question to be answered
concerns the source of CBG. Whether it is of liver
origin, where it is known to be produced, and
then is accumulated in FF, or whether the cumu-
lus or granulosa cells can synthesize this protein,
still have to be established.

The importance of the ZP for induction of the
acrosome reaction, however, is well recog-
nized29–31,51–53. Spermatozoa must penetrate this
last barrier in the reacted state before they can
penetrate and fertilize the oocyte. In vitro studies
by Saling and Storey54, using mouse sperm, were

the first to demonstrate a role for the ZP in the
acrosome reaction. They incubated cumulus-free
eggs with sperm suspensions in which > 50% of
the population had undergone the acrosome reac-
tion. After gradient centrifugation, only acro-
some-intact sperm were detected on the ZP. They
concluded that the acrosome reaction of a fertiliz-
ing mouse sperm occurs on the ZP. Saling et al.55

and Bleil and Wassarman56 maintained that, at
least in the mouse, the acrosome reaction is
induced by a ZP constituent, the glycoprotein
ZP3. They proposed the following concept:

• Sperm attachment to the ZP;

• Specific and irreversible binding to the ZP;

• Physiological induction of the acrosome
reaction;

• ZP penetration.

Cross et al.36 used two approaches to test the abil-
ity of the human ZP to induce acrosomal exocy-
tosis in human sperm. Non-viable human oocytes
and acid-disaggregated zonae were used, and both
the zona binding and exposure to disaggregated
zona induced the acrosome reaction. Using the
monoclonal antibody T-6, Coddington et al.57

found that 93% of sperm bound to bisected
human ZP exhibited immunofluorescent patterns
indicative of the acrosome reaction. Hoshi et al.58

observed that the acrosome reaction rate after
sperm attachment to the zona for 6 hours was
35.7 ± 17.7%, which was higher than in controls
(2.8 ± 1.9%). The results so far indicate that the
ability of spermatozoa to migrate to the ZP is a
closely regulated process, ensuring that only sperm
at the correct stage attach to and penetrate the ZP.

It has been shown that P exerts a priming effect
on the ZP-stimulated acrosome reaction in the
mouse59 and in the human60. In the former
studies, treatment with P followed by ZP led to
maximal breakdown of phosphatidylinositol-
4,5-bisphosphate (PIP2), signaling a priming role
for P in the initiation of exocytosis. Cross et al.29

were the first to report that treatment of human
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spermatozoa in suspension with acid-
disaggregated human ZP (2–4 zonae pellucidae
(ZP)/µl) increased the incidence of acrosome-
reacted spermatozoa.

Lee et al.30 demonstrated that pertussis toxin
treatment of human spermatozoa inhibited the
(solubilized) ZP-induced acrosome reaction. In
contrast, acrosomal exocytosis induced by the cal-
cium ionophore A-23187 was not inhibited by
pertussis toxin pretreatment. Studies by Franken
et al.31 showed a dose-dependent effect of solubi-
lized human ZP on the acrosome reaction in the
range 0.25–1 ZP/µl, and also confirmed the
involvement of Gi-protein during the ZP-induced
acrosome reaction of human spermatozoa. More
recently, Franken et al.51 reported the validation of
a new microassay using minimal volumes of solu-
bilized, human ZP to test the physiological induc-
tion of the acrosome reaction in human spermato-
zoa (ZP-induced acrosome reaction test or ZIAR).
In such studies, a dose-dependent effect of solu-
bilized ZP on acrosomal exocytosis was observed,
reaching maximal induction using 1.25–2.5 ZP/µl
for both the microassay and the standard
(macro)assay. Furthermore, the inducibility of the
acrosome reaction by a calcium ionophore was
similar in both assays.

Differences among species may account for the
disparity in the results published, but the major
differences among researchers are probably caused
by the different experimental conditions and the
varied assessment criteria. The in vitro conditions
under which the work is performed can have a
dramatic effect on the normal biochemical (meta-
bolic and acrosomal) reactions of sperm, and also
on the maturity of the oocyte–cumulus complexes
and the molecules trapped in the complexes.

THE ACROSOME REACTION SITE

The precise site of the acrosome reaction still
remains clouded by controversy. Three possible
sites have been proposed3:

• The oviductal fluid of the ampulla;

• The cumulus matrix;

• The surface of the zona pellucida.

The majority of the initial sperm acrosome reac-
tion site studies were performed on the cauda epi-
didymal sperm of the golden hamster, because of
its relatively large acrosomal cap. The progress of
the acrosome reaction can therefore be followed
by phase-contrast microscopy. Data from the
oviductal studies are, however, equivocal. Cum-
mins and Yanagimachi61 studied the ampullary
contents of female hamsters by phase-contrast
microscopy, 4–10 hours after insemination with
golden-hamster caudal epididymal sperm, and
observed that 93 of 96 sperm swimming freely
had modified and swollen acrosomal caps. In an
earlier study, Yanagimachi and Phillips62, also
using phase-microscopy, found that only four of
14 free-swimming golden-hamster sperm had
modified acrosomal caps.

Evaluating the cumulus matrix as the site of
acrosomal reaction, Cummins and Yanagimachi61

reported that all motile golden-hamster spermato-
zoa observed in the cumuli from oviducts had
undergone or were undergoing the acrosome reac-
tion. Yanagimachi and Phillips62 reported that
motile sperm, within the cumulus of golden-ham-
ster cumulus-intact complexes from the ampulla,
had modified acrosomes. However, in a video-
taped study, Cherr et al.63 found that only 3–6%
of sperm had actually completed the acrosome
reaction within the cumulus matrix, which was
comparable to control levels of the acrosome reac-
tion occurring in free-swimming sperm. Their
study included both cumulus-intact and cumulus-
free eggs, with a higher percentage of reacted
sperm found in association with the zona pellu-
cida of cumulus-intact eggs than with the ZP of
cumulus-free eggs.

Tesarik64 undertook a study to determine the
site of the acrosome reaction of spermatozoa pen-
etrating into freshly inseminated human oocytes.
The inseminated oocytes were treated with an
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antiacrosin monoclonal antibody, and the bound
antibody visualized at the ultrastructural level with
the use of a second peroxidase-conjugated anti-
body. His findings indicated that the acrosome
reaction of the fertilizing spermatozoon must be
exactly synchronized with its penetration through
the egg vestments by the action of specific acro-
some reaction-promoting substances in the
oocyte–cumulus complex. Quantitative analysis of
the results showed that the number of spermato-
zoa within the ZP corresponded to the number of
acrosin deposits associated with acrosomal ghosts
on the ZP surface.

Using the triple-stain technique, the acrosomal
status of sperm outside and within the cumulus
during in vitro fertilization was examined65. The
percentage of sperm undergoing the acrosome
reaction increased significantly (p < 0.05) from
14.5 ± 1.5 to 24.5 ± 1.9 when incubated with a
cumulus mass, and further increased to 49 ± 3.3
when incubated with mature expanded cumulus
tissue containing an oocyte. White et al.13 exposed
prepared spermatozoa for 20–30 minutes to large
pieces of human cumulus oophorus; while these
spermatozoa were able to penetrate deep into the
cumulus mass, none were found to have clearly
undergone the acrosome reaction. From this study
they also concluded that spermatozoa did not
require a capacitation period for penetration.

In an in vitro system, depolymerization (soft-
ening) of the cumulus matrix may occur because
of the high sperm concentration used. This may
allow sperm to reach the zona pellucida with intact
acrosomes. Cummins and Yanagimachi61 therefore
studied the ability of hamster sperm to penetrate
intact cumulus matrices at low (3 : 1) sperm/egg
ratios. Uncapacitated sperm were unable to pene-
trate the cumuli; at least 2 hours of preincubation
were required. Of the 628 in vitro capacitated
sperm seen in and on the cumuli, 270 could
penetrate, of which only ten had intact unmodi-
fied acrosomes. They concluded that penetration
of the cumulus was limited to a phase in capac-
itation before completion of the acrosome reac-
tion, since sperm that had lost the acrosomal cap

penetrated poorly and showed reduced viability.
Corselli and Talbot66 also developed a system in
which physiological sperm numbers (1–100) were
used to challenge fresh hamster oocyte–cumulus
complexes in capillary tubes. Their results showed
that capacitated acrosome-intact hamster sperm
can penetrate the extracellular matrix between the
cumulus cells and can ultimately bind to the ZP.
The results obtained by these two groups indicated
that uncapacitated sperm tend to adhere to the
cumulus cells on the periphery and are unable to
penetrate, and that sperm that have lost the acro-
somal cap also penetrate poorly.

The cumulus matrix may therefore be seen as a
selection barrier, allowing only morphologically
normal sperm that can undergo a normal acro-
some reaction to penetrate the zona pellucida,
and/or it may contain molecules that influence the
ability of sperm to undergo the reaction. CBG
and P, which are present in high concentrations in
the cumulus matrix, have been proposed as the
physiological stimulus for initiation of the acro-
some reaction.

CLINICAL RELEVANCE OF THE
ACROSOME REACTION

In two independent experiments, Barros et al.67

and Singer et al.68 using golden-hamster sperm
and human sperm, respectively, found that sperm
became infertile with prolonged incubation, as
judged by their ability to bind to and penetrate
the ZP. The reason for this decline in penetration
with increasing incubation time was attributed to
an increase in the percentage of acrosome-reacted
sperm. In contrast, an increase in the penetration
of zona-free hamster eggs was seen with increasing
incubation time (increase in the acrosome-reacted
population). Thus, acrosome-reacted sperm are
prevented from penetrating the ZP. These results
indicate that the fertilizing ability of spermatozoa
is a time-dependent process.

Although only acrosome-reacted spermatozoa
are capable of fusing with zona-free oocytes, there
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is no significant correlation between the propor-
tion of acrosome-reacted cells and the levels of
sperm–oocyte fusion observed. These two bioas-
says are thus measuring two different aspects of
the sperm’s ability to acrosome-react. White et
al.13 similarly concluded that there was no rela-
tionship between the acrosome reaction rate and
the fertilization rate of normal human oocytes in
vitro. In a study to assess whether patients who did
not fertilize human oocytes in vitro could be iden-
tified by a lack of acrosomal response of their sper-
matozoa, Pampiglione et al.69 found that patients
who fertilized oocytes responded like fertile
donors. It was also calculated that an acrosome
reaction rate of < 31.3% predicted fertilization
failure in 100% of cases. While spontaneous reac-
tions bore no relation to fertility, the inducibility
of the acrosome reaction (i.e. the difference
between spontaneous and induced acrosome reac-
tion), which describes the ability of viable sperm
to undergo the acrosome reaction, was signifi-
cantly reduced or absent in subfertile men, indi-
cating acrosomal dysfunction as a likely cause of
fertilization failure19.

Henkel et al.70 showed that inducibility should
be at least 7.5% to be indicative of good fertiliza-
tion. A > 13% level of acrosome-reacted sperm
after induction of the acrosome reaction was also
shown to have predictive value for fertilizing
potential, because elevated levels of sperm able to
lose their acrosome are necessary for successful fer-
tilization. For diagnostic purposes, the kind of
induction, be it physiological by means of the ZP
glycoproteins or non-physiological by the applica-
tion of a calcium ionophore or low temperature, is
apparently not important. However, inducibility
and appropriate timing of the acrosome reaction
with the penetration of the ZP61 are prerequisites
for good fertilization52,71.

Liu and colleagues72,73 reported a sperm defect
called disordered ZP-induced acrosome reaction
(DZPIAR). This defect was the cause of failure of
sperm penetration in a group of in vitro fertiliza-
tion (IVF) patients with a long duration of infer-
tility. These patients were previously diagnosed as

having idiopathic infertility with repeated poor or
no fertilization during IVF treatment.

Bastiaan et al.52,71 and Esterhuizen et al.53

reported similar findings in a study in which 164
andrology referrals were divided according to the
percentage of normal spermatozoa in the ejacu-
late, namely < 4% normal forms (n = 71), 5–14%
normal forms (n = 73) and > 14% normal forms
(n = 20). ZIAR data for the < 4%, 5–14% and
> 14% groups were 9.6 (± 0.6)%, 13.9 (± 0.5)%
and 15.0 (± 1.1)%, respectively. The ZIAR result
for fertile control men was 26.6 (± 1.4)%, which
differed significantly from that of the three
andrology referral groups. Likewise, significant
differences were recorded during the hemizona
assay, namely, 38.0% (< 4% normal forms),
54.5% (5–14% normal forms) and 62.6% (> 14%
normal forms). Among the group with > 14%
normal (Table 13.2) forms, five cases out of 21
(23%) had impaired ZIAR outcome (< 15%).
Three (14%) of these men had normal morphol-
ogy and sperm–zona binding, but showed a
decrease in ZIAR results. The study concluded
that ZIAR testing should become part of the sec-
ond level of male fertility investigations, i.e. sperm
functional testing, since 14% of andrology refer-
rals revealed an impaired acrosome reaction
response to solubilized ZP.

Table 13.2 Sperm–oocyte interaction results for five
cases with impaired zona pellucida-induced acrosome
reaction test (ZIAR)

Sperm–zona Morphology ZIAR
Case binding (HZI) (% normal forms) (%)

1 77 11 16

2 92 6 16

3 63 9 15

4 26 6 14

5 37 12 14

HZI, hemizona binding index
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Liu and Baker72 also studied the frequency of
defective sperm–ZP interaction in oligozoosper-
mic infertile men. Sperm–ZP binding and the ZP-
induced acrosome reaction were performed in 72
infertile men with oligozoospermic semen (sperm
count < 20 × 106/ml). Oocytes that failed to fertil-
ize in clinical IVF were used for the tests. Four
oocytes were incubated for 2 hours with
2 × 106/ml motile sperm selected by swim-up from
each semen sample. The number of sperm bound
per ZP and the ZIAR were assessed. Under this
condition, an average ≤ 40 sperm bound/ZP was
defined as low sperm–ZP binding and a ZIAR
≤ 15% was defined as low ZIAR. In the 72 oligo-
zoospermic men, 28% had low sperm–ZP bind-
ing. Of those (n = 52) with normal sperm–ZP
binding, 69% had low ZIAR. Overall, 78% had
either low ZP binding or normal ZP binding but
low ZIAR. Only 22% had both normal sperm–ZP
binding and normal ZIAR. They concluded that
oligozoospermic men have a very high frequency
of defective sperm–ZP interaction, which may be
a major cause of infertility or low fertilization rate
in standard IVF.

Esterhuizen et al.53 reported the ZP-induced
acrosome reaction response (ZIAR) among 35
couples with normal and G-pattern (good prog-
nosis) sperm morphology and repeated poor fer-
tilization results during assisted reproduction
treatment. Results were compared with in vitro
fertilization rates of metaphase II oocytes. Interac-
tive dot diagrams divided the patients into two
groups, i.e. ZIAR < 15% and ZIAR > 15%, with
mean fertilization rates of 49% and 79%, respec-
tively. The area under the curve was 99% and the
95% confidence interval did not include 0.5,
demonstrating that the ZIAR test is able to predict
fertilization failure among IVF patients.

CONCLUSIONS

The fertilizing spermatozoon undergoes a con-
tinuous reactionary process that is temporally and
spatially regulated. Spermatozoa respond to

signals during specific transformation stages and
at defined sites that will ensure the binding to and
penetration of the ZP. The asynchronous nature of
the reaction may result in large-scale redundancy,
because only the sperm in the right place at the
right time will be able to penetrate the ZP and fer-
tilize the oocyte. The in vivo situation appears to
promote the probability of fertilization by ensur-
ing that the maximum possible numbers of func-
tionally competent spermatozoa reach the oocyte
at the correct stage of capacitation.

We have shown that 14% of cases with unex-
plained infertility may have an impaired ZIAR,
and should be treated with ICSI rather than IVF.
The ZIAR53 or DZPIAR72 test has true diagnostic
potential, as it can assist the clinician in identify-
ing couples who will benefit from ICSI therapy. In
the clinical management of infertility, allocation
of patients between standard IVF and ICSI is
mainly decided on the basis of specific sperm
characteristics that play a role during fertilization.
Patients with impaired sperm–zona interaction,
i.e. zona pellucida binding and zona-induced
acrosome reaction, have a higher success rate in
the ICSI laboratory compared with IVF treat-
ment53,73. Moreover, the implementation of these
functional tests in the early stages of the work-up
of men with subfertile basic sperm parameters or
unexplained infertility should allow identification
of those cases that ought to be directed to ICSI,
avoiding loss of time secondary to the use of less
successful options such as intrauterine insemina-
tion therapy.
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Sperm–zona pellucida binding assays

Sergio Oehninger, Murat Arslan, Daniel R Franken 

BIOLOGY OF FERTILIZATION

Obligatory requirements for the successful com-
pletion of normal fertilization include a mature,
metaphase II oocyte and motile spermatozoa that
have completed the process of capacitation. The
newly formed zygote undergoes early cleavage
divisions depending upon the oocyte’s endoge-
nous machinery, and at the 4–8-cell stage initiates
transcription of the embryonic genome1. In vivo,
these processes are synchronized with the prepara-
tion of the endometrial mucosa (window of
implantation), thereby ensuring an adequate
milieu receptive to the blastocyst.

Spermatozoa are highly differentiated cells
whose main function is to activate the oocyte and
deliver components, principally its DNA, leading
to embryo development. In order to fertilize the
oocyte successfully, the spermatozoon must be
able to perform, at least, these functions: migra-
tion (allowing transport to the fertilization site
through adequate motion patterns), recognition
and binding to the zona pellucida (an event
dependent upon specific receptor–ligand inter-
actions), penetration of the zona pellucida
(secondary to the release of enzymes following
induction of the acrosome reaction by zona
components), binding to the oolemma (also

dependent upon interaction of complementary
gamete molecules), oocyte activation, nuclear
decondensation and participation in pronuclear
formation leading to syngamy (reviewed in
reference 2).

Events leading to sperm–oocyte
interaction

Only capacitated spermatozoa demonstrate the
ability to respond to the adequate physiological
stimuli that result in the display of adequate
motion characteristics, acrosome reaction res-
ponsiveness and competence to interact with the
oocyte and its vestments. Several cellular changes
that are manifested during capacitation include,
among others, removal or modification of
surface proteins, efflux of cholesterol from the
membranes, changes in oxidative metabolism,
achievement of a hyperactivated pattern of motil-
ity and an increase in the phosphotyrosine content
of several proteins. In addition to tyrosine phos-
phorylation of specific proteins, other modifi-
cations of cellular regulators occur, such as a
decrease in calmodulin binding to proteins and
an increase in calcium uptake, intracellular pH
and cyclic adenosine monophosphate (cAMP)
concentration2,3.
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Sperm–zona pellucida interaction:
recognition, binding and induction of
the acrosome reaction

The early events that occur during fertilization
may be viewed as a special form of highly complex
cell-to-cell recognition. Cell–cell recognition
mechanisms in many somatic cell systems involve
carbohydrate side-chains of membrane glycopro-
teins, and several observations indicate that simi-
lar molecules may have a role in spermatozoon–
oocyte binding in mammals. Compelling evidence
has now demonstrated that carbohydrate-binding
proteins on the sperm surface mediate gamete
recognition by binding with high affinity and
specificity to complex glycoconjugates of the zona
pellucida2,4–6.

In the mouse, the best characterized species so
far, tight binding is achieved through interaction
of zona pellucida protein 3 (ZP3) and a putative
complementary sperm-binding protein(s) present
in the plasma membrane. ZP3 triggers the acro-
some reaction that is then followed by a secondary
binding process involving zona pellucida protein 2
(ZP2) and the inner acrosomal sperm membrane,
leading to zona penetration7,8. Glycosylation
appears to be mandatory for ZP3-ligand function.
It has been demonstrated that O-glycosylation,
and particularly terminal galactose residues of O-
linked oligosaccharides, are essential for maintain-
ing mouse gamete interaction. There is also some
evidence that the amino sugar N-acetylglu-
cosamine (NAG) is the key terminal monosaccha-
ride involved in sperm–zona interaction in the
mouse9,10. In contrast, the acrosome reaction-trig-
gering activity of ZP3 seems to depend upon the
integrity of the protein backbone (reviewed in ref-
erences 5, 11 and 12). Peptides synthesized based
upon the published DNA sequence of ZP3 pro-
teins are able to induce acrosomal exocytosis in
some species13.

The molecular identity of the sperm surface
receptor(s) for ZP3 has been the subject of in-
tensive research. A number of candidate murine
ZP3 receptor molecules have been proposed,

including potential carbohydrate-binding pro-
teins such as sp56, p95, β-1-4 galactosyltrans-
ferase and a D-mannosidase9,14–18. However, there
has been confirmation neither of the structure or
biological role of any of these molecules nor of
their complementary ligand(s). The state of
knowledge as related to the human is even more
enigmatic.

In the mouse, ZP3-binding and ZP3-induced
acrosomal exocytosis can be dissociated from each
other, that is, they seem to represent two inde-
pendent processes19. There are differences in the
concentration-dependency of ZP3 to express
sperm-binding activity and acrosome reaction-
inducing activity. Specifically, the concentration
response curve for ZP3 acrosome reaction-induc-
ing activity is shifted to the right of the concen-
tration response curve for ZP3-ligand activity. A
model has been proposed predicting that ZP3 is
composed of multiple ‘functional ligands’, and
that the interaction of these ligands with the
sperm surface is responsible for both the sperm-
binding activity (through glycosylated epitopes)
and the ability to induce a complete acrosome
reaction19. Gamete recognition and adhesion
probably depend upon a multivalent ligand inter-
action whereby the sperm protein receptor(s)
bind to a number of different epitopes within the
ZP3. These functional ligands do not necessarily
have to be identical. The data concerning the
involvement of either O- or N-linked glycosyla-
tion sites are also equivocal, particularly in the
human. The lack of native human zona pellucida
to perform direct carbohydrate analyses has made
an unambiguous structural definition impossible
so far.

We have proposed the hypothesis that, in the
human, tight and specific sperm binding to the
zona pellucida requires a ‘selectin-like’ interac-
tion6,20. Hapten-inhibition tests, zona pellucida
lectin-binding studies and removal/modification
of functional carbohydrates by chemical and enzy-
matic methods have provided evidence for the
involvement of defined carbohydrate moieties in
initial binding. Our studies suggest the existence
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of distinct zona-binding proteins on human
sperm that can bind to selectin ligands (reviewed
in reference 21). Additionally, results suggest a
possible convergence in the types of carbohydrate
sequences recognized during initial human gamete
binding and immune/inflammatory cell interac-
tions (reviewed in reference 22). Full characteriza-
tion of the glycoconjugates that manifest selectin-
ligand activity on the human zona pellucida will
allow a better understanding of human gamete
interaction in physiological and pathological situ-
ations. Nevertheless, determination of the bio-
chemical components and secondary structure of
the human zona proteins has been hampered by
the paucity of biological material.

For the past two decades, investigators have
sought to identify an individual protein or carbo-
hydrate side-chain as the ‘sperm receptor’. Using
‘knock-out’ mice, in the absence of either ZP2 or
ZP3 expression, a zona pellucida fails to assemble
around growing oocytes and females are infertile.
In the absence of ZP1 expression, a disorganized
zona assembles around growing oocytes and
females exhibit reduced fertility. These observa-
tions are consistent with the current model for
zona pellucida structure in which ZP2 and ZP3
form long Z-filaments crosslinked by ZP1
(reviewed in reference 23).

However, recent genetic data in mice appear to
be more consistent with the three-dimensional
structure of the zona pellucida, rather than a sin-
gle protein (or carbohydrate), determining sperm
binding. Collectively, the genetic data indicate
that no single mouse zona-pellucida protein is
obligatory for taxon-specific sperm binding, and
that two human proteins are not sufficient to sup-
port human sperm binding. An observed post-
fertilization persistence of mouse sperm-binding
to ‘humanized’ zona pellucida correlates with
uncleaved ZP2. These observations are consistent
with a model for sperm binding in which the
supramolecular structure of the zona pellucida
necessary for sperm binding is modulated by the
cleavage status of ZP224–27.

Post-zona pellucida binding events:
interaction between sperm and oocyte
leading to fusion, oocyte activation,
pronuclear formation and paternal
contribution to early embryogenesis

Spermatozoa that have undergone the acrosome
reaction after interaction with and penetration
through the zona pellucida are able to bind to the
plasma membrane of the oocyte (oolemma). This
also seems to be a specific recognition event
involving putative molecules located in the equa-
torial segment of the sperm (sperm fusion pro-
teins) and yet-unidentified oocyte acceptors.
Binding of the gametes leads to fusion of the
membranes with incorporation of the entire sper-
matozoon into the ooplasm. Contact of the sper-
matozoon with the oocyte membrane triggers
electrical membrane changes in the oocyte (mem-
brane depolarization) and the release of cortical
granules, which represent fast and delayed protec-
tive mechanisms against polyspermy (reviewed in
reference 2).

There is still controversy as to the intimate
mechanism(s) through which the spermatozoon
activates the oocyte. Oocyte activation occurs in
association with changes in the intracellular con-
centration of calcium ions, possibly modulated by
a factor released by the spermatozoon once inside
the oocyte. Unequivocal identification of this fac-
tor in the human and other species has not yet
been achieved28. Sperm–oolemma binding and
fusion are followed by activation of the oocyte’s
second-messenger systems (calcium, phos-
phatidylinositol-4,5-biphosphate (PIP2)), pH
changes, protein synthesis, cyclin accumulation,
DNA synthesis, nuclear envelope breakdown and
the first cleavage division in some species. An
increase in intracellular calcium is associated with
microtubular rearrangement and pronuclear
formation2.

There is obviously extensive crosstalk between
the spermatozoon and the oocyte. In addition to
the effects secondary to membrane fusion and the
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release of oocyte activating factor(s) by the sper-
matozoon, the oocyte uses molecules that induce
sperm head decondensation (male pronucleus
growth factor) and the substitution of protamines
by histones2,29. Fertilization is achieved after the
oocyte completes meiosis, female and male pronu-
clei are formed and syngamy (pronuclei union) is
accomplished.

ABNORMALITIES OF FERTILIZATION:
CLINICAL LESSONS FROM IN VITRO
FERTILIZATION AND
INTRACYTOPLASMIC SPERM INJECTION
SETTINGS

It has been reported that sperm–zona pellucida
binding is a crucial step and that it reflects multi-
ple sperm functions30–32. Many patients who are
unable to fertilize oocytes under in vitro fert-
ilization (IVF) conditions have a severe
impairment of this functional step. A defective
capacity to undergo the acrosome reaction is prob-
ably also a significant factor in some patients33. It
has been shown recently that acrosomal exocytosis
can be studied in vitro using small volumes of sol-
ubilized human zonae pellucidae and that G-
proteins are involved as mediators34. This con-
firms previous studies that demonstrated the
involvement of heterotrimeric G-proteins in
induction of the acrosome reaction in other
species19. It has also been demonstrated that
functional/biochemical/morphological sperm im-
maturity (e.g. high content of creatine kinase) is
present in many cases of male infertility, resulting
in fertilization deficiencies35.

In addition to a defective sperm–zona pellu-
cida interaction, fertilization failure can also be
due to sperm–oolemma fusion defects or to
abnormal communication between the pene-
trating spermatozoon and the oocyte (e.g. lack or
deficient sperm–oocyte activating factor, male
pronucleus growth factor or other). Recent
evidence from the intracytoplasmic sperm injec-

tion (ICSI) setting clearly demonstrates that
post-gamete fusion abnormalities may occur.
Advances in fluorescent imaging by laser scanning
confocal microscopy and other novel techniques
permit the sophisticated high-resolution examina-
tion of gametes and embryos, including the fate of
the sperm centrosome, the oocyte’s microtubule
organizing center, mitochondrial distribution and
the initiation of embryo cleavage36. We remain
enthusiastic about ongoing studies that may help
to elucidate the contribution of the gametes (func-
tional, biochemical–molecular and genetic) to
early embryogenesis, and identify specific mole-
cules involved in fertilization disorders.

CLINICAL ASPECTS: MALE
SUBFERTILITY AND SEMEN
EVALUATION

Men consulting for infertility which is defined as
male-factor typically present abnormalities of
semen analysis consistent with varying degrees of
oligoasthenoteratozoospermia, alone or in combi-
nation. In addition, other structural and biochem-
ical sperm alterations can be demonstrated. From
an anatomical point of view they can be divided
into: membrane alterations (that can be assessed
by tests of resistance to osmotic changes, translo-
cation of phosphatidylserine and others), nuclear
aberrations (abnormal chromatin condensation,
retention of histones and presence of DNA frag-
mentation), cytoplasmic lesions (excessive genera-
tion of reactive oxygen species, loss of mitochon-
drial membrane potential or retention of
cytoplasm, indicative of immaturity such as high
creatine kinase content or presence of caspases)
and flagellar disturbances (disturbances of the
microtubules and the fibrous sheath). Some of
these alterations are indicative of immaturity, the
presence of an apoptosis phenotype, infection-
necrosis or other unknown causes (reviewed in ref-
erences 37–43).

Notwithstanding their occurrence and weak
correlations with clinical outcomes, it is not clear
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how these abnormalities impact directly on sperm
function, particularly gamete transportation,
fertilization and contribution to embryogenesis.
Furthermore, most such assays are still experimen-
tal, and more research is needed to validate their
results in the clinical setting and to deter-
mine their true capacity to predict male fertility
potential.

On the other hand, there are other specific and
critical sperm functional capacities that can be
more reliably examined in vitro. These functions
include: motility, competence to achieve capacita-
tion, zona pellucida binding, acrosome reaction,
oolemma binding, decondensation and pronu-
clear formation. The assessment of some of these
features is what is typically considered as sperm
functional testing.

VALIDITY OF SPERM FUNCTION
ASSAYS: RESULTS OF A
META-ANALYSIS

The categories of functional assays that are usually
considered include: (1) bioassays of gamete inter-
action (e.g. the heterologous zona-free hamster-
oocyte test and homologous sperm–zona pellucida
binding assays); (2) induced acrosome-reaction
testing; and (3) computer-aided sperm motion
analysis (CASA) for the evaluation of sperm
motion characteristics33,44–50.

We recently reported an objective, outcome-
based examination of the validity of the currently
available assays based upon the results obtained
from 2906 subjects evaluated in 34 published and
prospectively designed, controlled studies. The
aim was carried out through a meta-analytical
approach that examined the predictive value of
four categories of sperm functional assays (com-
puter-aided sperm motion analysis or CASA,
induced acrosome-reaction testing, sperm pene-
tration assay or SPA and sperm–zona pellucida
binding assays) for IVF outcome51.

Results of this meta-analysis demonstrated a
high predictive power of the sperm–zona pellucida

binding and induced acrosome-reaction assays for
fertilization outcome under in vitro conditions51.
On the other hand, the findings indicated a poor
clinical value of the SPA as a predictor of fertiliza-
tion, and a real need for standardization and fur-
ther investigation of the potential clinical utility of
CASA systems. Although this study provided
objective evidence in which clinical management
and future research may be directed, the analysis
also pointed out limitations of the current tests,
and the need for standardization of present
methodologies and the development of novel
technologies. It is important to note that there are
no studies addressing the validity and predictive
power of these assays for natural conception.

DESIGN OF IN VITRO SPERM–ZONA
PELLUCIDA BINDING ASSAYS 

Our group has published extensively on the devel-
opment and validation of an in vitro bioassay (the
hemizona assay or HZA) for the assessment of
tight human sperm binding to the homologous
zona pellucida. The initial studies were based on
the hypothesis that capacitated spermatozoa bind
in a specific, tight and irreversible manner to the
homologous, biologically intact zona pellucida,
and undergo a physiologically induced acrosome
reaction (exocytosis triggered by components of
the zona pellucida). This hypothesis was tested
by incubation of spermatozoa and the zona pellu-
cida from microbisected human oocytes, followed
by determination of the kinetics, sperm concen-
tration-, sperm morphology- and time-depend-
ency of binding, and sperm acrosomal status on
tight binding.

The HZA was introduced as a novel diagnostic
test for the binding of human spermatozoa to the
human zona pellucida to predict fertilization
potential46. In the HZA, the two matched zona
hemispheres created by microbisection of the
human oocyte provide three main advantages: (1)
the two halves (hemizonae) are functionally equal
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surfaces, allowing controlled comparison of bind-
ing and reproducible measurements of sperm
binding from a single egg; (2) the limited number
of available human oocytes is amplified because an
internally controlled test can be performed on a
single oocyte; and (3) because the oocyte is split
microsurgically, use of even fresh oocytes cannot
lead to inadvertent fertilization and pre-embryo
formation46,52.

The two most common zona binding tests cur-
rently used are the HZA46 and a zona pellucida-
binding test32,47. Both bioassays have the advan-
tage of providing a functional homologous test for
sperm binding to the homologous zona pellucida,
comparing populations of fertile and infertile
spermatozoa in the same assay. The internal con-
trol offered by the HZA represents an advantage
by decreasing the number of oocytes needed
during the assay and diminishing the intra-assay
variation46,52–57.

Different sources of human oocytes can be
used in the assay: oocytes recovered from surgi-
cally removed ovaries or postmortem ovarian tis-
sue, and surplus oocytes from the IVF program.
Since fresh oocytes are not always available for the
test, various alternatives have been implemented
for storage. Others have described the storage of
human oocytes in dimethylsulfoxide (DMSO) at
ultralow temperatures58. Additionally, Yanagi-
machi and colleagues showed that highly concen-
trated salt solutions provided effective storage of
hamster and human oocytes such that the sperm-
binding characteristics of the zona pellucida were
preserved59,60. In developing the HZA, we have
examined the binding ability of fresh and DMSO-
and salt-stored (under controlled pH conditions)
human oocytes, and have concluded that the
sperm binding ability of the zona remains intact
under all these conditions53,61. Subsequently, we
have assessed the kinetics of sperm binding to the
zona, showing maximum binding at 4–5 h of
gamete coincubation, with similar binding curves
for both fertile and infertile semen samples46,53.

Detailed descriptions of oocyte collection,
handling and micromanipulation, as well as

semen processing and sperm suspension prepara-
tions for the HZA, have been published else-
where46,53. The assay has been standardized to a
4-h gamete coincubation, exposing each hemizona
to a sperm droplet (50–100 µl of a dilution of
500 000 motile sperm/ml prepared after swim-
up). Human tubal fluid supplemented with syn-
thetic serum substitute or human serum albumin
is usually the medium utilized for sperm prepara-
tion and gamete coincubation. After coincuba-
tion, the hemizonae are subjected to pipetting
through a glass pipette in order to dislodge loosely
attached sperm. The number of tightly bound
spermatozoa on the outer surface of the zona is
finally counted using phase-contrast microscopy
(200×). Results are expressed as the number of
sperm tightly bound to the hemizona for controls
and patients, and also as the hemizona index
(HZI), i.e. the number of sperm tightly bound,
for the control sample (×100)46.

The assay has been validated by a clear-cut def-
inition of the factors affecting data interpretation,
i.e. kinetics of binding, egg variability and matu-
ration status, intra-assay variation and influence of
sperm concentration morphology, motility and
acrosome reaction status53–55,57,62,63. Because of
the definition of the assay’s limitations and its
small intra-assay variation (less than 10%), the
power of discrimination of the HZA has been
maximized. Conversely, for other sperm–zona
binding tests, several oocytes have to be used
because of the high inter-egg variation, and in fact
a high intra-assay coefficient of variation has been
reported32,47.

The specificity of the interaction between
human spermatozoa and the human zona pellu-
cida under HZA conditions is strengthened by the
fact that the sperm tightly bound to the zona are
acrosome-reacted54,62. Results of interspecies
experiments performed with human, cynomolgus
monkey and hamster gametes have demonstrated
a high species specificity of human sperm–zona
pellucida functions under HZA conditions, pro-
viding further support for the use of this bioassay
in infertility and contraception testing64.
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PREDICTIVE VALUE OF THE HEMIZONA
ASSAY FOR IN VITRO FERTILIZATION
OUTCOME

In prospective, blinded studies, we have investi-
gated the relationship between sperm binding to
the hemizona and IVF outcome31,56,65–67. Results
have shown that the HZA can successfully distin-
guish the population of male-factor patients at risk
for failed or poor fertilization (Figure 14.1).

Powerful statistical results allow use of the
HZA for prediction of the fertilization rate67–70.
The HZA can distinguish a population of male-
factor patients who will encounter low fertiliza-
tion rates in IVF, and, when combined with the
information provided by other sperm parameters
(morphology and motion characteristics), gives
reliable and useful information in the clinical
arena. Of the basic sperm parameters, sperm mor-
phology is the best predictor of the ability of sper-
matozoa to bind to the zona pellucida. Sperm
from patients with severe teratozoospermia (‘poor-
prognosis’ pattern or less than 4% normal sperm
scores as judged by strict criteria) have an impaired
capacity to bind to the zona pellucida under HZA
conditions (membrane/receptor deficiencies?).

In our studies, when the HZA was removed
from the regression analysis in order to identify
the predictive value of other sperm parameters
(sperm concentration, morphology and motion
characteristics), percentage progressive motility
was the second best predictor of in vitro fertiliza-
tion outcome31. We speculated that the relation-
ship between sperm morphology and IVF results
depends upon an effect on zona pellucida binding.
On the other hand, motility seemed to affect the
rate of fertilization outside the prediction of the
HZA. It would appear that, although important
in achieving binding, motility may be more
important for cumulus and zona pellucida pene-
tration, factors not directly evaluated in the HZA.
Logistic regression analysis provided a robust HZI
range predictive of the oocyte’s potential to be
fertilized. This HZI cut-off value was approxi-
mately 35%. Overall, for failed vs. successful and
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Figure 14.1 Cluster analysis of hemizona index (HZI) and
rate of fertilization of mature oocytes in in vitro fertilization (IVF)
considering a cut-off HZI of 35%. Cluster : high HZI,
successful fertilization in the range 50–100% of oocytes;
cluster : low HZI, failed or poor fertilization in the range
0–50% of oocytes; cluster : false-positive results with high
HZI but failed fertilization (< 15% of cases). For patients
undergoing IVF treatment, and if HZI results are < 35%, the
chances of poor fertilization are 90–100%, whereas for HZI
results > 35%, the chances of good fertilization are 80–85%.
Note the absence of false-negative results and evidence of
15% false-positive results. The cluster analysis was performed
with combined data from references 56 and 66–68

poor vs. good fertilization rate, the correct predic-
tive ability (discriminative power) of the HZA was
80% and 85%, respectively. Consequently, this
information may be extremely valuable for coun-
seling patients in the IVF setting (for example,
considering a HZI below 35%, the chances of
poor fertilization are 90–100%, whereas for a HZI
over 35%, the chances of good fertilization are
80–85%) (Figure 14.1)31,67,68,70.

The HZA has demonstrated excellent sensitiv-
ity and specificity with a low incidence of false-
positive results. For a HZI of 35%, the positive
predictive value of the HZA is 79% and its nega-
tive predictive value is 100% (considering good vs.
poor fertilization rates). In the HZA, false-positive
results can be expected, since other functional
steps follow the tight binding of sperm to the zona
pellucida and are essential for fertilization and pre-
embryo development.
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PREDICTIVE VALUE OF THE HEMIZONA
ASSAY FOR PREGNANCY OUTCOME IN
INTRAUTERINE INSEMINATION
THERAPY

The prediction of pregnancy in intrauterine
insemination (IUI) cycles has been expected to be
much more difficult than prediction of fertiliza-
tion in IVF. This is due to the multifactorial
nature of conception, as it depends upon the pres-
ence of many sperm functions and additional
female parameters. For IUI therapy, the most sig-
nificant female parameters are the quality or quan-
tity of the oocyte(s) and the transportation of
capacitated sperm to the fertilization site (e.g.
effects of uterine and tubal environment, IUI
preparation technique) (reviewed in reference 71).
However, there are also other potential and more
subtle female factors, such as exposure of sperma-
tozoa to peritoneal and follicular fluid, that have
been found to affect sperm binding to the zona
pellucida and the ability to respond to physiologi-
cal inducers of the acrosome reaction72,73.
Sperm–zona pellucida binding is a crucial and
common step in the journey leading to fertiliza-
tion during both in vivo and in vitro models.

We therefore tested the power of the HZA to
predict pregnancy outcome in patients undergo-
ing IUI therapy using the husband’s sperm. Only
couples with a diagnosis of unexplained infertility
and male factor infertility were asked to part-
icipate in the clinical trial. During a 3-year span,
82 couples who underwent 313 IUI treatment
cycles and who were categorized into unex-
plained/male factor infertility agreed to partici-
pate. The male partner had a HZA within 3
months of the first IUI cycle, and couples under-
went 1–6 IUI cycles within the next 12-month
period. All female patients were subjected to con-
trolled ovarian hyperstimulation using a similar
gonadotropin protocol.

For all patients involved in the study, the HZI
results ranged between 0 and 178%. Minimum
and maximum HZI values that achieved a preg-
nancy were 17% and 109%, respectively. When

we analyzed the data according to a 30–35%
cut-off HZI range, which was proven optimum
for prediction of successful fertilization in
IVF66,67, the HZA had a high negative predictive
value (NPV) of almost 90% (i.e. patients with a
HZI < 30% had a very low chance of conception)
(Table 14.1). On the other hand, results demon-
strated that the positive predictive value (PPV) of
the test decreased in parallel with its NPV with
increasing cut-off values (r = –0.7, p < 0.05 and
r = –0.8, p < 0.05 for PPV and NPV, respectively).
This was reflected as increased false-positive rates
with higher HZI values (Figure 14.2). This result
confirmed that a variety of pre- and post-
sperm–zona pellucida binding factors play an
active role in establishing a pregnancy: patients
with high HZI values still may not be able to
achieve conception.

In light of these findings, we re-examined the
data in the range of HZI between 0 and 60%.
This approach was also used in earlier IVF studies,
where it was confirmed that successful fertilization
occurred in nearly all patients with a HZI > 60%
under optimal IVF conditions74. With a HZI cut-
off value of 30–35%, we found a relatively higher
PPV of 69%, but still a high incidence of false-
positive results, with a very high negative predic-
tive value of 93% (Table 14.1).

The data were also subjected to receiver oper-
ating characteristic (ROC) analysis to assess the
contributions of all male and female parameters,
for the overall population and also after catego-
rization of patients according to the subgroup of
etiology (male factor or unexplained). In this
model, a HZI with cut-off value of 32% demon-
strated significant power for the prediction of
pregnancy in the male factor infertility subgroup,
with 69% PPV and 93% NPV (p = 0.005). The
average path velocity was the second male-factor
parameter that had significance as predictor in this
subgroup (30% PPV and 95% NPV with cut-off
value of 46.5 µm/s, p = 0.001). The duration of
infertility was a strong predictor of pregnancy in
all patients and in both subgroups. Binary logistic
regression analysis applied to all male and female
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Table 14.2 Results of logistic regression analysis of
different sperm parameters and impact on pregnancy
outcome in couples with diagnosis of male factor
infertility undergoing intrauterine insemination (IUI)
therapy

r† p Value

Morphology  0.19 0.07

Concentration 0.00 0.27

Motility 0.00 0.99

HZI 0.30  0.02*

†Partial contribution; *statistically significant; HZI,
hemizona index
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Figure 14.2 Relationship between different cut-off values of
hemizona index (HZI) and corresponding positive and negative
predictive values for conception in intrauterine insemination
(IUI) therapy
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Table 14.1 Predictive value of hemizona assay (HZA)
for pregnancy with intrauterine insemination (IUI)
therapy considering a hemizona index (HZI) cut-off
range of 30–35%. Predictive values were calculated for
all patients and for patients who had HZI results in the
range 0–60%

Patients with
HZI value

All between 0 
patients and 60%

Positive predictive 40 69
value (%) 
False-positive 69 42
rate (%) 
False-negative 11 11
rate (%) 
Negative predictive 89 93
value (%) 

parameters also confirmed the HZI as the most
powerful and single parameter predictive of con-
ception in couples with a diagnosis of male factor
infertility (–2 log likelihood of 28.778 and χ2 of
7.720, p = 0.005) (Table 14.2).

Although this evidence continues to encourage
use of the HZA in the screening work-up of con-
sulting couples before starting IUI therapy, larger
prospective studies are still needed to confirm
these favorable initial results.

PREDICTIVE VALUE OF THE HEMIZONA
ASSAY FOR NATURAL CONCEPTION

It has been speculated that information from the
semen analysis can be used to predict the likeli-
hood that a couple will conceive within a period
of time. This probability is influenced by a host of
factors including semen quality, and studies in
large groups or using simple models are required
to overcome existing limitations75. The world lit-
erature has consistently used the World Health
Organization (WHO) guidelines for normalcy
cut-offs to address clinical situations. However,
recent studies have raised doubts about such estab-
lished guidelines.

In a prospectively designed study, Ombelet
and collaborators76 compared a fertile and a sub-
fertile population so as to define ‘normal’ values
for different semen parameters. Semen analyses
were performed according to WHO guidelines,
except for sperm morphology (strict criteria). The
authors used ROC curve analysis to determine the
diagnostic potential and cut-off values for single
and combined sperm parameters. Sperm morph-
ology scored best, with a value of 78% (area under
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the ROC curve). Summary statistics showed a
shift towards abnormality for most semen param-
eters in the subfertile population. Using the 10th
centile of the fertile population as the cut-off
value, the following results were obtained:
14.3 × 106/ml for sperm concentration, 28% for
progressive motility and 5% for sperm morphol-
ogy. Using ROC analysis, cut-off values were
34 × 106/ml, 45% and 10%, respectively. Cut-off
values for normality were different from those
described in the last edition of the WHO
guidelines.

In addition, there are well-known variations in
sperm parameters among different ejaculates from
the same man, and differences among groups of
patients75. To the best of our knowledge, there are
scant data, if any at all, on the predictive value of
any sperm structural–biochemical feature or
sperm function test for the outcome of natural
conception. Van der Merwe et al.78 suggest that
thresholds of < 5% normal sperm morphology, a
concentration < 15 × 106/ml and a motility < 30%
should be used to identify the subfertile male. The
lower threshold for morphology also fits IVF and
IUI data calculated previously. Nevertheless,
thresholds for natural conception (highly predic-
tive of pregnancy within a given time-frame) need
to be determined for the basic sperm parameters as
well as for HZA and other functional tests.

DISCUSSION AND CONCLUSIONS

The high negative predictive value, but more
important, the low false-negative rate (i.e. robust
power to identify patients at high risk for fertiliza-
tion failure in IVF and to fail conception in IUI),
underscore the predictive ability of the HZA in
the clinical setting.

Liu et al.79 reported that sperm defects associ-
ated with poor sperm–zona pellucida binding or
impaired zona pellucida-induced acrosome reac-
tion and sperm–zona pellucida penetration are the
major causes of failure of fertilization when all or
most oocytes from a couple do not fertilize in

standard IVF. These authors further demonstrated
that there is a high frequency of defective
sperm–zona pellucida interaction in men with
oligozoospermia (< 20 × 106/ml) and severe terato-
zoospermia (strict normal sperm morphology
≤ 5%). According to these authors, sperm mor-
phology correlated with sperm–zona pellucida
binding, and sperm concentration correlated with
zona pellucida-induced acrosome reaction in
infertile men with a sperm concentration
> 20 × 106/ml. The authors suggested that a defec-
tive zona pellucida-induced acrosome reaction
may cause infertility in up to 25% of men with
idiopathic infertility. These patients would there-
fore require ICSI, despite the presence of an oth-
erwise normal standard semen analysis79–83.

The induced acrosome-reaction assays appear
to be equally predictive of fertilization outcome in
vitro as the sperm–zona pellucida binding tests,
and are simpler in their methodologies51.
Although the use of a calcium ionophore to
induce the acrosome reaction is at present the
most widely used methodology84,85, the assay uses
non-physiological conditions that may not accu-
rately represent fertilization potential. The recent
implementation of assays using small volumes of
human solubilized zonae pellucidae34,86, biologi-
cally active recombinant human ZP35,87,88 or
active, synthetic ZP3 peptides13 will probably
allow the design of improved, physiologically ori-
ented acrosome reaction assays.

Initially, it was believed that cloning of the
human ZP3 gene would circumvent the obstacle
manifested as a paucity of natural material, since a
constant supply of recombinant protein would be
available. However, several of the laboratories
dedicated to this task have been generally unable
consistently and reliably to purify a biologically
active product so far (reviewed in reference 5). It
seems clear that this is probably due to inadequate
and heterogeneous glycosylation of the protein by
the different cell lines used. Although we have
been able to express and purify a human recom-
binant ZP3 that appears to demonstrate the full
spectrum of biological activities, problems of
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stable transfection, protein storage and mainte-
nance of bioactivity have hampered progress88.

Franken et al.86 devised a new microassay that
is easy and rapid to perform, and facilitates the use
of minimal volumes of solubilized zonae pelluci-
dae (even a single zona) for assessment of the
human acrosome reaction. The microassay has
been validated against standard macroassays, and
consequently offers a unique arena to test for the
physiological induction of acrosomal exocytosis by
the homologous zona pellucida. Moreover, initial
clinical studies using the microassay have demon-
strated that the zona-induced acrosome reaction
(ZIAR) can predict fertilization failure in the IVF
setting. The microassay ZIAR can therefore refine
the therapeutic approach for male infertility prior
to the onset of therapy89,90. Bastiaan et al.91,92

prospectively evaluated the relationship between
sperm morphology, acrosome responsiveness to
solubilized zona pellucida using the microassay,
sperm–zona binding potential (HZA) and IVF
outcome. ROC curve analyses indicated ZIAR to
be a robust indicator for fertilization failure dur-
ing IVF therapy, with a sensitivity of 81% and
specificity of 75%.

Sperm function tests may be of highest value in
order to direct the couple to assisted reproductive
technologies (ART). Assisted reproduction is usu-
ally indicated as a result of: (1) failure of urologi-
cal/medical treatments of the subfertile man (if
indicated); (2) the diagnosis of ‘unexplained’
infertility in the couple; (3) the presence of ‘basic’
sperm abnormalities of moderate–high degree; or
(4) abnormalities of sperm function as diagnosed
by predictive bioassays (such as the HZA or
ZIAR).

Typically, patients are selected for ICSI under
the following scenarios: (1) poor sperm parame-
ters (i.e. < 1.5 × 106 total spermatozoa with ade-
quate progressive motility after separation, and/or
severe teratozoospermia with < 4% normal forms
in the presence of a borderline to low total motile
fraction); (2) poor sperm–zona pellucida binding
capacity with a hemizona assay index < 30%,
and/or low ZIAR67,70,91; (3) failure of IUI therapy

in cases presenting with abnormal sperm param-
eters, including the presence of antisperm anti-
bodies; (4) previous failed fertilization in IVF; and
(5) the presence of obstructive or non-obstructive
azoospermia, where ICSI is combined with sperm
extraction from the testes or the epididymis51,93–95.
In the presence of severe oligoasthenoterato-
zoospermia, or if the outcome of sperm function
testing indicates a significant impairment of fertil-
izing capacity, couples should be immediately
directed to ICSI. This approach is probably more
cost-effective and will avoid loss of valuable time,
particularly in women aged > 35 years94,96.

More research is needed to develop simpler
assays of sperm function that can be clinically use-
ful for the prediction of both in vivo and in vitro
pregnancy outcomes. It is expected that advances
in molecular biology methodologies and novel
biotechnologies will help to achieve this goal.
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Detection of DNA damage in sperm

Ralf Henkel

INTRODUCTION

It has been reported that sperm DNA damage is
predictive of fertilization and pregnancy after nat-
ural conception1–3 and following the use of differ-
ent techniques of assisted reproduction, namely
intrauterine insemination (IUI)4, in vitro fertiliz-
ation (IVF)5–8 and intracytoplasmic sperm injec-
tion (ICSI)9–12. This has important clinical impli-
cations for assisted reproduction techniques
(ART), because the more invasive is the tech-
nique, the higher is the risk that a genetically dam-
aged male genome will be transferred into the
oocyte and fertilize the oocyte in vitro10,13.

Normally, if the genetic damage in the male
germ cell is severe, embryonic development stops
at the time when the paternal genome is switched
on, resulting in failed pregnancy10. However,
genetic and biological protection mechanisms do
not necessarily preclude further embryonic
development, since Ahmadi and Ng14 have
demonstrated that fertilization with damaged
spermatozoa can result in live-born (mouse) pups.
This study also showed that the injection of a
cytosolic sperm factor into the oocyte is a key
point in the activation of oocytes. Since the DNA
fragmentation rate is significantly higher in
patients with poor semen quality, and DNA dam-
age cannot be recognized while selecting sperma-
tozoa to be injected for ICSI, the probability of

using defective spermatozoa in ICSI is much
higher, which in turn increases the risk of trans-
ferring damaged DNA into oocytes. In addition,
reports regarding increased chromosomal abnor-
malities, minor or major birth defects or child-
hood cancer suggest increased risks for babies born
after ICSI15–20, and have led to serious concerns
about this technique.

For these grave reasons, various authors from
different working groups have suggested that tests
for DNA integrity and damage should be intro-
duced into the routine andrological laboratory
work-up21–25. Compared with other sperm param-
eters such as motility, Zini et al.26 regard the
evaluation of sperm DNA fragmentation as a
particularly reliable assay because of its low
biological variability. In the past, a number of test
systems have been developed to investigate
sperm DNA damage at different levels and
different sites. Among these, some highly sophis-
ticated assays examine chromosomal aberrations,
including multicolor fluorescence in situ hybrid-
ization (FISH), or assays that probe for structural
integrity of sperm DNA such as the sperm chro-
matin structure assay (SCSA), using flow cytom-
etry. Other test systems for sperm nuclear matu-
rity and condensation such as the aniline blue
stain are rather simple, and are based on the
evaluation of stained sperm smears by a
technologist.
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Since most of these assays are reportedly pre-
dictive of fertilization and pregnancy, this chapter
contributes to an understanding of the currently
available assays, so that the results of each can be
better assessed. Moreover, in view of the varying
financial capabilities of different andrology labora-
tories, this will then enable selection of which test
systems can be employed to offer the most effec-
tive andrological diagnosis on the one hand, with
optimum results following ART on the other. A
summary of the test systems discussed in this
chapter with a short description of the principle as
well as main advantages and disadvantages is
depicted in Table 15.1.

TEST SYSTEMS TO ASSESS DNA
DAMAGE/FRAGMENTATION

Sperm DNA damage can occur at different levels,
i.e. (1) direct damage of DNA in the form of
strand breakages due to apoptosis, oxidative stress
or radiation, (2) during chromatin condensation
and packaging, resulting in immature nuclear con-
densation, or (3) at the chromosomal level in the
form of chromosomal aberrations or aneuploidies.
As each of these levels is important for the trans-
mission of male genetic information and chro-
matin condensation, they reflect sites where dam-
age that can have serious effects on fertilization
and pregnancy may occur. Therefore, methods to
measure such damage have been developed. Some
of these assays have been tested for their predictive
value for male infertility within the scope of an
ART program.

Direct DNA damage can occur in the form of
base modifications or single- and/or double-strand
breakages. Base modifications are assessed through
the measurement of 8-hydroxydeoxyguanosine,
one of about 20 major biomarkers of oxidative
DNA damage that has been shown to be
representative, highly specific and potentially a
mutagenic product. DNA strand breakages are
often measured by means of the comet (single cell

gel electrophoresis) assay, TUNEL (terminal
deoxynucleotide transferase-mediated dUTP
nick-end labeling) assay, in situ nick translation,
the metachromatic shift of acridine orange
fluorescence in the acridine orange staining test or
the sperm chromatin structure assay.

Measurement of
8-hydroxydeoxyguanosine

8-Hydroxydeoxyguanosine (8-OHdG) occurs as
substantial oxidative modification of DNA and is
present in abundance in DNA27 at levels of 2–4
per 100 000 deoxyguanosine molecules28,29 in
human spermatozoa. It can be measured in
genomic DNA by means of high-performance liq-
uid chromatography (HPLC), with subsequent
electrochemical or gas chromatography–mass
spectrometry detection. In order to perform this
test, DNA has to be extracted from human sperm,
followed by enzymatic digestion and detection by
means of HPLC analysis. Since the method
depends on sufficient extraction of 8-OHdG,
quality of DNA digestion and detection limit of
the HPLC, relatively high numbers of spermato-
zoa are necessary30.

Several studies have revealed significantly
higher amounts of 8-OHdG in the spermatozoa
of smokers than in non-smokers, which are due to
the high oxidative DNA damage. On the other
hand, the intake of antioxidants such as vitamin C
and its concentration in seminal plasma provide
protection again this oxidative damage29,31. High
amounts of 8-OHdG have also been linked to
male infertility32–34. If this DNA damage is not
repaired, 8-OHdG may be mutagenic and may
cause embryonic loss, malformations or childhood
cancers3,28. Despite that this test shows clear clini-
cal significance, i.e. it is highly specific, quantita-
tive and correlated with sperm function30,35,36, the
method is not commonly used because special
equipment is required. Moreover, artifactual oxi-
dation of deoxyguanosine can occur and lead to
inaccurate results.
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Comet assay

The single cell (micro)gel electrophoresis or
‘comet’ assay was developed to evaluate DNA
integrity, including single- and double-strand
breaks in somatic cells37. In 1988, Singh et al.38

used alkaline conditions at pH > 13, a modifica-
tion of the assay, which enables the detection of
DNA single-strand breaks, alkali-labile sites,
DNA–DNA/DNA–protein crosslinking and sin-
gle-strand breaks associated with incomplete exci-
sion repair sites, and increased the sensitivity of
the test. Since that time, the range of applications
and the number of users have increased. In this
assay, DNA strand breaks migrate in an agarose
gel, and, depending on the amount of damaged
DNA, create a bigger or smaller tail, which is visu-
alized by means of DNA-specific fluorescent dyes,
while intact, supercoiled, compact DNA remains
in the nucleus39. The shape resembles a comet,
and hence the name of the assay. For evaluation of
the comet assay, the length of the tail, the per-
centage of DNA in the tail (intensity of tail stain-
ing) or the product of these two parameters, the
tail moment, are taken into consideration.

With regard to male infertility and sperm func-
tion, several groups40–43 have shown the clinical
relevance of the comet assay. Although its pre-
dictive value has also been documented for fert-
ilization and embryo development in both IVF
and ICSI7,44,45, the origin of such DNA damage
remains obscure, and sources including apoptosis,
improper DNA packaging and ligation during
spermatogenesis or oxidative stress have been
discussed. For the last, two different sources, reac-
tive oxygen species (ROS) produced by leukocytes
or by the spermatozoa themselves, seem possible
(for review see reference 46). Interestingly, ROS
that are normally found in the male reproductive
tract can induce this DNA damage47. Moreover,
DNA damage was reportedly increased after expo-
sure to toxins (including cigarette-smoking),
chemotherapy or radiation48–51.

Unfortunately, to date, there is no standardized
protocol to perform and evaluate this test, and it

is therefore difficult to compare the results from
different groups. While some authors calculate the
percentage of comet-forming sperm, others report
the average extent of the tails in a given sperm
population40,52,53. On the other hand, the assay is
easy to perform, is one of the most sensitive tech-
niques available to measure DNA strand breaks39

and correlates very well with results of the
TUNEL assay54.

TUNEL assay

Another test specific for broken sperm DNA is the
TUNEL (terminal deoxynucleotide transferase-
mediated dUTP nick-end labeling) assay55. The
principle is based on the addition of labeled DNA
precursors (dUTP: deoxyuridine triphosphate) at
single- and double-strand DNA breaks by means
of an enzymatically catalyzed reaction, using the
template-independent terminal deoxynucleotide
transferase (TdT). It incorporates biotinylated or
fluorescinated dUTP to the 3′-OH ends of the
DNA, which increase with the number of strand
breaks. Compared with other methods to detect
DNA damage, the TUNEL assay is more sophis-
ticated, more expensive and more time-consum-
ing. However, good-quality control parameters
such as low intraobserver and interobserver vari-
ability have been demonstrated56. In addition,
flow-cytometric measurement of the sperm sam-
ple analyzing a large amount of cells is possible.

Due to its high specificity and reproducibility,
the TUNEL assay is one of the most frequently
used test systems to investigate sperm DNA frag-
mentation. Its relevance in respect of sperm func-
tion57–59 as well as fertilization and pregnancy has
been proved repeatedly4,5,8,60. Sperm DNA frag-
mentation provides a clinical explanation even for
early embryonic death61 and recurrent pregnancy
loss62. Moreover, Shoukir et al.63 found a signifi-
cantly lower blastocyst formation rate after ICSI
compared with IVF, and postulated a negative
paternal effect on preimplantation embryo devel-
opment. The TUNEL assay evaluates DNA
fragmentation, which is a rather late stage of
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apoptosis, and it cannot actually distinguish
between apoptotic and necrotic cells64,65. This is
even more important, as Sakkas et al.66 found that
TUNEL positivity and apoptotic markers such as
the asymmetric distribution of phosphatidylserine
in the sperm plasma membrane do not always
exist in unison.

In situ nick translation

In contrast to the TUNEL assay, which detects
both single- and double-strand DNA breaks, in
situ nick translation detects only single-strand
DNA breaks. This test quantifies the incorpora-
tion of labeled (biotinylated or fluorescinated)
dUTP at the 3′-OH recessed termini of single-
stranded DNA in a template-dependent enzy-
matic reaction by means of DNA polymerase I.
Labeling with the in situ nick translation is indica-
tive of endogenous nicks in the DNA67,68. Data
obtained in human spermatozoa with both tech-
niques, in situ nick translation and the TUNEL
assay, are highly correlated69. In somatic cells,
necrotic nuclei seem to be preferably stained by in
situ nick translation, while the TUNEL assay
appears to be rather indicative of apoptosis70.
However, since spermatozoa do not show the typ-
ical morphological alterations characteristic of
apoptosis in somatic cells, additional specific tests
for other markers of apoptosis such as phos-
phatidylserine externalization, Fas expression or
the presence of other active proapoptotic factors
should be performed in order to distinguish
clearly between apoptosis and necrosis.

Acridine orange test

The acridine orange test is a slide-based version of
the original human sperm chromatin heterogene-
ity test71 that was developed by Tejada et al.72. This
test measures the susceptibility of sperm nuclear
DNA to acid-induced denaturation by means of
the metachromatic properties of acridine orange.
This dye intercalates into the DNA as a monomer,

which fluoresces green with double-stranded
DNA, and binds to single-stranded DNA or RNA
as an aggregate that emits red-orange light after
excitation73.

Due to its simplicity, several working groups
have correlated the acridine orange test with dif-
ferent sperm functional parameters, including
normal sperm morphology, as well as with male
fertility in assisted reproduction programs. While
Ibrahim and Pedersen74 could not find a signifi-
cant correlation between the acridine orange test
and sperm motility and the penetration of zona-
free hamster oocytes in the sperm penetration
assay, others have demonstrated significant corre-
lations with motility75, sperm count72, sperm–
zona pellucida binding76 and fertilization in an
assisted reproduction program for IVF and
ICSI77–79. Additionally, a significant correlation
between chromatin integrity and normal sperm
morphology as one of the most predictive sperm
parameters for fertilization in vitro has been
shown repeatedly75,77.

Despite these mainly positive reports regarding
the clinical value of the acridine orange test, con-
cern has arisen about its reliability. This is mainly
based on: (1) the poor conditions for the
metachromatic shift from green to red-orange as
the dye adsorbs on the glass surface, and (2) the
difficulty in distinguishing between normal,
green, and abnormal, red-orange, sperm heads
accurately, especially if a sperm head contains both
single- and double-stranded DNA. Furthermore,
rapid fading of the fluorescence80 and heteroge-
neous slide staining81 are additional problems
when performing this test. Thus, Evenson et
al.53,71 developed the more reliable sperm chro-
matin structure assay (SCSA).

Sperm chromatin structure assay

The SCSA is based on the same principle of
metachromatic shift of the color of acridine
orange as in the acridine orange test. However, in
contrast to the acridine orange test, the detection
method in the SCSA is flow cytometry. This

Kruger Chapter 15  12/7/06  11:33  Page 230



DETECTION OF DNA DAMAGE IN SPERM 231

approach makes it possible to measure large
amounts of spermatozoa (typically 5000–10 000)
per sample, which in turn renders the technique
easy and highly reproducible82. Moreover, the
inter- and intra-assay variability as well as the
technical problems described for the acridine
orange test are overcome by this automated read-
ing. The interassay variability of the flow-
cytometric detection of sperm chromatin damage
has been shown to be less than 5%83. In addition
to the advantages described thus far and summa-
rized in Table 15.1, the flexibility of this assay
needs to be mentioned. The test can be performed
on fresh and frozen samples, which makes it easier
to collect the specimen or even to ship them for
evaluation22.

A number of clinical studies have revealed the
SCSA to be reliable and predictive for assessing
the male fertility status. A percentage of chro-
matin-disturbed spermatozoa (red-orange stained
sperm) higher than 30% is indicative of male
infertility and poor fertilization in IUI, IVF and
ICSI, including ongoing pregnancy81,82,84–87.
Considering that sperm DNA integrity as meas-
ured by means of the SCSA is a more constant
parameter over a longer period of time, compared
with other sperm parameters83, this assay has also
been found suitable for effective use in epidemio-
logical studies88.

TEST SYSTEMS TO ASSESS SPERM
DNA CONDENSATION/PACKAGING

Apart from test systems that directly assess the
quality and integrity of the DNA itself, assays have
been developed that probe DNA packaging and
maturity. This is of particular importance because
in spermatozoa, the histones, which are the pre-
dominant nuclear proteins in any somatic cell, are
replaced during spermiogenesis by protamines in a
multistep process. These protamines are disulfide
bridge-stabilized, highly basic proteins that fit into
the minor grooves of the DNA, neutralize the neg-
ative charges of the phosphate groups and thus

enable the DNA to form linear arrays fitting into
the major groove of the neighboring strand,
instead of the voluminous supercoiled ‘solenoids’
present in somatic cells. This results in a highly
condensed sperm nucleus in which the DNA takes
up about 90% of the total volume. In contrast, the
nuclear volume of the DNA in mitotic chromo-
somes is about 15%, and in somatic cells about
5%89.

In the case of disturbed chromatin condensa-
tion, histones persist in the sperm nucleus and
cause decondensation problems in the male
genome after the spermatozoon enters the oocyte.
Thus, patients showing abnormalities of this
essential sperm maturation process during
spermiogenesis are subfertile or infertile90–92. Var-
ious methods based on different principles for
evaluation of the maturity grade of sperm chro-
matin condensation are available, and are dis-
cussed below.

Aniline blue stain

Immature, poorly chromatin-condensed sperm
nuclei still contain the lysine-rich histones. In an
acid–base reaction, acidic aniline blue binds to the
basic lysine residues and thus discriminates
between lysine-rich histones and arginine/
cysteine-rich protamines. This test provides a pos-
itive blue staining of spermatozoa with disturbed
chromatin condensation, while mature sperma-
tozoa that contain protamines will not be stained.
Terquem and Dadoune93 originally described this
simple and inexpensive slide-based test. However,
owing to this feature, and the fact that the test is
visually scored by a technologist, inconsistencies
due to subjective assessment might arise, which in
turn can compromise its repeatability. On the
other hand, Franken et al.94 have shown a coeffi-
cient of intra-assay variability for the aniline blue
stain of less than 10%, indicating that it is a
repeatable technique.

According to studies by Dadoune et al.95 and
Auger et al.96, a normal ejaculate should contain at
least 75% aniline blue-negative spermatozoa,
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which indicates normal chromatin condensation.
These data were confirmed by Haidl and Schill97

and Hammadeh90, who showed that normal
chromatin condensation is mandatory to induce
fertilization. With regard to IVF and pregnancy,
different groups97–100 have demonstrated the clin-
ical significance of this simple test, and the sup-
plementation of routine semen analysis with this
assay during andrological work-up has been sug-
gested100. However, the question of whether the
quality of sperm chromatin condensation con-
tributes to poor fertilization and pregnancy rates
after ICSI remains debated. While studies by Van
Ranst et al.101 and Hammadeh et al.102 employing
the aniline blue stain failed to predict the outcome
of fertilization by ICSI, Sakkas et al.103 showed,
when applying the chromomycin A3 (CMA3)
stain, a significantly higher percentage of sperma-
tozoa with poorly packed chromatin in the ejacu-
late and only about half the fertilization rate in
ICSI patients, compared with IVF patients. ICSI
embryos even had a significantly lower develop-
mental potential to reach the blastocyst stage. In a
comparative study using the aniline blue and the
CMA3 stain, Razavi et al.104 confirmed this result,
as only the detection of sperm protamine defi-
ciency by means of CMA3 showed a significant
effect on ICSI outcome. Thus, it appears that poor
sperm chromatin condensation may contribute to
the failure of fertilization after ICSI.

Toluidine blue stain

The toluidine blue stain is another slide-based
simple and inexpensive test method to evaluate
sperm DNA structure and packaging105,106, which
is based on the metachromatic and orthochro-
matic staining abilities for chromatin. Toluidine
blue is basic thiazine nuclear dye that is intensively
incorporated into damaged dense chromatin. Like
acridine orange, after acid treatment of somatic
apoptotic cells, this dye shows a metachromatic
shift of color from light blue in normal sperm
heads to purple-violet in nuclei with fragmented
DNA106. To differentiate spermatozoa for DNA

integrity, Erenpreisa et al.107 introduced this
method. The same authors demonstrated a high
correlation (r = 0.63–0.70; p < 0.01) between the
toluidine blue stain, the acridine orange stain and
the aniline blue stain, and concluded that the
technique is sensitive enough to estimate in situ
sperm DNA integrity. In addition, a significant
correlation between the purple-violet staining pat-
tern and the TUNEL assay could be revealed108.
In an earlier study by Barrera et al.109, it was found
that sperm from fertile donors showed mostly the
orthochromatic pale-blue staining pattern,
whereas in oligozoospermic patients a high per-
centage of spermatozoa revealed the metachro-
matic purple-violet staining. Unfortunately, fur-
ther direct clinical significance has not yet been
proved. Therefore, one can rely only on the high
correlation with acridine orange and on the expe-
rience with that test.

Chromomycin A3 stain

Chromomycin A3 (CMA3) is a guanine–cytosine-
specific fluorochrome that competes directly with
protamines for the same binding site in the DNA.
Like the aniline blue stain, the CMA3 stain is a
slide-based method that identifies poorly con-
densed DNA. Strongly stained sperm heads
apparently lack protamines, whereas spermatozoa
not stained by CMA3 show normal chromatin
condensation. Thus, the stain is indicative of an
underprotamination of spermatozoa67,68. This was
confirmed by the observation by Bizzaro et al.110

that CMA3 positivity of murine and human sper-
matozoa decreases after in situ protamination with
salmon protamines. Moreover, these authors
showed that the addition of increasing amounts of
salmon protamines induced distinct morphologi-
cal changes, so that initially deprotaminated
sperm heads, which were decondensed, regained
their original condensed appearance after the
treatment.

With regard to other sperm parameters, the
CMA3 stain has been significantly and positively
correlated with normal sperm morphology and
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negatively correlated with sperm count but not
with sperm motility94,111,112. Manicardi et al.68

revealed a significant association of CMA3 positiv-
ity with the presence of endogenous nicks in
sperm DNA, which in turn is an indication of dis-
turbed spermiogenesis in specific patients, as these
nicks normally occur during late spermiogenesis
and disappear once sperm chromatin packaging is
completed113,114. Since the test is also highly pre-
dictive of fertilization after IVF as well as after
ICSI104,112,115–117, and has been shown to be supe-
rior in predicting the outcome of ART as
compared with aniline blue staining and the acri-
dine orange test117, it is suggested that determina-
tion of sperm chromatin condensation should be
performed in a sequential andrological diagnosis
program prior to any kind of assisted reproduc-
tion. Reportedly, the calculated cut-off value for
the prediction of fertilization is 30%117, i.e. at
least 70% of the spermatozoa should be CMA3-
negative.

TEST SYSTEMS TO ASSESS
CHROMOSOMAL ABERRATION AND
ANEUPLOIDY

Apart from direct damage to sperm DNA result-
ing in strand breakages and the abnormal packag-
ing of the male genome, chromosomal aberrations
including aneuploidy or structural chromosome
reorganizations have been identified as a cause of
male infertility. Previous research has revealed that
elevated genetic damage in spermatozoa is signifi-
cantly increased in infertile men118,119, and that
aneuploidy is significantly higher in patients with
recurrent pregnancy losses120. This is of particular
importance, since it has been shown that chromo-
somal aneuploidy and diploidy in spermatozoa are
negatively correlated with sperm count in the ejac-
ulate and progressive motility121,122, and concern
about miscarriages and chromosomal abnormali-
ties in the offspring has been raised, particularly

for ICSI43,123,124. The most frequently occurring
aneuploidy syndromes are: triple X, Klinefelter’s
(XXY), Turner’s (X instead of XX or XY), XYY,
Patau’s (trisomy of chromosome 13), Edward’s
(trisomy of chromosome 18) or Down’s (trisomy
of chromosome 21). A very rare disorder is the
Jacobsen syndrome, in which a terminal deletion
of chromosome 11q occurs. Others are the ‘Cri du
chat’ syndrome, which is caused by deletion of
part of the short arm of chromosome 5, or the
Wolf-Hirschhorn syndrome, which is caused by
partial deletion of the short arm of chromosome
4. The method of choice to investigate these chro-
mosomal aberrations is fluorescence in situ
hybridization (FISH).

Fluorescence in situ hybridization

The principle of FISH is the use of fluorochrome-
labeled chromosome-specific probes that recog-
nize a large section of the chromosome
(0.2–2.0 Mb). These probes are hybridized with a
sample of spermatozoa, and the labeled part of the
chromosome appears as a fluorescent domain
within the nucleus, where it can be identified by
means of fluorescence microscopy125. Meanwhile,
probes for all human and many rodent chromo-
somes are available, and can be used to identify
such chromosomal aberrations by applying so-
called multicolor FISH, whereby usually three or
four differently fluorescing probes are hybridized
in parallel. This is because the scoring has to be
performed visually, and the eye is limited in dis-
tinguishing different fluorescing colors.

Although multicolor FISH has been shown to
be highly specific with little or no error, and the
specimen can be frozen even without cryoprotec-
tion until examination, the technique is currently
highly labor-intensive and expensive. In this
regard, Baumgartner et al.126 recently developed a
laser-scanning cytometry method for automated
sperm analysis of the X chromosome, but the
technique is still expensive and requires highly
skilled personnel.
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CONCLUSIONS

Generally, DNA damage can occur at different
levels, i.e. direct breakage of the DNA, abnormal
chromosome packaging and chromosomal
aberrations. DNA damage has been proved to be
of importance for human fertility as well as for the
health of the offspring. Several techniques have
been developed to examine such damage. Based
on this knowledge, an andrological investigation
should not only consist of routine spermiogram
analysis, which includes sperm count, motility
and morphology, but also incorporate more
sophisticated testing, e.g. for DNA damage, as
there is compelling evidence for its importance
and clinical relevance. The practical question aris-
ing at this point is which test should be applied.
This certainly depends on the personnel and
financial capabilities of an ART program or
andrology unit. Other questions arise concerning
the standardization of such tests. The latter is an
important issue because this is closely connected
with the predictive value of the test in question.

Recently, more research has been performed,
and understanding of the influence of the paternal
genome on the reproductive process and method-
ology for examining such DNA damage have
improved considerably. To date, various methods
of testing sperm DNA integrity have been investi-
gated with regard to their clinical value. Even
though some of them are rather expensive and
others are less reproducible, nowadays more infor-
mation about male fertility status can and should
be obtained, following which better strategies can
be pursued to improve counseling and treatment
of patients.
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16

Chromosomal and genetic abnormalities in
male infertility

Pasquale Patrizio, Jose Sepúlveda, Sepideh Mehri

BACKGROUND

About 15% of couples of reproductive age are
affected by infertility, and in some 50% the male
is the sole or main contributor1. The identification
and initial classification of male infertility still rely
on the results of semen analysis (i.e. azoospermia,
oligozoospermia, asthenozoospermia, terato-
zoospermia or a combination), but this method
alone is insufficient to determine a specific etiol-
ogy of the disorder. A complete work-up, includ-
ing detailed history and physical examination,
hormonal and immunological assays, ultrasound
or Doppler studies and genetic and chromosome
testing is essential2. Recent advances in molecular
genetics have greatly improved our understanding
of many unexplained forms; however, 50% of
cases still remain unclassified3.

The advent of assisted reproductive tech-
niques, namely intracytoplasmic sperm injection
(ICSI), has provided the opportunity for severely
infertile men to father their own offspring, but if
genetic or chromosomal defects are responsible for
infertility, then there is concern about transmit-
ting genetic defects to the next generation4.

There are different approaches to classifying
male infertility on a genetic basis. In some text-
books the different forms are divided into pretes-
ticular, testicular and post-testicular forms. A
genetic or a chromosomal numerical or structural

disorder can impair hormonal production or the
stimulation of spermatogenesis (pretesticular
event), or can impact upon control of the sper-
matogenic process itself (testicular event). In ani-
mal models and to some extent also in humans,
genetic abnormalities affecting signaling cascades
involved in the meiotic control of spermatogene-
sis are continuously being discovered and
reported5,6. Other genetic/chromosomal disorders
(for example cystic fibrosis and adult polycystic
kidney disease) can affect sperm transport (post-
testicular event).

In this chapter we utilize the following scheme
of classification: (1) male infertility with a gene
defect and (2) male infertility with chromosomal
aberrations (either numerical or structural)7.

MALE INFERTILITY WITH A GENE
DEFECT

These disorders are caused by a mutation at a sin-
gle-gene locus, and either can occur de novo or are
inherited as autosomal (dominant or recessive) or
X-linked. It is estimated that over 10 000 human
diseases are monogenic. The global prevalence of
all single-gene diseases at birth is approximately
10/10008. Mendelian disorders observed in
infertile men are detailed in Table 16.1. This list is
by no means complete, but includes those
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Table 16.1 Gene defects and male infertility

Condition Gene involved (mapping) Incidence Phenotype Inherited

Continued

Hemochromatosis

Autosomal
dominant
polycystic kidney
disease

Cystic fibrosis

Congenital adrenal
hyperplasia

Myotonic
dystrophy

Usher’s syndrome

Prader–Willi
syndrome

Sex reversal
syndrome

Kallman’s
syndrome

Immotile cilia
syndrome

Cerebellar ataxia

Sickle cell anemia

Androgen
insensitivity
syndrome

β-Thalassemia

Bardet–Biedl
syndrome

Autosomal
recessive

Autosomal
dominant

Autosomal
recessive

Autosomal
recessive

Autosomal
dominant

Autosomal
recessive

Autosomal
dominant

Y-linked

1X-linked
recessive
2Autosomal
dominant
3Autosomal
recessive

Autosomal
recessive

Autosomal
recessive

Autosomal
recessive

X-linked
recessive

Autosomal
recessive

Autosomal
recessive

1 : 500

1 : 1000

1 : 2500

1 : 5000

1 : 8000

1 : 17 000

1 : 20 000

1 : 25 000

1 : 30 000

1 : 35 000

1 : 50 000

1 : 58 000

1 : 60 000

1 : 114 000

1 : 160 000

Organ failure (liver and testis) by iron
overload

Multiple cysts (kidney, liver, spleen,
pancreas, testis, epididymis, seminal
vesicle)

Respiratory infections, Wolffian duct
anomaly, pancreatic insufficiency

Variable, elevated ACTH, inhibited
FSH/LH secretion, azoospermia

Muscle wasting, cataracts; atrophic
testes

Low sperm motility, hearing loss,
retinitis pigmentosa

Obesity, muscular hypotonia, mental
retardation, hypogonadotropic
hypogonadism

46,XX SRY(+)
46,XY SRY(–)

Hypogonadotropic hypogonadism,
anosmia

Sinusitis, bronchiectasis, immotile
sperm

Eunuchoid phenotype, cerebellar
impairment, atrophic testes

RBC sickle shape, testicular
microinfarctions

Partial/complete testicular feminization

Anemia; iron overload (pituitary and
testis)

Retinal degeneration, obesity, cognitive
impairment, GU malformations,
polydactyly, hypogonadism

MALE INFERTILITY240

HFE (6p21.3)
HFE (1q21)-juvenile

PKD1 (16p13.3)
PKD2 (4q21–23)
PKD3 (?)

CFTR (7q31.2)

P450C21 (6p21.3)
21-hydroxylase deficiency
(most common)

DMPK (19q13.2–3)

USH1 (14q32)
USH2 (1q41)
USH3 (3q21–q25)

SNRPN (15q11q13)

SRY (Yp11.3)

KAL1 (Xp22.3)1

KAL2 (8p12)2

KAL3 (?)3

DNAI1 (9p21–p13)
DNAH5 (5p)
19q13.2, 16p2, 15q13

CLA1 (9q34–9)
CLA3 (20q11–q13)

HBB (11p15.5)
(mutation)

AR (Xq11–q12)

HBB (11p15)
(deletion)

BBS (11q13, 16q21,
3p12–q13, 15q22.3,
2q31, 20p12, 4q27,
14q32.11)
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genetic conditions with the potential for clinical
relevance.

Kallman’s syndrome

Kallman’s syndrome (KS) consists of congenital
hypogonadotropic hypogonadism and anosmia.
The gene responsible for the X-linked form of KS,
KAL, encodes a protein, anosmin-1, that plays a
key role in the migration of GnRH neurons and
olfactory nerves to the hypothalamus. As a conse-
quence of failed neuronal migration, the hypo-
thalamus and anterior pituitary are unable to
stimulate the testis. The hallmark of KS is delayed
puberty and atrophic testes (< 2 cm). Clinical
manifestations depend on the degree of hypo-
gonadism, and in some cases the syndrome may
present only with subfertility. Testicular biopsies
display a wide range of findings from germ-cell
aplasia to focal areas of complete spermatogenesis.
In addition to X-linked pedigrees, autosomal
dominant and recessive kindred with KS have also
been reported9.

Autosomal dominant KAL2 in 8p12 (FGFR-
1, fibroblast growth factor receptor-1) and auto-
somal recessive KAL3 are associated with non-
reproductive features, including cleft palate,
mirror movements and dental agenesis10.

Recent studies have confirmed that mutations
in the coding sequence of the KAL1 gene occur in
the minority of KS cases, while the majority of
familial (and presumably sporadic) cases are
caused by defects in at least two autosomal
genes11.

Congenital adrenal hyperplasia

Congenital adrenal hyperplasia (CAH) results
from inherited defects in one of the five enzymatic
steps required for the biosynthesis of cortisol from
cholesterol. The most common form of CAH
(95%) involves a deficiency of 21-hydroxylase
located on 6p21.312.

Mutations in the cytochrome P450 21-
hydroxylase gene (CPY21) tend to be transmitted
in an autosomal recessive pattern. Deficiency of

Table 16.1 Continued

Condition Gene involved (mapping) Incidence Phenotype Inherited

LH, luteinizing hormone; FSH, follicle stimulating hormone; ACTH, adrenocorticotropic hormone; RBC, red blood cell; GU,
genitourinary; SCO, Sertoli cell-only syndrome

Mixed gonadal
dysgenesis??

Persistent
Müllerian duct
syndrome

LH/FSH hormone
and receptor
mutations

5α-Reductase
deficiency

WT1 (11p13)
DAX1 (Xp21.3)
testatin (20p11.2)

AMH (19p13.3–p13.2)
AMHR (12q13)

LHβ (19q13.32)
FSHβ (11p13)

SRD5A1 (5p15)
SRD5A2 (2p23)

Autosomal
dominant X-
linked
recessive
cytogenetic

Autosomal?
X-linked

Autosomal
recessive?

Autosomal
recessive

Rare

< 200 cases
reported

Few male
cases reported

Unknown

Unilateral testis (most common with
SCO) and contralateral streak gonad,
ambiguous external genitalia

Incomplete involution of Müllerian
structures

Delayed puberty, arrested
spermatogenesis

Male pseudohermaphroditism, severe
hypospadias
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21-hydroxylase occurs in three forms: (1) simple
virilizing, (2) salt-wasting and (3) non-classical.

The simple virilizing and salt-wasting forms of
21-hydroxylase deficiencies are characterized by
excess adrenal androgen biosynthesis in utero. This
disorder in males is not recognized at birth; they
have normal genitalia and are not diagnosed until
later, often with a salt-wasting crisis. Cortisol and
aldosterone production is low, but testosterone
production is normal (peripheral conversion of
androstenedione). Elevated adrenal androgen
secretion (due to elevated adrenocorticotropic
hormone, ACTH) in male CAH patients may
suppress both follicle stimulating hormone (FSH)
and luteinizing hormone (LH) secretion with
resultant small testes, decreased spermatogenesis
and testicular androgen production13,14.

Prader–Willi syndrome

Prader–Willi syndrome (PWS) was the first
human disorder attributed to genomic imprint-
ing, whereby genes are expressed differentially
based upon the parent of origin. PWS results from
the loss of imprinted gene SNRPN on the pater-
nal 15q11.2–13 locus with an autosomal domi-
nant pattern. The loss of maternal genomic mate-
rial at the same locus results in another imprinted
disorder (Angelman’s syndrome)15. Characteristics
of this disorder include neonatal hypotonia, child-
hood-onset hyperphagia, obesity, mental retarda-
tion and short stature. A deficiency of GnRH is
the postulated reason for the hypogonadism16.

Bardet–Biedl syndrome

Bardet–Biedl syndrome (BBS) is a genetically het-
erogeneous disorder with linkage to eight loci17,18

(Table 16.2). Although BBS was originally
thought to be a recessive disorder19, controversy
exists about the presence of a recessive pattern
‘with variable penetrance’20.

Cardinal features include obesity, retinitis pig-
mentosa, polydactyly, hypogonadotropic hypogo-
nadism, renal cystic dysplasia and developmental

Table 16.2 Chromosome localization of genes
involved in Bardet–Biedl syndrome (BBS)

Gene involved Mapping

BBS 1 11q13

BBS 2 16q21

BBS 3 3p12–q13

BBS 4 15q22.3

BBS 5 2q31

BBS 6 20p12

BBS 7 4q27

BBS 8 14q32.11
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delay. Other associated clinical findings in BBS
patients include diabetes, hypertension and con-
genital heart defects. The clinical diagnosis is
based on the presence of at least four of these
symptoms21. Some of the BBS genes are also
involved in the function of the cilia and the for-
mation of flagella, which can impair sperm mo-
tility and cause infertility22.

Hemochromatosis

Hereditary hemochromatosis (HH) is an autoso-
mal disorder characterized by excessive absorption
of dietary iron, which may result in parenchymal
iron overload and subsequent tissue damage23.
Hypogonadotropic hypogonadism is the most fre-
quent endocrinopathy associated with HH, sec-
ondary to iron deposition in the pituitary
gonadotrophs, leading to loss of libido, impotence
and body hair loss24. There are four types of HH,
summarized in Table 16.325. Type 1 is the most
common; the other types of HH are considered to
be rare and have been studied in only a small
number of families26.

Cerebellar ataxia and
hypogonadism

Cerebellar ataxia and hypogonadism is a rare
autosomal recessive condition most commonly
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observed in consanguineous unions, with onset at
20 years old. Clinical features include cerebellar
impairment (speech and gait abnormalities), and
eunuchoid phenotype with atrophic testis and low
libido. Infertility is secondary to hypothalamic–
pituitary dysfunction, possibly because of brain
atrophy or hypoplasia. Genes involved are CLA1
(9q34–9) for the most common adult-onset
type27, and CLA3 (20q11–q13) for infant onset28.

Other idiopathic hypogonadotropic
hypogonadism

Some other forms of hypogonadotropic hypogo-
nadism previously classified as idiopathic (IHH)
have recently been associated with genetic muta-
tions. They include the DAX1 gene, which
encodes a nuclear transcription factor, leading to
X-linked IHH associated with congenital adrenal
hypoplasia (CAH)11. Another mutation in the
prohormone convertase gene (PC1) has been
linked to hypogonadotropic hypogonadism, in
addition to extreme obesity, hypocortisolemia and
deficient conversion of proinsulin to insulin29.
Homozygous mutations in GPR54, a gene encod-
ing G-protein-coupled receptor-54, have lately
been reported as another cause of hypo-
gonadotropic hypogonadism30.

Immotile cilia syndrome

The immotile cilia syndrome (ICS) is a group of
heterogeneous diseases with impaired or absent
ciliary motility, and the most common is

Kartagener’s syndrome. Abnormalities in the
motor apparatus or axoneme, due to either miss-
ing or very short dynein arms, cause a deficit in
sperm motility. Clinical manifestations include
chronic cough, sinus infection, nasal polyposis,
bronchiectasis and infertility with asthenozoosper-
mia31. While infertility is universal in patients
with ICS, there is another condition known as
fibrous sheath dysplasia, where teratozoospermia
(short tails and thick flagella) is the cardinal fea-
ture and ejaculated sperm can be motile (more
than 1000 polypeptides have been identified in
the constitution of the cilium), and sperm con-
centrations can be normal or even high32,33.

Although no specific genes have been linked to
this disease, the inheritance pattern in family pedi-
grees suggests that it is likely to be autosomal
recessive. ICS is caused by mutations on genes
which encode dynein axoneme chains (DNAI).
The ICS that maps 9p21–p13 (CILD1) is caused
by a mutation in DNAI1. Another form (CILD2)
is caused by mutation on 19q13.2–qter. Other
loci for the disorder have been mapped to 5p
(CILD3, DNAH5 gene), 16p12 and 15q13.
Because the gene defect is usually recessive, off-
spring are likely to be normal; still, genetic coun-
seling is recommended when assisted reproductive
techniques are used33.

Autosomal dominant polycystic kidney
disease

Numerous large cysts of the kidneys, liver,
pancreas and spleen, and a 10–40% chance of

Table 16.3 Classification of hereditary hemochromatosis

Hereditary hemochromatosis Locus Inherited Onset

Type 1 (classical) 6p21 Autosomal recessive > 30 years

Type 2 (juvenile) 1q21 Autosomal recessive < 30 years

Type 3 7q22 Autosomal recessive 4th–5th decade of life

Type 4 2q32 Autosomal dominant > 60 years
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developing berry aneurysms in the brain, charac-
terize this disorder. Because the syndrome is often
asymptomatic until adulthood, affected men may
initially present with infertility. Cysts in the epi-
didymis and seminal vesicles or ejaculatory ducts
can obstruct the ductal system and cause infer-
tility. Three separate genetic loci have been asso-
ciated with autosomal dominant polycystic kid-
ney disease (ADPK). PKD1 accounts for 85% of
the disease and has been mapped onto chromo-
some 16p13.3, where it encodes a receptor-like
integral membrane protein involved in cell–cell
and cell–matrix interaction. A mild form (PKD2)
has been mapped to chromosome 4q21–23, and it
encodes a non-specific calcium-permeable chan-
nel; another variant, PKD3, is currently
unmapped34.

An association between men with ICS and
with ADPK disease has recently been observed.
Electron microscopy studies have revealed abnor-
malities on both the flagellar dynein arms and the
cilium of the kidney epithelium33.

Cystic fibrosis transmembrane
regulator mutations

Cystic fibrosis (CF) is the most common fatal
autosomal-recessive disease in Caucasians, with an
incidence of 1 : 2500 births and a carrier fre-
quency of 1 : 25. Clinical features of CF include
chronic pulmonary obstruction and infection,
exocrine pancreatic insufficiency, neonatal meco-
nium ileus and male infertility35. The CF gene,
cystic fibrosis transmembrane regulator (CFTR;
7q31.2), encodes a protein that regulates the
cyclic adenosine monophosphate chloride channel
that controls the transport of electrolytes in many
secretory epithelia. More than 1000 mutations
have been identified in the CFTR gene36, encom-
passing about 90% of cases of CF.

The CFTR gene also influences the formation
of the seminal vesicles, the vas deferens and the
distal two-thirds of the epididymis37. More than
95% of men with CF have abnormalities in Wolf-
fian duct-derived structures, manifesting most

commonly as congenital bilateral absence of the
vas deferens (CBAVD).

Congenital bilateral absence of the vas
deferens

This condition occurs in 1–2% of infertile men38,
and is considered a genital form of cystic fibro-
sis39. These patients exhibit the same spectrum of
Wolffian duct defects as seen in those with full-
blown cystic fibrosis, but generally lack the severe
pulmonary, pancreatic and intestinal problems.
Spermatogenesis is normal in approximately 90%
of men with CBAVD40. Anatomically, the body
and tail of the epididymis, the vas and the seminal
vesicles may be absent, but the efferent ducts and
the caput epididymis are almost always present41.

It is thought that CBAVD is based on allelic
patterns (homozygous and compound heterozy-
gous) similar to typical CF but with less severe
mutations42. The combination of the 5T
(thymidines) allele in one copy of the CFTR gene
(lack of exon 9), and a CF mutation (most com-
monly ∆F508) in the other copy, is peculiar for
men with CBAVD. Therefore, it is important to
include the 5T variants (intron 8) in the genetic
screening for CF in patients and their partners
before using assisted reproductive technologies
(ART).

Congenital unilateral absence of the
vas deferens

Another male infertility phenotype (possibly asso-
ciated with CFTR mutations but still controver-
sial) affects 0.5% of the general population, and
only rarely presents with infertility43. Almost 40%
of patients with congenital unilateral absence of
the vas deferens (CUAVD) have been reported to
have at least one mutation in CFTR. CUAVD is
more frequent on the left side (70%), and may be
associated with contralateral renal agenesis (75%).
However, if CUAVD is associated with renal age-
nesis, the possibility of finding a CFTR mutation
is lower (31%)44.
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Androgen receptor gene mutations

The androgen receptor (AR) is a large steroid
receptor whose gene is located on the X chromo-
some (Xq11–q12), and is essential for masculin-
ization (fetal life) and virilization. AR mutations
result in absent or structurally altered AR (func-
tional impairment), causing partial or complete
resistance to androgens (Table 16.4). The pheno-
type is variable, ranging from complete insensitiv-
ity (female phenotype) to normally virilized but
infertile males. Clinical features include ambigu-
ous genitalia, testicular atrophy, micropenis and
hypospadias45.

Over 300 distinct mutations have been
reported in the AR. Mutations in exon 1 cause
complete androgen insensitivity, while some
mutations in the C-terminal ligand-binding
domain (LBD) cause partial insensitivity45. Due
to variable phenotypes, it has been proposed that
as many as 40% of men with partial or totally
impaired spermatogenesis may have subtle andro-
gen insensitivity as an underlying cause46.

A recent report found that only 2% of males
with idiopathic infertility carried a significant
variation within the AR gene47. The AR gene

includes eight exons (three domains) (Table 16.5),
and has a critical region on exon 1 of cytosine-
adenosine-guanine (CAG) nucleotide repeats, for-
merly called the transactivation domain (TAD),
usually between 15 and 30 repeats in number.
Variation in length of this domain (> 40) results in
severe spinal–bulbar muscular atrophy (Kennedy’s
disease)48. This debilitating, late-onset (after 30
years of age) disorder consists of progressive
degeneration of the anterior motor neurons and
muscular weakness, as well as infertility due to tes-
ticular atrophy49.

Although still controversial, some men may
have oligozoospermia and intermediate lengths of
CAG repeats (i.e. > 30 but fewer than 40). In these
instances, with the phenomenon of genetic antic-
ipation, offspring may inherit a larger number of
CAG repeats than those of their parent, and when
they reproduce (second generation) may have a
child with Kennedy’s disease50,51.

Myotonic dystrophy 

Myotonic dystrophy (MD) is the most common
cause of adult-onset muscular dystrophy, and usu-
ally presents with cataracts, muscle weakness and

Table 16.4 Syndromes associated with androgen receptor gene mutations

Complete androgen insensitivity syndrome Partial androgen insensitivity syndrome

Testicular feminization syndrome (Morris’s syndrome) Male pseudohermaphroditism

Lub’s syndrome

Reifenstein’s syndrome

Gilbert–Dreyfus syndrome

Table 16.5 Exons of the androgen receptor gene (AR) involved in androgen sensitivity

Exon 1 Transactivation domain function (TAD) modulates transcriptional activity of AR downstream genes

Exons 2 and 3 Encode a peptide domain responsible for DNA-binding domain

Exons 4 and 8 Encode C-terminal peptide domain responsible for androgen binding
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wasting, hypogonadism, electrocardiogram
changes, diabetes (5% of cases) and cholelithiasis
(25%). Symptoms usually become evident in the
adult as early as in the second decade. The gene
involved is located on the long arm of
chromosome 19, region q13.2–3 (DMPK gene),
and encodes the serine/threonine protein kinase
family (myotonin-1). In MD there is an expansion
(more than 35 repeat motifs) of the CTG
sequence in the 3′-untranslated region of exon 5.
Since reduced gene function correlates with the
degree of repeat expansion, the severity of the con-
dition varies with the number of repeats: normal
individuals have between 5 and 35 CTG copies,
mildly affected persons have between 50 and 80
copies and severely affected patients can have
2000 or more copies52. Like Kennedy’s disease,
this disorder is characterized by anticipation, in
which amplification (anticipation) of the disease is
observed in parent-to-child transmission, espe-
cially from mother to offspring53. Male infertility
is observed in about 30% of subjects, whilst some
degree of testicular atrophy occurs in at least 80%
of males suffering from this disorder (seminiferous
tubules are more involved (75%) than Leydig
cells). FSH and LH levels are elevated, with nor-
mal testosterone levels. Despite these findings,
66% of married men with MD can conceive nat-
urally. A recent report described an association
between MD and defective sperm capacitation
and the acrosome reaction54.

Usher’s syndrome

This is the most common cause of deafness–blind-
ness in humans. This autosomal-recessive defect
maps onto three chromosomes and results in three
different phenotypes (US1 (14q32), US2 (1q41),
US3 (3q21–q25)). Recently an association
between Usher’s syndrome and infertility has been
reported54. The common denominator for these
associations is an abnormality in the ciliary struc-
ture of the sperm and the photoreceptor cells,
since they share docosahexaenoic acid (DHA).
DHA blood levels are less than normal in patients

with retinitis pigmentosa (RP), and sperm of
patients with RP have reduced motility and
abnormal morphology. Patients with Usher’s syn-
drome type II have the most pronounced reduc-
tions of DHA in the sperm55,56.

ββ-Thalassemia and sickle cell anemia

Autosomal-dominant genomic deletions involving
the β-globin gene (HBB), 11p15.4, account for
approximately 10% of all β-thalassemia muta-
tions. At least 60 different deletions have been
described to date. Clinical features range from
mild anemia (trait) to hemolytic anemia (transfu-
sion-dependent) and iron overload (major tha-
lassemia). Infertility results from the deposition of
iron in the pituitary gland and testes. At the
molecular level, it is hypothesized that iron over-
load may induce, via reactive oxygen species
(ROS), sperm DNA oxidation and alter sperm
membranes57.

Sickle cell anemia is an autosomal-recessive
genetic disease that results from the substitution
of valine for glutamic acid at 11p15.5 of the HBB,
responsible for a defective form of hemoglobin,
hemoglobin S (HbS). Pituitary and testicular
microinfarcts from sickle cell disease account for
secondary hypogonadism and infertility58.

SRY gene defects

SRY (sex determining region on Y chromosome)
gene is located on the short arm of the Y chromo-
some (Yp11.3), and is important for determining
‘maleness’. The SRY gene encodes a transcription
factor, a member of the HMG-box family
(DNA-binding proteins) formerly called testis-
determining factor (TDF), which initiates male
sex differentiation. Mutations in this gene
(1 : 25 000) give rise to XY females
(Xp22.11–p21.2) with gonadal dysgenesis
(Swyer’s syndrome); translocation of SRY to the X
chromosome causes the XX male phenotype. All
46,XX men are sterile due to absence of the long
arm of the Y chromosome containing the
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azoospermia factor (AZF) gene, which is necessary
for normal spermatogenesis, but their external
genitalia and testes are developed under the influ-
ence of the Y-chromosome genetic fragment pres-
ent on the X chromosome59.

5αα-Reductase deficiency

A deficiency in the 5α-reductase type-2 isozyme
produces a form of male pseudohermaphroditism
(autosomal recessive) due to the lack of conversion
of testosterone to dihydrotestosterone (DHT).
There are two genes encoding 5α-reductase: type
1 has been mapped onto chromosome 5, while
type 2 has been mapped onto chromosome 2p23
(SRD5A2 gene). Mutations in isozyme 2 are asso-
ciated with low DHT (important for prostate and
external genitalia development) in spite of high
levels of testosterone. Clinical features include
normal internal genital ductal structures and
testes, but incompletely virilized external genitalia.
Affected individuals exhibit perineoscrotal
hypospadias and often a vaginal pouch. Generally,
the testes are found in the labioscrotal folds or the
inguinal canal, the seminal vesicles are rudimen-
tary and the prostate may be absent60.

Infertility results from the structural abnormal-
ities of the external genitalia. Although spermato-
genesis has been described in descended testes,
natural fertility has not been reported52.

Mixed gonadal dysgenesis

In males and females, mixed gonadal dysgenesis is
a heterogeneous condition characterized by a uni-
lateral testis on one side and a streak gonad on the
opposite side. The phenotype ranges from normal
males to patients with ambiguous external geni-
talia or females, depending on the amount of
testosterone secreted by the testis. Genotypically,
patients are usually 46,XY or 45,X/46,XY
mosaicism (most common), both of which are
associated with impaired gonadal development61.
Since mutations in the SRY gene have not been
detected (80% have normal SRY), gonadal

dysgenesis may be caused by cytogenetic
mosaicism or by mutations in testis-organizing
genes near to the SRY region. One of these genes
may be the newly cloned human testatin gene
(20p11.2), a putative cathepsin inhibitor that is
expressed early in testis development, just after
SRY expression62. Scrotal testes may be associated
with inguinal hernias, and almost uniformly reveal
seminiferous tubules with Sertoli cell-only and
normal Leydig cells. The dysgenetic gonad is pre-
disposed to malignant degeneration (one-third of
patients) to gonadoblastoma or dysgerminoma,
typically before puberty63.

MALE INFERTILITY WITH
CHROMOSOMAL ABERRATIONS

Chromosomal disorders are defined as the loss,
gain or abnormal arrangement of genetic material
at the chromosome level. These disorders can be
further divided into numerical and structural
abnormalities. Structural chromosome disorders
can occur in single (deletions, duplications and
inversions) or multiple (translocations) chromo-
somes. Usually they are a consequence of breakage
that occurs during meiosis, and are becoming
more frequently recognized as a contributing fac-
tor to male infertility (15% of azoospermic and
5% of oligozoospermic men)64.

Klinefelter’s syndrome

Klinefelter’s syndrome (1 :1000) is the most com-
mon genetic reason for azoospermia, accounting
for about 14% of cases65. It is associated with a
triad of clinical findings: small, firm testes (devoid
of germ cells), azoospermia and possibly gyneco-
mastia52. The phenotype can vary from a normal,
virilized man to one with stigmata of androgen
deficiency. Testicular histology shows hyaliniza-
tion of the seminiferous tubules with Leydig cell
hyperplasia4.

This syndrome may also be associated with tall
stature, female hair distribution, low intelligence
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quotient (IQ), lower-extremity varicosities,
obesity, diabetes, increased incidence of leukemia
and non-seminatous extragonadal germ-cell
tumors, and breast cancer (20-fold higher than in
normal males)66. About 90% of men have the
classic 47,XXY genotype; the remaining (10%)
are mosaic, with a combination of XXY/XY
chromosomes (30 recognized mosaic patterns).
Approximately 50% of XXY cases are paternally
inherited, and a recent study suggested a relation-
ship with advanced paternal age67. The extra X
chromosome might originate in paternal meiosis I
(nondisjunction of the XY bivalent in 50% of
cases), or in maternal meiosis I or II (40% of
cases), associated with maternal age68. Natural
paternity with this syndrome is possible, but
almost exclusively with the mosaic genotype69.
Despite a uniformly abnormal somatic genotype,
75–100% of mature sperm from 47,XXY patients
have a normal haploid sex chromosome comple-
ment (X or Y instead of XY or YY)70. The absence
of significant gonosomal aneuploidy with somatic
aneuploidy suggests that abnormal germ-cell lines
are eliminated from further development at mei-
otic checkpoints within the testis52.

XYY syndrome

The XYY syndrome has an incidence of 1 :1000
live births. Fewer than 2% of men with the
47,XYY karyotype may be infertile71. The extra Y
chromosome commonly (86%) originates through
paternal meiotic II nondisjunction, while the
remaining cases are due to postzygotic events72.
The phenotype includes tall stature, aggressive and
antisocial behavior and a higher risk of leukemia3.

Studies that have focused on the chromosomal
complements in mature sperm from XYY men
show that very few sperm (< 1%) have sex-
chromosomal disomy (YY, XX, XY)73. This find-
ing supports the hypothesis that the extra Y
chromosome is eliminated at meiotic checkpoints
during spermatogenesis, and shows that men with
47,XYY syndrome can father offspring with
normal karyotypes.

Noonan’s syndrome

This syndrome is relatively common, with an esti-
mated incidence of 1 :1000–2500 live births.
Noonan’s syndrome (NS) patients are phenotypi-
cally equivalent to those with Turner’s syndrome
(XO), and share similar characteristics, i.e.
webbed neck, short stature, lymphedema, low-set
ears, wide-set eyes, cubitus valgus, cardiovascular
disorders and pulmonary stenosis. This syndrome
is inherited in an autosomal dominant pattern
with karyotype 46,XY/XO mosaicism. A recently
identified genetic locus at 12q24.2–q24.31
(PTPN11 candidate gene) could be involved in
encoding a protein–tyrosine phosphatase that
plays a role in the cellular response to extracellular
signaling74. A second type of NS (type 2) appears
to be transmitted in an autosomal recessive pat-
tern. Typically, type 2 NS patients have hyper-
trophic obstructive cardiomyopathy, as opposed to
10–20% in the classical NS75. Fertility impair-
ment is due to defects in spermatogenesis associ-
ated with cryptorchidism (77% at birth) and ele-
vated FSH76.

Chromosomal translocations

Chromosomal translocations are classified as
Robertsonian (incidence 1 :900) if they involve
chromosome 13, 14, 15, 21 or 22, or reciprocal
(incidence 1 :625) if any other chromosome is
involved. If there is no gain or loss of chromosome
material, the translocation is considered to be ‘bal-
anced’ (unaffected phenotype). The reproductive
risk with a balanced translocation is that sperm
can carry an unbalanced chromosome, leading to
pregnancy loss.

Reciprocal translocations can lead to reduced
fertility, spontaneous abortions or birth defects,
depending on the chromosomes involved and the
nature of the translocation76.

Many translocations have been associated with
male infertility. In particular, reciprocal and
Robertsonian translocations (Robertsonian chro-
mosomes are involved in as many as 15 different
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translocations) are at least 8.5-fold more common
in infertile men than in randomly selected males.
The most common Robertsonian translocation
observed in infertile males is t(13q14q), where
abnormal autosome rearrangement in meiosis
causes spermatogenesis impairment. Carriers of
another Robertsonian translocation involving
chromosomes 14 and 21 (t(14;21)) are at risk for
pregnancy loss and for offspring with Down’s syn-
drome and birth defects77.

Chromosomal inversions

An inversion occurs when a chromosome breaks
in two places and the material between the break-
points rotates 180°, hence reversing the order of
the chromatin (incidence 1 :1000). Such rearra-
ngements may either interrupt important genes at
the breakpoint, or interfere with normal chromo-
some pairing during meiosis, because of imbal-
ances in chromosomal mass. Autosomal inver-
sions, particularly those involving chromosome 9,
are eight-fold more likely to occur in infertile than
in fertile men. These types of chromosomal
derangements tend to be balanced and result in
phenotypically normal males, but with severe
oligoasthenoteratospermia or azoospermia1,76.

Y chromosome microdeletions

Structural changes (loss or microdeletions) of var-
ious regions of the short or long arm of the Y
chromosome could result in the breakdown of
spermatogenesis, and are the second most fre-
quent genetic causes of infertility. Microdeletions
derive from the homologous recombination of
identical segments within palindromic sequences.

The spermatogenesis region on Yq11 associ-
ated with infertility is known as azoospermia fac-
tor (AZF). The AZF region is subdivided into
AZFa (proximal), AZFb (central), AZFc (distal)
and AZFd (actually AZFc proximal region), and
the loss of any part of these regions can result in a
variety of spermatogenic and infertility pheno-
types78. Transcription units in these regions (Table

Table 16.6 Candidate genes involved in spermato-
genesis

Region Gene involved

AZFa USP9Y, DBY, UTY
AZFb RMBY, EIF1A, CDY
AZFc DAZ

AZF, azoospermia factor
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16.6) encode proteins (mostly RNA-binding
proteins) involved in the regulation of sperm-
atogenesis via translational control. More than 30
Y-chromosome genes and gene families have
been identified, although their function in
spermatogenesis has not been completely detailed.
Moreover, in the region of AZFc, the presence of
partial deletions can also be observed in normal
males79.

Deletions are more frequent in the AZFc
region (50–60%), involving the DAZ gene
(deleted in azoospermia). In almost 50% of
patients with DAZ deletions (AZFc) it is possible
to find sperm in the ejaculate. For azoospermic
patients, sperm can be retrieved by testicular
biopsy (testicular sperm extraction or TESE)80.
Incomplete spermatogenesis with no evidence of
elongated spermatids or sperm in TESE has been
reported in patients with a complete AZFb dele-
tion (frequency 15%)81. Deletions in the AZFa
region (frequency of 2–5%) are mostly associated
with Sertoli cell-only (SCO) syndrome (75%),
and overall, about 9% of men with SCO have a
complete AZFa deletion82.

Infertile men with non-obstructive azoosper-
mia and those with sperm concentrations below
5 million/ml (severe oligozoospermia) should be
offered testing for Y chromosome microdeletions.
Overall, severe oligozoospermic patients have
about a 4–6% risk of Y microdeletions83, while
patients with non-obstructive azoospermia have a
14% risk of Y microdeletions84,85. Y chromosome
microdeletions may be passed on to a male
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Azoospermia Teratozoospermia Asthenozoospermia

Obstructive

CFTR

Non-obstructive

Karyotype
Y chromosome

Genetic counseling

ICSI

PGD, CVS or aminocentesis

Normal

? AR

Abnormal
(35%)

Normal

CFTR
? AR
FISH

Abnormal
(10%)

Normal

FISH
EM

Abnormal
(5%)

Normal

EM
FISH
ICS

Abnormal
(5%)

Oligozoospermia
(< 5 × 106 sperm/ml)

Karyotype
Y chromosome Karyotype Karyotype

Figure 16.1 Algorithm for genetic evaluation of the infertile male undergoing intracytoplasmic sperm injection (ICSI). EM, electron
microscopy; CFTR, cystic fibrosis transmembrane conductance regulator gene; AR, androgen receptor; PGD, preimplantation
genetic diagnosis; CVS, chorionic villi sampling; FISH, fluorescence in situ hybridization; ICS, (gene screening for) immotile cilia
syndrome or Kartagener’s syndrome

offspring through ICSI86; thus, genetic counseling
is recommended.

Some infertile men may actually be genetic
mosaics and harbor DAZ deletions only in germ
line (gamete) tissue and not in somatic cells87, and
thus many escape recognition with the common
practice of DNA analysis from peripheral
leukocytes.

Summary

The current genetic screening offered before ICSI
reveals that 35% of men with non-obstructive
azoospermia (20% abnormal karyotype and 15%
genetic or Y deletions), and about 10% of men
with severe oligozoospermia (5% abnormal karyo-
type and 5% genetic or Y deletions), have a
genetic explanation for their absent or reduced
spermatogenesis.

It is becoming clearer that abnormalities, both
qualitative and quantitative, of spermatogenesis

may be the ‘presenting symptoms’ or phenotype of
a variety of pathologies that can affect non-repro-
ductive organs. Examples are men with congenital
absence of the vas deferens whose etiology has
been linked to cystic fibrosis; men with the
immotile cilia syndrome and some of its variants
(such as sperm fibrous sheath dysplasia), where the
presenting symptoms can be chronic sinusitis or
bronchiectasis; or male infertility associated with
polycystic kidney disease or the rare spinobulbar
muscular atrophy.

Many more forms of male infertility with a
possible genetic etiology are still unrecognized.
The time has come to associate phenotype with
genotype in a more detailed and comprehensive
manner. This requires the availability of modern
molecular genetic testing and collaboration
between andrologists/urologists, reproductive
endocrinologists and genetic counselors. Not-
withstanding the current limitations to ident-
ifying genetic ‘syndromes’ associated with male
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infertility, a review of the literature on the health
of offspring born after ICSI (for severe male infer-
tility) has shown that the rate of chromosomal
anomalies, compared with the general neonatal
population, is increased. This slight increase is
seen in the de novo sex aneuploidy rate (0.6% vs.
0.2%) and in structural autosomal abnormalities
(0.4% vs. 0.07%), and is believed to be linked to
the very reason for infertility in the fathers.

In summary, before undergoing ICSI, every
male with idiopathic infertility should be fully
evaluated and submitted to a minimum of genetic
testing that includes karyotype, Y chromosome
deletions and the androgen receptor. Additional
genetic information could be gathered by using
fluorescence in situ hybridization (FISH) on sper-
matozoa, since both azoospermic and oligo-
zoospermic males have an increased risk of carry-
ing a gene defect or aneuploid chromosomes. The
algorithm shown in Figure 16.1 suggests a com-
mon genetic evaluation of the infertile male prior
to and after ICSI.

REFERENCES

1. Shah K, et al. The genetic basis of infertility. Repro-
duction 2003; 126: 13

2. Brugh VM III, Lipshultz LI. Male factor infertility:
evaluation and management. Urol Clin North Am
2004; 88: 367

3. Maduro MR, Lamb DJ. Understanding new genetics
of male infertility. J Urol 2002; 168: 2197

4. Hargreave TB. Genetics and male infertility. Curr
Opin Obstet Gynecol 2000; 12: 207

5. Nudell DM, Turek PJ. Genetic causes of male infer-
tility: current concepts. Curr Urol Rep 2000; 1: 273

6. Rockett JC, et al. Gene expression patterns associated
with infertility in humans and rodent models. Mutat
Res 2004; 549: 225

7. Patrizio P, Broomfield D. The genetic basis of male
infertility. In Glover TD, Barrat LR, eds. Male Fertil-
ity and Infertility. Cambridge: Cambridge University
Press, 1999: 162

8. World Health Organization. Genes and Human Dis-
ease. Geneva: WHO, 2004

9. Pitteloud N, et al. Reversible Kallmann syndrome,
delayed puberty, and isolated anosmia occurring in a

single family with a mutation in the fibroblast growth
factor receptor 1 gene. J Clin Endocrinol Metab
2005; 90: 1317

10. Dode C, et al. Loss-of-function mutations in FGFR1
cause autosomal dominant Kallmann syndrome. Nat
Genet 2003; 33: 4463

11. Oliveira LM, et al. The importance of autosomal
genes in Kallmann syndrome: genotype–phenotype
correlations and neuroendocrine characteristics. J
Clin Endocrinol Metab 2001; 86: 1532

12. Forest MG. Recent advances in the diagnosis and
management of congenital adrenal hyperplasia due to
21-hydroxylase deficiency. Hum Reprod Update
2004; 10: 469

13. Cabrera MS, Vogiatzi MG, New MI. Long term out-
come in adult males with classic congenital adrenal
hyperplasia. J Clin Endocrinol Metab 2001; 86: 3070

14. Yang RM, Fefferman RA, Shapiro CE. Reversible
infertility in man with 21-hydroxylase deficiency
congenital adrenal hyperplasia. Fertil Steril 2005; 83:
223

15. Belinska B, et al. De novo deletions of SNRPN exon
1 in early human and mouse embryos result in a
paternal to maternal imprint switch. Nat Genet
2000; 25: 74

16. Gunay-Aygun M, et al. The changing purpose of
Prader–Willi syndrome clinical diagnostic criteria
and proposed revised criteria. Pediatrics 2001; 108:
e92

17. Mykytyn K, et al. Bardet–Biedl syndrome type 4
(BBS4)-null mice implicate Bbs4 in flagella forma-
tion but not global cilia assembly. Proc Natl Acad Sci
USA 2004; 101: 8664

18. Kim JC, et al. MKKS/BBS6, a divergent chaperonin-
like protein linked to the obesity disorder Bardet–
Biedl syndrome, is a novel centrosomal component
required for cytokinesis. J Cell Sci 2005; 118: 1007

19. Katsanis N, Lupski JR, Beales PL. Exploring the
molecular basis of Bardet–Biedl syndrome. Hum Mol
Genet 2001; 10: 2293

20. Burghes A, Vaessin H, Chapelle A. The land between
mendelian and multifactorial inheritance. Science
2001; 293: 2213

21. Katsanis N. The oligogenic properties of Bardet–
Biedl syndrome. Hum Mol Genet 2004; 13: 65

22. Beales P. Lifting the lid on Pandora’s box: the
Bardet–Biedl syndrome. Curr Opin Genet Dev 2005;
15: 315

23. McDermott H, Walsh CH. Hypogonadism in hered-
itary hemochromatosis. J Clin Endocrinol Metab
2005; 90: 2451

CHROMOSOMAL AND GENETIC ABNORMALITIES IN MALE INFERTILITY 251

Kruger Chapter 16  12/7/06  11:35  Page 251



MALE INFERTILITY252

24. Walsh CH. Non-diabetic endocrinopathy in
hemochromatosis. In Barton JC, Edwards CQ, eds.
Hemochromatosis: Genetics, Pathophysiology, Diag-
nosis and Treatment. Cambridge: Cambridge Univer-
sity Press, 2000: 278

25. Franchini M, Veneri D. Recent advances in heredi-
tary hemochromatosis. Ann Hematol 2005; 84: 347

26. Worwood M. Inherited iron loading: genetic testing
in diagnosis and management. Blood Rev 2005; 19:
69

27. Delague V, et al. Nonprogressive autosomal recessive
ataxia maps to chromosome 9q34–9qter in a large
consanguineous Lebanese family. Ann Neurol 2001;
50: 250

28. Tranebjaerg L, et al. Genome-wide homozygosity
mapping localizes a gene for autosomal recessive non-
progressive infantile ataxia to 20q11–q13. Hum
Genet 2003; 113: 293

29. Silveira LF, MacColl GS, Bouloux PM. Hypogo-
nadotropic hypogonadism. Semin Reprod Med
2002; 20: 327

30. Semple RK, et al. Two novel missense mutations in G
protein-coupled receptor 54 in a patient with hypo-
gonadotropic hypogonadism. J Clin Endocrinol
Metab 2005; 90: 1849

31. Peeraer K, et al. Pregnancy after ICSI with ejaculated
immotile spermatozoa from a patient with immotile
cilia syndrome: a case report and review of the litera-
ture. Reprod Biomed Online 2004; 9: 659

32. Westlander G, et al. Different fertilization rates
between immotile testicular spermatozoa and
immotile ejaculated spermatozoa for ICSI in men
with Kartagener’s syndrome: case reports. Hum
Reprod 2003; 18: 1286

33. Chemes HE. Phenotypes of sperm pathology: genetic
and acquired forms in infertile men. J Androl 2000;
21: 799

34. Al-Bhalal L, Akhtar M. Molecular basis of autosomal
dominant polycystic kidney disease. Adv Anat Pathol
2005; 12: 126

35. Daudin M, et al. Congenital bilateral absence of the
vas deferens: clinical characteristics, biological param-
eters, cystic fibrosis transmembrane conductance reg-
ulator gene mutations, and implications for genetic
counseling. Fertil Steril 2000; 74: 1164

36. Quinzii C, Castellani C. The cystic fibrosis trans-
membrane regulator gene and male infertility. J
Endocrinol Invest 2000; 23: 684

37. Patrizio P, Salameh WA. Expression of the cystic
fibrosis transmembrane conductance regulator
(CFTR) mRNA in normal and pathological adult

human epididymis. J Reprod Fertil Suppl 1998; 53:
261

38. Bernardino LF, Lima CE, Zats M. Analysis of muta-
tions in the cystic fibrosis transmembrane regulator
(CFTR) gene in patients with obstructive azoosper-
mia. Genet Mol Biol 2003; 26: 1

39. Patrizio P, Zielenski J. Congenital absence of the vas
deferens: a mild form of cystic fibrosis. Mol Med
Today 1996; 2: 24

40. Silber SJ, Patrizio P, Asch RH. Quantitative evalua-
tion of spermatogenesis by testicular histology in men
with congenital absence of the vas deferens undergo-
ing epididymal sperm aspiration. Hum Reprod 1990;
5: 89

41. Patrizio P, et al. Correlation between epididymal
length and fertilization rate in men with congenital
absence of the vas deferens. Fertil Steril 1994; 61:
265

42. Phillipson GTM, Petrucco OM, Matthews CD.
Congenital bilateral absence of the vas deferens, cys-
tic fibrosis mutation analysis and intracytoplasmic
sperm injection. Hum Reprod 2000; 15: 431

43. Mulhall JP, Oates RD. Vasal aplasia and cystic fibro-
sis. Curr Opin Urol 1995; 32: 316

44. Casals T, et al. Heterogeneity for mutations in the
CFTR gene and clinical correlations in patients with
congenital absence of the vas deferens. Hum Reprod
2000; 15: 1476

45. Gottlieb B, et al. The androgen receptor gene muta-
tions database (ARDB): 2004 update. Hum Mutat
2004; 23: 527

46. Aiman J, et al. Androgen insensitivity as a cause of
infertility in otherwise normal men. N Engl J Med
1979; 300: 223

47. Hiort O, et al. Significance of mutations in the
androgen receptor gene in males with idiopathic
infertility. J Clin Endocrinol Metab 2000; 85: 2810

48. La Spada AR, et al. Androgen receptor gene muta-
tions in X-linked spinal and bulbar muscular atrophy.
Nature 1991; 352: 77

49. Pinsky L, Beitel LK, Trifiro MA. Spinobulbar muscu-
lar atrophy. In Scriver CR, et al., eds. Metabolic and
Molecular Basis of Inherited Disease. New York:
McGraw-Hill, 2000: 4147

50. Casella R, et al. Significance of the polyglutamine
tract polymorphism in the androgen receptor.
Urology 2001; 58: 651

51. Patrizio P, et al. Larger trinucleotide repeat size in the
androgen receptor gene of infertile men with
extremely severe oligozoospermia. J Androl 2001; 22:
444

Kruger Chapter 16  12/7/06  11:35  Page 252



CHROMOSOMAL AND GENETIC ABNORMALITIES IN MALE INFERTILITY 253

52. Turek PJ, Pera RA. Current and future genetic screen-
ing for male infertility. Urol Clin North Am 2002;
29: 767

53. Vogt P. Molecular genetics of human male infertility:
from genes to new therapeutic perspectives. Curr
Pharm Des 2004; 10: 471

54. Hortas ML, Castilla JA, Gil MT. Decreased sperm
function of patients with myotonic muscular dystro-
phy. Hum Reprod 2000; 15: 445

55. Connor WE, et al. Sperm abnormalities in retinitis
pigmentosa. Invest Ophthalmol Vis Sci 1997; 38:
2619

56. Tosi MR, et al. Clinicopathologic reports, case
reports, and small case series: Usher syndrome type 1
associated with primary ciliary aplasia. Arch
Ophthalmol 2003; 121: 407

57. Perera D, et al. Sperm DNA damage in potentially
fertile homozygous β-thalassaemia patients with iron
overload. Hum Reprod 2002; 17: 1820

58. Barden EM, et al. Body composition in children with
sickle cell disease. Am J Clin Nutr 2002; 76: 218

59. Layman LC. Human gene mutations causing infertil-
ity. J Med Genet 2002; 39: 153

60. Hedia S, et al. Male pseudo-hermaphroditism due
partial 5 alpha-reductase deficiency, a case report.
Tunis Med 2001; 79: 261

61. Alvarez-Nava F, Soto M, Borjas L. Molecular analysis
of SRY gene in patients with mixed gonadal dysgene-
sis. Ann Genet 2001; 44:155

62. Eriksson A, et al. Isolation of the human testatin gene
and analysis in patients with abnormal gonadal devel-
opment. Mol Hum Reprod 2002; 8: 8

63. Chemes H, Muzulin PM, Venara MC. Early mani-
festations of testicular dysgenesis in children: path-
ological phenotypes, karyotype correlations and pre-
cursors stages of tumor development. APMIS 2003;
111: 12

64. Nudell DM, Pagani R, Lipshultz LI. Indications for
genetic evaluation of men in a reproductive medicine
program. Braz J Urol 2001; 27: 105

65. Rives N, et al. Assessment of sex chromosome aneu-
ploidy in sperm nuclei from 47,XXY and
46,XY/47,XXY males: comparison with fertile and
infertile males with normal karyotypes. Mol Hum
Reprod 2000; 6: 107

66. Brugh VM III, Maduro MR, Lamb DJ. Genetic dis-
orders and infertility. Urol Clin North Am 2003; 30:
143

67. Lowe X, et al. Frequency of XY sperm increases with
age in fathers of boys with Klinefelter syndrome. Am
J Hum Genet 2001; 69: 1046

68. Hargreave T. Genetic basis of male infertility. Br Med
Bull 2000; 3: 650

69. Poulakis V, et al. Birth of two infants with normal
karyotypes after intracytoplasmic injection of sperm
obtained by testicular extraction from two men with
nonmosaic Klinefelter. Fertil Steril 2001; 76: 1060

70. Bergère M, et al. Biopsed testis cells of four 47,XXY
patients: fluorescence in-situ hybridization and ICSI
results. Hum Reprod 2002; 17: 32

71. Prabhakara MG, et al. Genetic analysis of infertile
males from Bangalore, India. Presented at the 54th
Annual Meeting of the American Society of Human
Genetics, Toronto, Canada, 2004, 920/T-182

72. Rives N, et al. Meiotic segregation of sex chromo-
somes in mosaic and non-mosaic XYY males: case
reports and review of the literature. Int J Androl
2003; 26: 242

73. Wang IY, et al. Fluorescence in-situ hybridization
analysis of chromosomal constitution in spermatozoa
from a mosaic 47,XXY/46,XY male. Mol Hum
Reprod 2000; 6: 665

74. Tartaglia M, et al. Mutations in PTPN11, encoding
the protein tyrosine phosphatase SHP-2, cause Noo-
nan syndrome. Nat Genet 2001; 29: 465

75. Van der Burgt I, Brunner H. Genetic heterogeneity in
Noonan syndrome: evidence for an autosomal reces-
sive form. Am J Med Genet 2000; 94: 46

76. Griffin DK, Finch KA. The genetic and cytogenetic
basis of male infertility. Hum Fertil 2005; 8: 19

77. Antonelli A, et al. Chromosomal alterations and male
infertility. J Endocrinol Invest 2000; 23: 677

78. Krausz C, Forti G, McElreavey K. The Y chromo-
some and male fertility and infertility. Int J Androl
2003; 26: 70

79. Hucklenbroich K, et al. Partial deletions in the AZFc
region of the Y chromosome occur in men with
impaired as well normal spermatogenesis. Hum
Reprod 2005; 20: 191

80. Mulhall JP, et al. Azoospermic men with deletion of
the DAZ gene cluster are capable of completing sper-
matogenesis: fertilization, normal embryonic devel-
opment and pregnancy occur when retrieved testicu-
lar spermatozoa are used for intracytoplasmic sperm
injection. Hum Reprod 1997; 12: 503

81. Hoops CV, et al. Detection of sperm in men with Y
chromosome microdeletions of the AZFa, AZFb and
AZFc regions. Hum Reprod 2003; 18: 1660

82. Kamp C, et al. High deletion frequency of the com-
plete AZFa sequence in men with Sertoli-cell-only
syndrome. Mol Hum Reprod 2001; 7: 987

Kruger Chapter 16  12/7/06  11:35  Page 253



MALE INFERTILITY254

83. Reijo R, et al. Severe oligozoospermia resulting from
deletions of azoospermia factor gene on Y chromo-
some. Lancet 1996; 347: 1290

84. Reijo R, et al. Diverse spermatogenic defects in
humans caused by Y chromosome deletions encom-
passing a novel RNA-binding protein gene. Nat
Genet 1995; 10: 383

85. Foresta C, Moro E, Ferlin A. Y chromosome
microdeletions and alterations of spermatogenesis.
Endocr Rev 2001; 22: 226

86. Affara NA. The role of human and mouse Y chromo-
some genes in male infertility. J Endocrinol Invest
2000; 23: 630

87. Calogero AE, et al. Spontaneous transmission from
father to his son of a Y chromosome microdeletion
involving the deleted in azoospermia (DAZ) gene. J
Endocrinol Invest 2002; 25: 631

Kruger Chapter 16  12/7/06  11:35  Page 254



255

17

Reactive oxygen species and their impact
on fertility

R John Aitken, Liga E Bennetts 

INTRODUCTION

Male infertility is a relatively common complaint
that affects approximately one in 20 men in devel-
oped countries. Despite the prevalence of this
condition, relatively little is known about the
underlying pathophysiology. Indeed, since the
advent of intracytoplasmic sperm injection (ICSI)
as a therapeutic technique in 19921, the biomed-
ical community has paid little attention to this
problem. However, an appreciation of the etiology
of male infertility will be essential if we are to opti-
mize procedures for the management of this con-
dition and contemplate strategies for its possible
prevention.

Unlike female infertility, the male counterpart
is not, predominantly, an endocrine condition; it
is a pathology affecting germ cells. Most infertile
men produce spermatozoa; however, these
gametes are characterized by functional deficien-
cies stemming from defects occurring during
spermatogenesis or sperm maturation. Interest in
the origins of male infertility has recently been
stimulated by data indicating that spermatozoa
from such patients not only suffer from an
impaired capacity for fertilization but also may
exhibit high rates of DNA damage to both the
mitochondrial and nuclear genomes2–4. One of
the consequences of such damage is a possible
increase in the mutational load carried by the

embryo as a consequence of aberrant DNA repair
in the fertilized egg5,6. Thus, high rates of DNA
damage in human spermatozoa have been associ-
ated with reduced rates of fertilization in vivo and
in vitro, impaired preimplantation development of
the embryo, increased rates of early pregnancy loss
and high rates of morbidity in the offspring,
including dominant genetic disease, infertility and
cancer7–15. In light of these associations, attempts
are now being made to define those factors
responsible for the increased DNA damage and
impaired functional competence seen in the sper-
matozoa of infertile males. As seen in the follow-
ing section, of all the potential causes undergoing
active consideration at the present time, oxidative
stress appears to be amongst the most important.

One of the first mechanisms suggested for the
induction of genetic damage in defective human
spermatozoa involved endonuclease-mediated
cleavage of the DNA as a result of incomplete
apoptosis during spermatogenesis16–18. While
plausible, recent analyses of putative apoptotic
markers in spermatozoa, such as the plasma mem-
brane translocation of phosphatidylserine, have
suggested that aberrant apoptosis is not highly
correlated with DNA fragmentation in the male
germ line19. It has also been hypothesized that the
DNA damage seen in defective human sperm-
atozoa results from defective chromatin packaging
during a critical stage of spermiogenesis. This
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proposal envisages that relief of the torsional
stresses associated with chromatin packaging
involves the repeated transient nicking of DNA
by topoisomerase. Defects in the structure of
the chromatin, or the activity of the topoiso-
merase system itself, may lead to the generation
of gametes expressing high levels of DNA
fragmentation17,20.

In support of this hypothesis is the observation
that errors of chromatin packaging are, indeed,
commonly associated with DNA damage in the
germ line21. A third hypothesis is that defective
sperm function and DNA damage in the male
germ line are both mediated by high levels of
oxidative stress. Excessive production or exposure
to reactive oxygen species (ROS) has been both
statistically and causally associated with defective
sperm function and DNA damage in a large num-
ber of independent studies22–27. Furthermore,
nuclear DNA damage in spermatozoa appears to
exhibit a tighter association with markers of oxida-
tive stress than with apoptosis19. In order to exam-
ine this association between defective sperm qual-
ity and oxidative stress in more detail, the next
section introduces the fundamental chemistry of
ROS and reviews the mechanisms by which they
exert their pathological effects.

REACTIVE OXYGEN SPECIES AND LIPID
PEROXIDATION

The acronym ROS covers a wide range of metabo-
lites derived from the reduction of molecular oxy-
gen, including free radicals, such as the superoxide
anion (O2

–•), and powerful oxidants such as
hydrogen peroxide (H2O2). The term also covers
molecules derived from the reaction of carbon
centered radicals with oxygen, including peroxyl
radicals (ROO•), alkoxyl radicals (RO•) and
organic hydroperoxides (ROOH). It may also
refer to other powerful oxidants such as peroxyni-
trite (ONOO–) or hypochlorous acid (HOCl), as
well as the highly biologically active free radical,
nitric oxide (•NO).

The specific term ‘free radicals’ refers to any
atom or molecule containing one or more
unpaired electrons. As unpaired electrons are
highly energetic, and seek out other electrons with
which to pair, they confer upon free radicals
considerable reactivity. Thus, free radicals and
related ‘reactive species’ have the ability to react
with, and modify the structure of, many different
kinds of biomolecule, including proteins, lipids
and nucleic acids. The wide range of targets that
can be attacked by ROS is a critical aspect of
their chemistry that contributes significantly to
the pathological significance of these oxygen
metabolites.

The most commonly encountered oxygen free
radical in biological systems is O2

–•. When in
aqueous solution, O2

–• has a short half-life (1 ms)
and is relatively inert. The radical is more stable
and reactive in the hydrophobic environment pro-
vided by cellular membranes. The charge associ-
ated with O2

–• means that this molecule is gener-
ally incapable of passing across biological
membranes, although this molecule has been
reported to exit cells using voltage-dependent
anion channels. As a result of its lack of membrane
permeability, O2

–• may be more damaging if pro-
duced inside biological membranes than at other
sites. It is also important to note that while O2

–•

can act as either a reducing agent or a weak oxi-
dizing agent in aqueous solution, under the reduc-
ing conditions prevailing within cells, O2

–• acts
primarily as an oxidant.

Since most biological molecules only have
paired electrons, free radicals are also likely to be
involved in chain reactions that can propagate the
damage induced by ROS. A classic example of
such a chain reaction is the peroxidation of lipids
in biological membranes. In this process, a ROS-
mediated attack on unsaturated fatty acids gener-
ates peroxyl (ROO•) and alkoxyl (RO•) radicals
that, in order to stabilize, abstract a hydrogen
atom from an adjacent carbon, generating the
corresponding acid (ROOH) or alcohol (ROH).
The abstraction of a hydrogen atom from an adja-
cent lipid creates a carbon-centered radical that
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combines with molecular oxygen to recreate
another lipid peroxide. In order to stabilize, the
latter must again abstract a hydrogen atom from a
nearby lipid, creating another carbon radical that
combines with molecular oxygen to create yet
another lipid peroxide. In this manner, a chain
reaction is created that, if unchecked, would prop-
agate the peroxidative damage throughout the
plasma membrane, leading to a rapid loss of
membrane-dependent functions28.

The vulnerability of human spermatozoa to
oxidative attack stems from the fact that these cells
are particularly rich in unsaturated fatty acids29.
Such an abundance of unsaturated lipids is neces-
sary to create the membrane fluidity required by
the membrane fusion events associated with fertil-
ization, including acrosomal exocytosis and
sperm–oocyte fusion. Unfortunately for sperma-
tozoa, such unsaturated fatty acids are particularly
prone to oxidative attack because the presence of a
double bond weakens the C–H bonds on the
adjacent carbon atoms, facilitating the hydrogen
abstraction step and initiation of peroxidative
damage, as indicated below:

Thus, the amounts of lipid peroxide generated on
the addition of transition metals, such as iron, to
human sperm suspensions will reflect the amount
of lipid peroxide present in these cells at the
moment the catalyst was added. The lipid perox-
ide content of these cells will, in turn, reflect dif-
ferences in the amount of oxidative stress that the
spermatozoa have suffered during their life history.
Differences in susceptibility arise because of
interindividual variation in (1) the presence and
molecular composition of unsaturated fatty acids
in the sperm plasma membrane, (2) the degree to
which the spermatozoa have been exposed to ROS
and transition metal catalysis during their life his-
tory and (3) the level of protection afforded by
free radical scavengers, chain-breaking antioxi-
dants and ROS-metabolizing enzymes in the
vicinity of the spermatozoa during their sojourn in
the male reproductive tract. Monitoring the gen-
eration of lipid peroxide breakdown products such
as malondialdehyde and/or 4-hydroxy alkenals in
the presence of ferrous ion promoters therefore
generates a significant amount of information
about the sperm population under investigation32.
Such measurements of the ‘lipoperoxidative
potential’ of human spermatozoa have clear diag-
nostic value29,32.

Protection against lipid peroxidation includes
membrane-associated antioxidants epitomized by
α-tocopherol, a hydrophobic vitamin that is capa-
ble of intercepting alkoxyl and peroxyl radicals
and terminating the peroxidation chain reaction33.
This vitamin is extremely effective in breaking
lipid peroxidation cascades, and has been shown
to improve significantly the fertility of males
selected on the basis of high levels of lipid
peroxidation in their spermatozoa34. Moreover,

lipid peroxidation cascades31, according to the
following equations:

Unsaturated R–CH=CH–CH2–CH=CH–R′
fatty acid 

Lipid radical R–CH=CH–CH–CH=CH–R′

Hydrogen
abstraction

OH•

H2O

OOH•

H2O2

or

Bis-allylic methylene group

ROOH + Fe2+  →  RO• + OH– + Fe3+

ROOH + Fe3+  →  ROO• + H+ + Fe2+

lipid hydroperoxide

lipid hydroperoxide

 alkoxyl radical

 peroxyl radical

Such lipid peroxidation chain reactions can be
promoted by the presence of transition metals
such as iron and copper that can vary their valency
state by gaining or losing electrons. Significantly,
there is sufficient free iron and copper in human
seminal plasma to promote lipid peroxidation
once this process has been initiated30. When iron
sulfate and ascorbate (added as a reductant to
maintain the iron in a reduced state) are added to
suspensions of human spermatozoa, large
amounts of lipid peroxide are generated. A major-
ity of these peroxides arise from the iron-catalyzed
propagation, rather than de novo initiation, of
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this vitamin has been known since the 1940s to
be essential for male reproduction. Of the
small-molecular-mass scavengers involved in the
protection of human spermatozoa, the most
important are vitamin C, uric acid, tryptophan
and taurine35,36. In terms of antioxidant enzymes,
spermatozoa possess both the mitochondrial and
cytosolic forms of superoxide dismutase (SOD)
and the enzymes of the glutathione cycle, but very
little catalase.

SOD catalyzes the dismutation of O2
–•, a reac-

tion in which this molecule reacts with itself to
generate H2O2. Such dismutation can occur spon-
taneously without SOD; however, the reaction
proceeds much more slowly in the absence of this
enzyme. There is sufficient SOD activity in the
mitochondria and cytosol of human spermatozoa
to account for most, if not all, of the H2O2 pro-
duced by these cells37. Although SOD is usually
thought of in antioxidant terms, this is only true if
this enzyme is tightly coupled with additional
enzymes that can metabolize the H2O2 generated
as a consequence of O2

–• dismutation. In isola-
tion, SOD converts a short-lived, rather inert,
membrane-impermeant free radical (O2

–•) into a
powerful, membrane-permeant oxidant, H2O2.
Although the latter is not a free radical, it is, nev-
ertheless, a potentially pernicious molecule. If not
rapidly metabolized, it has the potential to initiate
both lipid peroxidation in the sperm plasma mem-
brane and trigger DNA damage to both the
nuclear and mitochondrial genomes of these
cells3,38.

Some insight into the relative importance of
O2

–• and H2O2 in the initiation of peroxidative
damage in human spermatozoa has come from
studies employing xanthine oxidase to generate an
extracellular mixture of ROS in vitro39. In the
presence of this ROS-generating system, the sper-
matozoa rapidly lose their motility as a conse-
quence of the initiation and propagation of perox-
idative damage. If SOD is added to the medium
to remove O2

–•, motility loss still occurs. However,
if catalase is added to the incubation mixture
to remove H2O2, then lipid peroxidation is

suppressed and sperm motility is fully maintained.
The implication of these studies, that H2O2 is the
major cytotoxic species of ROS as far as spermato-
zoa are concerned, has been confirmed by experi-
ments in which the direct addition of this oxidant
has been shown to influence both the movement
of human spermatozoa and their competence for
oocyte fusion38.

Given the damaging nature of H2O2 it is obvi-
ously important that this oxidant is rapidly
removed from spermatozoa before it can initiate
lipid peroxidation or DNA damage. The enzymes
of the glutathione cycle (glutathione peroxidase
and reductase) are responsible for peroxide metab-
olism in these cells. Under normal circumstances,
sufficient NADPH (reduced nicotinamide–
adenine dinucleotide phosphate) is generated by
the oxidation of glucose through the hexose
monophosphate shunt to fuel glutathione reduc-
tase and maintain an adequate pool of reduced
glutathione (GSH) to counteract the H2O2 and
lipid peroxides generated as a consequence of
sperm metabolism40. These reactions can be sum-
marized as follows:

GSSG + NADPH + H+ →  2GSH + NADP+

Glutathione peroxidase

Glutathione reductase

2GSH + H2O2  →  GSSG + 2H2O

where GSSG is glutathione disulfide.
It should also be noted that the detoxification

of lipid peroxides by glutathione peroxidase
requires the concerted action of an additional
enzyme in the form of phospholipase A2. This
enzyme is required to cleave the lipid peroxide
away from the parent phospholipid so that it
becomes available for the detoxifying action of
glutathione peroxidase.

In addition to these intracellular antioxidants,
spermatozoa are also protected by highly special-
ized extracellular antioxidant enzymes secreted by
the male reproductive tract. These enzymes
include glutathione peroxidase 5 (GPX5)41 as well
as the extremely large amounts of extracellular
SOD present in epididymal and seminal plasma29.
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Indeed, seminal plasma contains more SOD than
any other fluid in biology. The world record is
held by donkey semen, which contains more than
3000 units of enzyme activity per milliliter42. As
seen later in this chapter, the antioxidants present
in seminal plasma (SOD, albumin, uric acid and
vitamin C) become extremely important in pro-
tecting spermatozoa from ROS generated by acti-
vated leukocytes entering the reproductive tract at
points distal to the epididymis, such as the ure-
thra, prostate and seminal vesicles.

EVIDENCE FOR OXIDATIVE STRESS

Given the potential that ROS have for causing cel-
lular damage, it is not surprising that they have
been implicated in the etiology of male infertil-
ity22,26. The evidence for an association between
oxidative stress and defective sperm function
comes from three major sources. First, there is evi-
dence that many aspects of sperm function includ-
ing motility and sperm–oocyte fusion are nega-
tively correlated with the lipoperoxidative
potential of these cells. This was first suggested in
the pioneering studies of Thaddeus Man and col-
leagues at the University of Cambridge. These
authors observed that human spermatozoa were
extremely susceptible to the cytotoxic effects of
lipid peroxidation, and that severe sperm motility
loss was associated with high levels of lipid perox-
ide generation in the presence of transition met-
als29,43. These studies have subsequently been con-
firmed and extended in larger cohorts of patients.
Thus, the lipoperoxidative potential of freshly pre-
pared spermatozoa (i.e. their capacity to generate
lipid peroxides in the presence of a ferrous ion
promoter) was found to be highly predictive of
their capacity for movement and their ability to
exhibit sperm–oocyte fusion32,44. Indeed, the
tightness of the correlations with sperm move-
ment has suggested that peroxidative damage is
one of the major causes of impaired motility32

(Figure 17.1). Moreover, the lipoperoxida-
tive potential of washed, leukocyte-free sperm
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suspensions was found to be reflective of the
quality of sperm movement in the original ejacu-
late (Figure 17.2). Such findings reinforce the
notion that the diagnostic value of lipoperoxida-
tive potential measurements lies in the fact that

(b)

(a)

Figure 17.1 Relationship between motility loss observed in
populations of human spermatozoa and generation of
MA + 4HA in the presence of promoter. (a) Oxidative stress
induced by the incubation of spermatozoa for 15 h at 37°C. (b)
Oxidative stress induced using a xanthine oxidase free radical-
generating system. MA + 4HA represents µmol of malon-
dialdehyde and 4-hydroxy alkenals generated by 2 × 107

spermatozoa during a 2-h incubation with promoter32
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they give an accurate picture of the accumulated
degree of oxidative stress suffered by spermatozoa
during their life history32,45.

Additional evidence for oxidative stress in
defective sperm populations comes from the ele-
vated levels of oxidative DNA damage observed in

the spermatozoa of infertile men compared with
fertile controls2,27,46. Positive correlations between
sperm DNA damage and the intensity of signals
generated in the presence of redox-active probes
(luminol and lucigenin) tend to support this
view19,46. Studies in which defective sperm
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Figure 17.2 Relationships between lipoperoxidation potential of purified sperm suspensions and sperm movement in the original
semen samples. (a) VAP (average path velocity); (b) VCL (curvilinear velocity); (c) percentage progressive; and (d) percentage rapid
(> 25 µm/s). MA + 4HA represents µmol of malondialdehyde and 4-hydroxy alkenals generated by 2 × 107 spermatozoa during a
2-h incubation with promoter

MALE INFERTILITY260

(d)(c)

(b)(a)

Kruger Chapter 17  12/7/06  11:37  Page 260



IMPACT OF REACTIVE OXYGEN SPECIES 261

function has been correlated with the chemilumi-
nescence generated in the presence of such probes
also add weight to this argument22,23,26,47. In stud-
ies involving clinically characterized samples, ele-
vated chemiluminescence signals have been
observed in particular groups of patients including
those exhibiting oligozoospermia48, spinal cord
injury49 and varicocele50. Significantly elevated
chemiluminescence signals have also been
observed in patients exhibiting unexplained
infertility22,51.

Of particular clinical importance is a prospec-
tive study in which the chemiluminescence signals
generated in the presence of luminol were found
to correlate with the incidence of spontaneous
pregnancy in a large cohort of untreated patients
followed up for a maximum of 4 years52. More-
over, within this data set there were no significant
correlations between fertility and the conventional
criteria of semen quality. Thus, such chemilumi-
nescence measurements of redox activity in
human sperm suspensions are clearly able to add
value to the traditional semen analysis. The
importance of such assays has also been empha-
sized in studies reporting significant inverse corre-
lations between sperm chemiluminescence and
the fertilizing potential of these cells in assisted
conception cycles53.

Although these data are suggestive, there are
two notes of caution that should be raised in eval-
uating these associations between chemilumines-
cence and fertility. First, the biochemical basis of
the activities being measured by luminol- or luci-
genin-dependent chemiluminescence is still the
subject of debate. In the case of lucigenin, a com-
monly used experimental paradigm is to trigger
chemiluminescence in populations of spermato-
zoa through the addition of an exogenous electron
source in the form of NAD(P)H54. Assays per-
formed in this manner generate intense chemilu-
minescence signals with human spermatozoa that
are inversely correlated with the functional com-
petence of these cells47,55. The chemistry of luci-
genin chemiluminescence is complex, but a key
event in the biochemical cascade leading to light

generation is the activation of the probe by a one-
electron reduction reaction. Such activation can
be achieved enzymatically by cytochrome P450 or
cytochrome b5 reductase56.

Once activated, the probe is then thought to
react with O2

–• to create an unstable dioxetane
that decomposes with the generation of light.
However, it has also been proposed that reduced
lucigenin can itself effect the one-electron reduc-
tion of ground-state oxygen to produce O2

–• and
regenerate the parent lucigenin molecule. If the
concentration of NAD(P)H and lucigenin in the
reaction mixture is sufficiently high, such redox
cycling behavior has the potential to generate a
large amount of O2

–• as a consequence, rather
than a cause, of probe activation. Doubts have
been cast on the validity of this reaction scheme57

and, as a result, we cannot be certain what pro-
portion of the chemiluminescent signal generated
in the presence of lucigenin and NAD(P)H can be
accounted for by the primary production of O2

–•

or the secondary production of this metabolite via
the redox cycling of the probe. If the latter expla-
nation is correct, it would suggest the presence of
abnormally high levels of reductase activity in the
spermatozoa of infertile men58.

In the case of luminol, the probe must undergo
a one-electron oxidation in order to become acti-
vated. In many ways, luminol is a more reliable
probe than lucigenin, and has been effectively
used to record the ROS generated in human
semen samples as a consequence of leukocyte con-
tamination59,60. However, herein lies the second
point of contention with chemiluminescence data
generated using human semen: the extent to
which the results have been influenced by the
presence of contaminating leukocytes.

SOURCES OF OXIDATIVE STRESS

Although most studies in this area have been care-
ful to exclude leukocytospermic specimens con-
taining large numbers of leukocytes (typically
> 1 × 106/ml), this does not necessarily mean that
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the data have not been obfuscated as a result of
leukocyte contamination. On a cell-for-cell basis,
the most common type of leukocyte found in
human semen samples, the neutrophil, is 1000-
fold more active in generating ROS than a sper-
matozoon. Concentrations of leukocytes well
below the threshold for leukocytospermia exhibit
highly significant correlations with ROS genera-
tion by washed sperm suspensions, giving r values
in the order of 0.861. Despite the highly significant
nature of this correlation, it does not mean that
spermatozoa are incapable of generating ROS.

Although various publications have variously
asserted that the chemiluminescent signals gener-
ated by washed human sperm suspensions
emanate exclusively from the spermatozoa62 or
contaminating leukocytes63, the truth is that both
sources of ROS are active. Plots of leukocyte num-
bers against PMA-induced chemiluminescence
activity (Figure 17.3) reveal that redox activity can
vary over several log orders of magnitude in the
absence of detectable leukocyte contamination.
However, when leukocytes are present, the chemi-
luminescence activity is invariably high. In order

to resolve the spermatozoa’s contribution to oxida-
tive stress in the ejaculate, it is essential that all
traces of leukocyte contamination are removed
from the sperm suspension. Protocols have been
described for both the efficient detection of leuko-
cyte contamination and the selective removal of
these cells using paramagnetic particles coated
with anti-CD45, the common leukocyte anti-
gen64–66. However, there are very few studies in
which these stringent conditions have been met.

Where this has been achieved, the results
unequivocally identify defective spermatozoa as a
source of redox activity49. In a recent study, leuko-
cyte-free sperm suspensions were exposed to the
powerful protein kinase C agonist, 12-myristate,
13-acetate phorbol ester (PMA). The results
revealed powerful inverse correlations between the
chemiluminescence activity recorded and the
quality of spermatozoa, particularly their motil-
ity32. Even more important, such measurements
showed very tight correlations with the funda-
mental quality of the original semen sample in
terms of sperm morphology, count and motility
(Figure 17.4)32. In other words, the measurement
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Figure 17.3 Plot of leukocyte concentration against 12-myristate, 13-acetate phorbol ester (PMA)-induced, luminol peroxidase-
mediated chemiluminescence. Note the chemiluminescence signal generated by these samples varies over log orders of magnitude
in the absence of leukocyte contamination
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of ROS generation by spermatozoa not only
reflects the quality of these cells but also the qual-
ity of the underlying spermatogenic process.

Why spermatozoa should vary in their capacity
for ROS generation is unknown at the present
time. One possibility is that the oxidative stress is
being generated by virtue of defects in the sperm
mitochondria. Mitochondria are extremely active
organelles that are constantly mediating electron
transfer reactions through the ETC (electron
transport chain) in order to fuel the generation of
adenosine triphosphate (ATP). One of the inher-
ent problems with such electron transport activity
is that it is leaky, and electrons have a tendency to
spill out of the ETC and combine with oxygen to
generate O2

–•. Aberrant production of ROS by
mitochondria is therefore a possible source of
oxidative stress in the spermatozoa of infertile
men. However, early attempts to address this
question failed to find any effect of ETC
inhibitors on the chemiluminescence signals gen-
erated by suspensions of defective spermatozoa22.

The caveat with these experiments is that they did
not exclude the possibility that the ROS being
detected were generated by contaminating leuko-
cytes. Thus, a possible contribution of sperm
mitochondria to the generation of ROS by puri-
fied human sperm suspensions still requires care-
ful examination.

Another possibility, for which there is consid-
erable evidence, is that the spermatozoa generat-
ing high levels of ROS have experienced defective
spermiogenesis resulting in morphological defects,
particularly in the midpiece region of the cell.
During normal spermiogenesis, Sertoli cells
actively remove the sperm cytoplasm, just before
these cells are released from the germinal epithe-
lium. In most mammals, any residual cytoplasm
that remains after spermiogenesis is remodeled
into a discrete, spherical, cytoplasmic droplet that
slowly migrates down the sperm tail during
epididymal transit, prior to its release into the
extracellular space. Intriguingly, human sperma-
tozoa have lost this ability to create and shed a
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Figure 17.4 Relationships between intensity of the chemiluminescence signal generated by purified leukocyte-free samples in
response to 12-myristate, 13-acetate phorbol ester (PMA) in the presence of luminol peroxidase and quality of the original semen
samples as reflected by (a) the percentage of motile cells in semen and (b) sperm count in semen32
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cytoplasmic droplet. In these cells, any residual
cytoplasm left after spermiation snaps back into
the neck region of the spermatozoa and remains
there as a ragged appendage that bears witness to
the defective testicular origins of the cell. The
presence of such excess residual cytoplasm has
been correlated with ROS production by several
independent groups67–70. One suggested mecha-
nism by which such residual cytoplasm might
induce ROS production is through the provision
of excess substrate to a putative NADPH oxidase
on the sperm surface.

ROS production by purified sperm suspen-
sions is highly correlated with the cellular content
of cytoplasmic enzymes such as SOD, creatine
kinase and glucose-6-phosphate dehydrogenase.
Most of these enzymes are simply passengers, con-
firming the presence of excess residual cytoplasm
in sperm populations generating high levels of
ROS67,68. However, it has been hypothesized that
in terms of pathology, the key enzyme is glucose-
6-phosphate dehydrogenase5,67,71. This enzyme
controls the rate of glucose oxidation through the
hexose monophosphate shunt, and the latter, in
turn, generates the NADPH needed to fuel ROS
production by a putative NADPH oxidase
enzyme such as Nox 5, a free radical-generating
oxidase recently detected in the male germ line72.
This link between NADPH and ROS generation
is reflected in the strong correlation that exists
between the glucose-6-phosphate content of puri-
fied human sperm suspensions and their capacity
to generate a chemiluminescence response to
PMA (Figure 17.5). By removing most of the
sperm cytoplasm during spermiogenesis, the testes
ensure that these cells are only able to generate a
limited supply of NADPH, just enough to meet
the needs of the protective glutathione cycle and
support the ROS-dependent elements of sperm
capacitation73–76. However, if excess residual cyto-
plasm is retained because of mistakes during
spermiogenesis (Figure 17.6), then there is the
potential to generate additional ROS that will, in
turn, damage the functional competence of these
cells.

Figure 17.6 Individual spermatozoa exhibit considerable
variation in the amount of residual cytoplasm retained
following spermiation. Cytoplasm revealed by staining for
diaphorase activity67
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Figure 17.5 Cellular content of glucose-6-phosphate
dehydrogenase (G6PDH) and chemiluminescence. The
retention of excess residual cytoplasm increases the cellular
content of cytoplasmic enzymes such as G6PDH, the presence
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CONSEQUENCES OF OXIDATIVE
STRESS

In light of the above, we must conclude that there
are two sources of oxidative stress within the ejac-
ulate: leukocytes and defective spermatozoa. The
impact of seminal leukocytes will depend on the
types of white cell present, their site of entry into
the male reproductive tract and their state of acti-
vation. All of the information currently available
indicates that the major leukocyte species is the
neutrophil, and these cells are present in the ejac-
ulate in an activated state61,62. Where these cells
enter the male reproductive tract is generally unre-
solved, but has a direct bearing on the pathologi-
cal consequences of leukocytic infiltration. If the
leukocytes gain entry at points distal to the origin
of the vas deferens, as a consequence of secondary
sexual gland infection for example, then their
direct impact on sperm function may be limited,
because at the moment of ejaculation the sperma-
tozoa will be protected by the powerful anti-
oxidants in seminal plasma61. Conversely, if the
neutrophils entered the male reproductive tract at
the level of the rete testes or epididymis, then
there would be every opportunity for these cells to
induce oxidative damage in the spermatozoa.

Free radical-generating leukocytes also have
ample opportunity to attack spermatozoa in
washed preparations, where the gametes are
deprived of the protective effects of seminal
plasma. Indeed, apart from albumin and possibly
phenol red, most in vitro fertilization (IVF) media
are devoid of protective antioxidants. Some media
are even supplemented with transition metals such
as iron and copper, and, in this way, may actually
stimulate peroxidative damage in spermatozoa77.
Whenever activated leukocytes are present in
washed sperm suspensions, the fertilizing capacity
of the spermatozoa is suppressed62. These results
have clear implications for the practice of IVF ther-
apy, and it comes as no surprise that negative asso-
ciations have been observed between leukocyte
contamination of washed sperm preparations and
fertilization rates in assisted conception cycles65,66.

The second source(s) of ROS in human ejacu-
lates are the spermatozoa themselves49,68,69. Such
intracellular free radical generation is associated
with the disruption of all aspects of sperm func-
tion, including their motility, their capacity for
acrosomal exocytosis, their ability to fuse with the
vitelline membrane of the oocyte and the integrity
of their DNA6,27. As indicated above, excess free
radical generation is normally associated with
defects in spermiogenesis, leading to the retention
of excess residual cytoplasm in the midpiece of
these cells. It is also possible that excess ROS gen-
eration by spermatozoa is driven by the redox
cycling of xenobiotics present in the environment,
or deficiencies in the mitochondrial ETC6.
Whether such ROS-generating spermatozoa can
also damage the functional competence of other
spermatozoa in the immediate vicinity is still an
open question. If defective spermatozoa actively
generate free radicals from the moment they leave
the testes, then the opportunities for collateral
damage to other cells in the same sperm popu-
lation might be considerable.

CONCLUSIONS

In summary, oxidative stress is one of the major
causes of defective sperm function. Free radical
attacks on these cells damage the DNA in the
sperm nucleus and induce lipid peroxidation in
the sperm plasma membrane. As a consequence of
these changes, the spermatozoa lose their capacity
for fertilization and their ability to support normal
embryonic development6. The origins of oxidative
stress include leukocytic infiltration, excess free
radical generation by the spermatozoa and defects
in the antioxidant protection provided to these
cells during their sojourn in the male reproductive
tract. Further research in this area should help to
advance our understanding of the origins of oxi-
dative stress in the male reproductive tract, and
assist in the development of rational approaches
towards the prevention and treatment of this
condition.
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How do we define male subfertility and
what is the prevalence in the general
population?

T Igno Siebert, F Haynes van der Merwe, Thinus F Kruger, Willem Ombelet

INTRODUCTION

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 morphol-
ogy. Of these parameters, sperm morphology is
the single indicator most widely debated in the lit-
erature. A large number of classification systems
have been used to describe the factors that consti-
tute a morphologically normal/abnormal sperma-
tozoon. The most widely accepted classification
systems for sperm morphology are the World
Health Organization (WHO) criteria of 1987 and
19921,2 and the Tygerberg strict criteria, now also
used by the WHO since 19993–6.

Although there is a positive correlation
between normal semen parameters and male fer-
tility potential, the threshold values for
fertility/subfertility according to WHO criteria1,2

are of little clinical value in discriminating
between the fertile and the subfertile male7–11. If
these criteria were to be applied, a great number of
fertile males (partners having had pregnancies
shortly before, after or at the time of a
spermiogram) would be classified as subfertile.
The predictive values of sperm morphology
using strict criteria in in vitro fertilization (IVF)
and intrauterine insemination (IUI) have been
reviewed recently and proved to be useful12,13.

Much less has been published on the use of this
criterion regarding in vivo fertility.

In this chapter, we evaluate the classification
systems for semen parameters after review of the
literature published in English on semen parame-
ters and in vivo fertility potential. We also use data
from the literature to establish fertility/subfertility
thresholds for semen parameters according to the
WHO 1999 guidelines3–6. These thresholds
should be of clinical value and useful when assess-
ing male fertility potential for in vivo conditions,
in order to identify those males with a signifi-
cantly reduced chance of achieving success under
these conditions.

WHO CRITERIA OF 1987 AND 1992
AND MALE FERTILITY POTENTIAL

The semen analysis is used in clinical practice to
assess male fertility potential. To be of clinical
value, the methods used should be standardized,
and threshold values for fertility/subfertility
should be calculated for the different parameters
used in the standard semen analysis.

Because there are so many different methods
for semen evaluation, it would be difficult to stan-
dardize the methods used in its analysis. This
applies especially to the assessment of sperm
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morphology. The two classification systems most
widely accepted are the WHO1,2 and the Tyger-
berg strict criteria3–6. Various methodological
problems concerning sperm morphology have
been identified. The variants among different
methods of morphology assessment have been
reported by Ombelet et al.14–16 and others17,18, and
they recommend standardization of semen analy-
sis methodologies. Some authors recommend that
laboratories should adopt the accepted standards,
such as those proposed by the WHO17,18. Another
problem identified is the variation in intra- and
interindividual and interlaboratory sperm mor-
phology assessment18,19. This problem can be
addressed by using the Tygerberg strict criteria, as
Menkveld et al. showed that comparable and reli-
able results between and within observers could be
obtained when using this method19. Franken et al.
delivered dedicated work on continuous quality-
control programs for strict sperm morphology
assessment, and demonstrated that consistent
readings could be achieved; they hence stressed the
need for global quality-control measurements in
andrology laboratories20,21. Cooper et al.18 also
urged the standardization of such quality-control
programs and that quality control centers should
reach agreement with each other.

Previous WHO thresholds of 50% and 30%
for sperm morphology were empirical values and
not based on any clinical data. Several authors
found these values to be of little or no clinical
value7,9,10. These studies did, however, find a
positive correlation between a high proportion of
morphologically normal sperm and an increased
likelihood of fertility and/or pregnancy. Other
studies have confirmed this correlation22–25.

Van Zyl et al.25 were the first to show a faster
than linear decline in fertilization rate when the
proportion of normal forms dropped to less than
4%. Eggert-Kruse et al.23 found a higher in vivo
pregnancy rate for higher percentage normal
forms at thresholds of 4, 7 and 14% using strict
criteria for morphology assessment. Zinaman et

al.26 confirmed the value of sperm morphology
(strict criteria) by demonstrating a definite decline
in pregnancy rate in vivo when the normal morph-
ology dropped below 8% and sperm concentra-
tion below 30 × 106/ml. In a study performed by
Slama et al.27, measuring the association between
time to pregnancy and semen parameters, it was
found that the proportion of morphologically
normal sperm influenced the time to pregnancy
up to a threshold value of 19%. This value is
somewhat higher than that calculated in other
studies.

THE USE OF SEMEN PARAMETERS IN
IVF AND IUI PROGRAMS

The percentage of normal sperm morphology
(strict criteria) has a positive predictive value in
IVF and IUI programs. Normal sperm morphol-
ogy thresholds produced positive predictive values
for IVF success when using the 5% and 14%
thresholds, respectively, with the overall fertiliza-
tion rate and overall pregnancy rate significantly
higher in the group with normal morphology
≥ 5% as compared with the < 5% group12. A meta-
analysis of data from IUI programs showed a
higher pregnancy rate per cycle in the group with
normal sperm morphology ≥ 5%. In the group
with normal sperm morphology < 5%, other
semen parameters predicted IUI success13. In the
IUI meta-analysis, motility28, total motile sperm
count29 and concentration30 also played a role in
some of the studies evaluated, while others31

stated that sperm morphology alone was enough
to predict the prognosis. Because of the high cost
of assisted reproduction, males with good or rea-
sonable fertility potential under in vivo conditions
should be identified on the basis of semen quality.
Conversely, males with a poor fertility potential
should be identified, and introduced to assisted
reproduction programs.
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Table 18.2 Possible lower thresholds for the general population to distinguish between subfertile and fertile men
based on the assumed incidences of subfertile males in their populations 

Normal Progressive Concentration
Authors morphology (%) Motility (%) motility (%) (×× 106/ml)

Menkveld et al.34 (2001) 3 20 — 20

Günalp et al.33 (2001) 5 30 14 9

Ombelet et al.32 (1997) 5 28 — 14.3

Table 18.1 Thresholds: fertile vs. subfertile populations studied

Normal Progressive Concentration
Authors morphology (%) Motility (%) motility (%) (×× 106/ml)

Guzick et al.35 (2001) 9 32 — 13.5

Menkveld et al.34 (2001) 4 45 — 20

Günalp et al.33 (2001) 10 52 42 34

Ombelet et al.32 (1997) 10 45 — 34

FERTILITY/SUBFERTILITY THRESHOLDS
FOR SPERM MORPHOLOGY USING
TYGERBERG STRICT CRITERIA, SPERM
CONCENTRATION AND SPERM
MOTILITY/PROGRESSIVE MOTILITY

In an effort to establish fertility/subfertility thresh-
olds for the aforementioned parameters, we iden-
tified four articles in the published literature. It is
our opinion that these articles constitute a repre-
sentative sample of published studies of the pre-
dictive value of sperm morphology, sperm con-
centration and motility/progressive motility for in
vivo fertility/subfertility. These articles compared
the different semen parameters of a fertile and a
subfertile group. They used either classification
and regression tree (CART) analysis or receiver
operating characteristic (ROC) curve analysis to
estimate thresholds for the various semen parame-
ters. The ROC curve was also used to assess the
diagnostic accuracy of the different parameters

and their ability to classify subjects into fertile and
subfertile groups.

Using ROC curve analysis, Ombelet et al.32

calculated the following thresholds: proportion
normal morphology 10%, proportion normal
motility 45% and normal sperm concentration
34 × 106/ml. Sperm morphology was shown to be
the parameter with the highest prediction power
(area under the curve (AUC) 78%). Much lower
thresholds were calculated using the 10th centile
of the fertile population, these thresholds being
5% for normal morphology, 28% for motility and
14.3 × 106/ml for sperm concentration (Tables
18.1 and 18.2)32.

Günalp et al.33 also calculated thresholds using
ROC curve analysis. These thresholds were: pro-
portion normal morphology 10%, proportion
normal motility 52%, proportion progressive
motility 42% and sperm concentration
34 × 106/ml. The two parameters that performed
best were progressive motility (AUC 70.7%) and
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morphology (AUC 69.7%). Assuming 50%
prevalence of subfertility in the population, the
authors used the positive predictive value as an
indicator to calculate a lower threshold for each
parameter. Values of 5% for proportion normal
morphology, 30% for proportion normal motility,
14% for proportion progressive motility and
9 × 106/ml for sperm concentration were calcu-
lated (Tables 18.1 and 18.2)33.

In the most recent article of the four,
Menkveld et al.34 found much lower thresholds
than the others. Using ROC curve analysis, the
following thresholds were calculated: 4% for nor-
mal morphology and 45% for normal motility.
Again, morphology showed good predictive value
with an AUC of 78.2%. Although a threshold for
sperm concentration was not calculated (a sperm
concentration less than 20 × 106/ml was used as
inclusion criterion), the authors proposed that the
cut-off value of 20 × 106/ml could be used with
confidence, based on the resultant lower 10th cen-
tile of the fertile population. Adjusted cut-off
points calculated on the assumption of 50%
prevalence of male subfertility were as follows: 3%
for proportion normal morphology and 20% for
proportion normal motility (Tables 18.1 and
18.2)34.

In the fourth article by Guzick et al.35, the
authors used CART analysis and calculated two
thresholds for each semen parameter which
allowed designation into three groups, namely
normal (fertile), borderline and abnormal (subfer-
tile). The normal (fertile) group had values greater
than 12% for morphology, greater than 63% for
motility and higher than 48 × 106/ml for sperm
concentration. The abnormal (subfertile) group
had values lower than 9% for morphology, lower
than 32% for motility and lower than
13.5 × 106/ml for sperm concentration.

In these four articles, the predictive power of
the different parameters was calculated as the
AUC, using the ROC curve. The AUC for sperm
morphology ranged from 66 to 78.2%, confirm-
ing the high predictive power of this parameter. In
fact, it had the best performance among the

different semen parameters in two articles32,35.
The thresholds calculated in these two articles
were 10% and 9%, respectively, while Günalp et
al.33 calculated a threshold of 12% using sensitiv-
ity and specificity to analyze their data, and the
fourth study calculated a 4% predictive cut-off
value. Although sensitivity and specificity for the
values are relatively high, the positive predictive
values are not. This will therefore result in classi-
fying fertile males as subfertile, probably leading
to a degree of anxiety as well as unnecessary and
costly infertility treatment. A second and much
lower threshold was calculated in three of the four
articles. Ombelet et al.32 calculated this much
lower threshold by using the 10th centile of the
fertile population, while Günalp et al.33 screened
the population with the positive predictive value
as indicator, and Menkveld et al.34 assumed a 50%
prevalence of subfertility in their study popula-
tion. The lower threshold ranged from 3 to 5%
(Table 18.2). These lower thresholds have a much
higher positive predictive value than the higher
thresholds, with a negative predictive value not
much lower.

We suggest that the lower threshold should be
used to identify males with the lowest potential for
a pregnancy under in vivo conditions. Values
above the lower threshold should be regarded as
normal. These findings are in keeping with previ-
ous publications by Coetzee et al.12 (IVF data) and
Van Waart et al.13 (IUI data), which reported a sig-
nificantly lower chance of successful pregnancy in
males with normal morphology below their calcu-
lated thresholds.

The higher threshold values for percentage
motile sperm as calculated in the four articles
(using ROC curve or CART analysis) ranged from
32 to 52%, while the lower threshold values
ranged from 20 to 30%. Motility also had a high
predictive power, with an AUC of between 59 and
79.1%. Günalp et al.33 calculated thresholds for
progressive motility: a higher threshold of 42%,
using the ROC curve, and a lower threshold
of 14%, with the positive predictive value as
indicator. In this study, progressive motility
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proved to be a marginally better predictor of sub-
fertility than sperm morphology, with AUC values
of 70.7 and 69.7%, respectively33. Montanaro
Gauci et al.28 found percentage motility to be a
significant predictor of IUI outcome. The preg-
nancy rate was almost three times higher in the
group with motility > 50% as compared with the
group with motility < 50%.

The higher threshold values for sperm concen-
trations calculated by Ombelet et al.32, Günalp et
al.33 and Guzick et al.35 ranged from 13.5 to
34 × 106/ml, while the lower threshold values
ranged from 9 to 14.3 × 106/ml. An AUC value of
between 55.5 and 69.4% served as confirmation
of the predictive power of this parameter.
Although Menkveld et al.34 did not calculate a
threshold value for sperm concentration (because
values of less than 20 × 106/ml served as inclusion
criteria in their study), they suggested a threshold
value of 20 × 106/ml to be used with confidence,
because it did not influence the results from their
fertile population. The clinical value of motility
and sperm concentration serves as confirm-
ation of findings reported in numerous other
publications7,8,11,22–24.

Although the various parameters had good pre-
dictive power, independent of each other, the clin-
ical value of semen analysis was increased when
the parameters were used in combination.
Ombelet et al.32 found that differences between
the fertile and subfertile populations only became
significant when two or all three semen param-
eters were combined. Bartoov et al.36 concluded
that fertility potential is dependent on a comb-
ination of different semen characteristics. Eggert-
Kruse et al.23 found a significant correlation
between the three parameters reviewed in their
study. Although the different semen parameters
demonstrate good individual predictive power, the
clinical value of the semen analysis increases when
the parameters are used in combination. We there-
fore suggest that no parameter should be used in
isolation when assessing male fertility potential.
The lower thresholds as discussed in this chapter
have a much higher positive predictive value and a

high negative predictive value. Therefore, we sug-
gest that these lower thresholds should be used in
identifying the subfertile male.

As suggested by the WHO in 1999, each
group should develop their own thresholds, based
on the population they are working in. It seems as
if the sperm morphology threshold of 0–4% nor-
mal forms indicates a higher risk group for subfer-
tility, and fits the IVF and IUI data calculated pre-
viously12,13. The four articles discussed above32–35

showed the same trends, and can serve as guide-
lines to distinguish fertile from subfertile males.

As far as concentration and motility are con-
cerned, the thresholds are not clear, but a concen-
tration lower than 106/ml and a motility lower
than 30% seem to fit the general data32–35. How-
ever, more, preferably multicenter, studies are
needed to set definitive thresholds.

SEMEN PROFILE OF THE GENERAL
POPULATION: PARTNERS OF WOMEN
WITH CHRONIC ANOVULATION

In general, there is quite a poor level of under-
standing and evidence regarding the semen analy-
sis profile of the general population. Many male
populations have been proposed to mirror the
general population in terms of semen analysis.
Using donors in a semen-donation program for
normality is certainly not the best option, since
this population is positively biased for fertility.
Army recruits are biased by age. Husbands of
tubal-factor patients can be biased by a positive
history of infection (tubal factor due to pelvic
infection) or a good fertility history (women with
tubal sterilization). Therefore, we believe that pos-
sibly the best reference group for studying the
semen profile in a general population includes
partners of women who have been diagnosed with
chronic anovulation/PCOS (polycystic ovarian
syndrome) (maximum of three menstrual periods
per year). We would thus like to propose em-
ploying the lower thresholds to indicate patients
with subfertility, and, by using the cohort of
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anovulatory women, we obtain a reflection of the
semen profile in a general population.

Two different studies, one retrospective and
one prospective, evaluating the semen analysis of
partners of women presenting with anovulation
were selected.

Retrospective study of partners of
women presenting with chronic
anovulation (> 35 days) at Tygerberg
Fertility Clinic

Included in this study were all male partners of
patients diagnosed as anovulatory at the Tygerberg
Fertility Clinic. Methods used to examine the
semen were according to WHO guidelines6, and
for sperm morphology Tygerberg strict criteria
were used3,4,6. The laboratory personnel initially
evaluated all slides, and each slide was then evalu-
ated by one observer (TFK) according to strict cri-
teria. Sixty-two samples were eventually selected
and included in the study (Table 18.3).

Prospective study of partners of
women presenting with PCOS at
Tygerberg Fertility Clinic

Tygerberg Fertility Clinic conducted a study in
patients with PCOS. The patients were diagnosed
with PCOS according to the recent Rotterdam
consensus statement37. The aim of this study was
to establish factors influencing ovulation induc-
tion in this group.

The semen of the partners of all these women
was examined. Methods used to examine the
semen were according to WHO guidelines6, and
for sperm morphology Tygerberg strict criteria
were used3,4,6. The laboratory personnel initially
evaluated all slides, and all P-pattern morphology
slides were re-evaluated by one observer (TFK)
(Table 18.4). The thresholds used for subfertility
were those suggested by Van der Merwe et al.38 in
their recent review: 0–4% normal forms, < 30%
motility, < 106/ml, outlined in the first section of
this chapter.

DISCUSSION

In the two studies (Table 18.3, retrospective; Table
18.4, prospective) ± 50% of patients had a normal
semen analysis. The most common single abnor-
mality was that of teratozoospermia (25.8% retro-
spective, 27.8% prospective). Azoospermia
occurred in 1.4–4.8% of patients, with triple-
parameter defects found in only 1.4–3.2% of cases
(Tables 18.3 and 18.4).

The thresholds as calculated above were used
in a group of anovulatory women. These thresh-
olds reflect the prevalence of male factor infertility
in the general population. It is interesting to note
that in both the retrospective and prospective
studies, the prevalence of teratozoospermia (< 4%

Table 18.3 Retrospective study of partners of
women presenting with chronic anovulation (> 35
days) at Tygerberg Fertility Clinic (< 106/ml cut-off)

Patients

n %

Normozoospermia 29 46.7

Sperm abnormality

Single-parameter defect
azoospermia 3 4.8
oligozoospermia (O) 3 4.8
asthenozoospermia (A) — 0
teratozoospermia (T) 16 25.8
polyzoospermia (P) 2 3.2
immunological factor (I) 1 1.6

Double-parameter defect
OA — 0
OT 4 6.5
AT — 0
TP 1 1.6
TI 1 1.6

Triple-parameter defect
OAT 2 3.2

Threshold values used: concentration < 106/ml,
motility < 30%, morphology < 4% normal forms
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normal morphology) was 25.8–27.8%, making it
the most common defect in this group. About
50% of all male patients had normal semen
parameters in these two studies using the sug-
gested thresholds as calculated based on the four
articles discussed32–35,38.

It is important to note that in PCOS patients
the clinician needs to take into consideration that
not only anovulation, but also, in up to 50% of
these patients, the male factor needs attention, to
assist in achieving a successful outcome in these
couples. These lower thresholds are not absolute,
but provide a continuum guiding the clinician to
respond to the semen analysis. The golden rule is
to repeat a semen analysis 4 weeks after the first
(abnormal) evaluation to ensure that the correct
approach will be followed. If the result is again
abnormal, a thorough physical examination

should be performed and the necessary treatment
offered. In the case of PCOS, the female factor
(anovulation) should obviously be corrected, start-
ing, as first-line approach, with weight loss in
women with a body mass index > 25. Although
50% of these patients had a male factor according
to the definition used, it is also important to note
that only ± 5% of these factors were serious
(azoospermia and the triple-parameter defects),
with 7–9.7% with a double defect.

To our knowledge, this is the first attempt to
use the specific suggested lower thresholds to
define prevalence of the subfertile male in the
general population by using an anovulatory group
of women. These thresholds will guide the clini-
cian towards a more directive management where
indicated.
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DNA fragmentation and its influence on
fertilization and pregnancy outcome

Ralf Henkel

INTRODUCTION

Male subfertility is the reason for the unfulfilled
wish for children in approximately 50% of invol-
untary childless couples. In Germany alone, the
number of childless partnerships amounts to
1.5–2.0 million, of which about 200 000 couples
(10–13%) seek help by assisted reproduction
yearly. In 2002, approximately 40 000 children
were born in Germany after employing any form
of assisted reproductive technologies (ART);
12 000 children were born after in vitro fertiliza-
tion, constituting 1.6% of all births. The high
incidence of male factor infertility mandates a
complete andrological consultation in all male
partners of couples consulting for infertility. Apart
from the light microscopic determination of
sperm count and morphological malformations,
evaluation of functional sperm parameters has
become a powerful tool in andrology laboratories.
Some of these assays determine biochemical
parameters, such as α-glucosidase1,2 or the poly-
morphonuclear granulocyte (PMN) elastase3,4,
which have been found to be important for sperm
function. Most, however, determine biological
functions of spermatozoa (i.e. motility, membrane
integrity, morphology, zona binding, acrosome
reaction, acrosin activity, oolemma binding, chro-
matin condensation or DNA integrity) (Figure
19.1), and consequently the sperm cells’ capability

to fertilize oocytes. All of these parameters have
repeatedly shown a significant relationship to both
fertilization and pregnancy, in vitro and in vivo.

Over recent years, the interest of scientists and
clinicians has focused on the role of sperm DNA
fragmentation in fertility, as this parameter may
have a serious impact on fertilization and preg-
nancy. By employing ART, abnormal, defective
spermatozoa, normally restrained by physiological
selection barriers, namely the cervical mucus,
uterine environment, cumulus oophorus, zona
pellucida or the oolemma, are enabled to enter the
oocyte. This is of particular importance in intra-
cytoplasmic sperm injection (ICSI), as this
method of assisted reproduction bypasses all barri-
ers, with the effect that a genetically damaged
spermatozoon may fertilize an oocyte, which in
turn may have an impact on the health and well-
being of the offspring5–8. Depending on the
degree of DNA damage, embryo development can
be affected and hence this may result in embry-
onic death9–11. The damage may even be trans-
ferred to the offspring, causing disease. In this
respect, reports of increased chromosomal abnor-
malities, minor or major birth defects or child-
hood cancer point out the increased risks for
babies born after ICSI6,8,12–15.

Sperm DNA damage can be caused by
various factors such as (1) apoptosis16,17, (2)
improper DNA packaging and ligation during
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spermatogenesis and sperm maturation18 or (3)
oxidative stress19–21, and is an important issue in
assisted reproduction. Thus, it plays an imperative
role in the counseling of patients. This chapter
focuses on these different aspects of sperm DNA
and their influence on fertilization and pregnancy
outcome.

APOPTOSIS

Apoptosis is the controlled disassembly of cells
from within22, and is characterized by conden-
sation and fragmentation of the chromatin, com-
paction of cytoplasmic organelles, reduced mito-
chondrial transmembrane potential23, mitochon-
drial release of cytochrome c24, production of reac-
tive oxygen species (ROS)25, dilatation of the
endoplasmic reticulum and a decrease in cell vol-
ume26. This process is also called ‘programmed cell
death’, and is very different from necrosis. It does

not involve any inflammatory response during the
phagocytotic elimination of so-called apoptotic
bodies27, from which was derived the term ‘apop-
tosis’. The word ‘apoptosis’ comes from the Greek
‘to fall away from’, and refers to the falling of
leaves in autumn from deciduous trees22. Healthy
organisms use this programmed cell death mecha-
nism to maintain a fine balance between life and
death. When cells fail to keep this balance and do
not fulfill their destiny, become renegade and
resist the elimination process, as in some autoim-
mune diseases or in cancer, such cells grow out of
control, which eventually has disastrous effects for
the organism. Therefore, this phenomenon plays
an essential role in a broad variety of physiological
processes during fetal development and in adult
tissues. The physiological role of apoptosis is cru-
cial as a homeostatic process during spermatogen-
esis, and consequently, aberrations of this process
can be detrimental for fertility.

1. Chromatin condensation

2. Motility

3. Membrane integrity

5. Binding to the
    zona pellucida

Oolemma

Perivitelline space

Zona pellucida

6. Acrosome reaction

4. Morphology

7. Zona penetration
    → acrosin activity

8. Binding to the
    oolemma

10. DNA integrity

9. Chromatin
    decondensation

Figure 19.1 Schematic depiction of functional parameters of spermatozoa. Note that the acquisition of capacitation is reflected
by the sperm’s ability to undergo the acrosome reaction and hyperactivation. In addition, chromatin decondensation must follow
proper condensation of sperm DNA material during spermatogenesis and subsequent sperm maturation in the epididymis
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The molecular mechanism of apoptosis
involves intimate changes of the plasma mem-
brane, which normally shows an asymmetric
assembly with an accumulation of phos-
phatidylethanolamine and the negatively charged
phospholipid phosphatidylserine (PS) in the inner
leaflet, and sphingomyelin and phosphatidyl-
choline in the outer leaflet. As a very early sign of
apoptosis, PS, normally transferred by an amino
phospholipid translocase (flippase) from the outer
leaflet to the inner leaflet of the plasma mem-
brane, is translocated in the opposite direction.
This translocation of PS to the outer leaflet of the
plasma membrane results in its exposure on the
external membrane surface28,29. Depending on the
availability of Ca2+, PS has high affinity to annexin
V, a phospholipid-binding protein of about
35 kDa30.

Another signaling system that is closely
involved in the process of apoptosis is the Fas/Fas
ligand (FasL; CD95L) system31. Fas (CD95;
APO-1) is a type I transmembrane receptor pro-
tein that belongs to the tumor necrosis factor/
nerve growth factor receptor family and transmits
the apoptotic signal32–34. This molecule contains
an intracellular death domain, which is responsi-
ble for the activation of multiple intracellular sig-
naling pathways after the binding of FasL to Fas35.
FasL, on the other hand, is a type II tumor necro-
sis factor-related transmembrane protein36. The
Fas system is involved in immune regulation,
including the maintenance of peripheral T and B
cell tolerance37, cell-mediated cytotoxicity38 and
the control of immune-privileged sites39. Because
of this general involvement of the Fas/FasL system
in mammalian organisms, the tissue distribution
of Fas mRNA is ubiquitous, and particularly high
concentrations are found in thymus, spleen and
non-lymphoid tissues such as the liver40. In con-
trast, FasL mRNA expression is more restricted to
lymphoid organs and the testis, with localization
to the Sertoli cells36.

Intimately involved in the deliberate disassem-
bly of cells into so-called apoptotic bodies are
‘cytosolic aspartate-specific proteases’ (caspases)41.

To date, 14 different caspases have been described
in the human42. Initially, these highly specific
enzymes are synthesized as inactive proenzymes of
about 30–50 kDa that are activated by proteolytic
processing, resulting in two subunits of about
20 kDa and 10 kDa. Functionally, caspases are
divided into two functional subgroups, initiating
caspases (caspase-6, -8, -9, -10) and effector cas-
pases (caspase-2, -3, -7), which are responsible for
the final disassembly of cells and thus apoptotic
cell death. A central role in the cascade of apop-
totic events is played by caspase-3, which irre-
versibly activates specific DNases that degrade the
DNA43 leading to DNA fragmentation44, which
can be detected by means of different test systems.
Reportedly, caspase-3 is strongly implicated in
different pathologies45.

Although quite a number of pathways have
been cited for apoptotic caspase activation and cell
death, stronger evidence has been provided only
for two (for review see references 46 and 47). In
vertebrates, these pathways are (1) the death
receptor pathway (extrinsic pathway) and (2) the
mitochondrial pathway (intrinsic pathway). In the
extrinsic pathway, death receptors of the tumor
necrosis factor family, including Fas, transmit the
signal via the Fas-associated death domain
(FADD) and trigger activation of caspase-8 (initi-
ating caspase), which in turn activates the execut-
ing caspase-3. In contrast, in the intrinsic path-
way, the executing caspase-3 is activated by
caspase-9 (initiating caspase). Caspase-9 is acti-
vated following the binding of its death-fold cas-
pase recruitment domain (CARD) to the CARD
of apoptotic protease-activating factor-1 (APAF-
1), which is present in the cytosol of living cells.
APAF-1, in turn, is activated by cytochrome c,
which is released from the mitochondria due to
permeabilization of the mitochondrial outer
membrane following apoptosis-inducing signals.
A variety of proapoptotic (BH1, BH2, BH3, Bax,
Bak, Bok) and antiapoptotic regulator proteins
(Bcl-2, Bcl-xL, A1, Bcl-w, Mcl-1) of the Bcl-2
family orchestrate the whole system48,49.
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Impact of early markers of apoptosis in
male germ cells on fertilization and
pregnancy

Spermatogenesis is a highly dynamic process, in
which undifferentiated diploid spermatogonial
stem cells develop and differentiate through
mitotic and meiotic cell divisions into spermato-
zoa that can be released from the germinal epithe-
lium into the lumen of the seminiferous tubules,
in a process called spermiation. The process of
spermatogenesis can be divided into two phases,
the first (first ‘wave’ of spermatogenesis) being ini-
tiated just after birth (in the human between birth
and 6 months of age) and characterized by the dif-
ferentiation of gonocytes into spermatogonia50.
This first wave of spermatogenesis is accompanied
by a massive surge of germ cell apoptosis in the
testis51. As Sertoli cells can only support a limited
number of germ cells52, this adjustment of the
number of germ cells to the number of supporting
Sertoli cells is an important step for the normal
progression of spermatogenesis in the adult53.

The second phase of spermatogenesis starts
with puberty, which is characterized by increased
gonadotropin and androgen levels as well as by a
continuous progression of spermatocyte develop-
ment and the onset of meiotic divisions, resulting
in haploid spermatids and eventually in fully dif-
ferentiated spermatozoa. In order to achieve a sta-
ble ratio between Sertoli cells and pre- and post-
meiotic germ cells on the one hand, and germ cell
renewal on the other, as well as to ensure the qual-
ity control of spermatogenesis as a whole54, this
process requires a fine balance, for which apopto-
sis appears to be the regulatory mechanism. In the
human, the daily production of germ cells
amounts to 200 × 106, of which up to 75% die
spontaneously before release and final maturation
to differentiated, functional spermatozoa55,56.
While spermatogonia and round spermatids show
the classical morphological and biochemical fea-
tures of apoptosis, elongated spermatids do not
display the characteristic morphological changes,
although DNA fragmentation can be determined,

and a translocation of phosphatidylserine has
taken place in some cells. This might be due to
initiation of the specific chromatin condensation
and morphogenesis of spermatozoa. Finally,
during spermiation, spermatozoa are released into
the lumen of the seminiferous tubules, and the
residual cytoplasm is removed by a nuclear-
independent apoptotic process and phagocytosed
by the Sertoli cells57.

Since Sertoli cells express FasL and Fas has
been localized on mature spermatozoa17,58–61, the
Fas/FasL system appears to be involved in the reg-
ulation of spermatogenesis with regard to the lim-
iting number of sperm cells that can be supported
by the Sertoli cell31,51. Thus, these germ cells ear-
marked for apoptosis might be phagocytosed by
Sertoli cells. For spermatocytes and spermatids,
Pentikäinen et al.62 demonstrated Fas-mediated,
caspase-regulated apoptosis. However, Fas-positive
spermatozoa are also present in the ejaculate, and
the question arose of how these spermatozoa
appear in the ejaculate. Based on this observation,
Sakkas et al.58 suggested a hypothesis according to
which these earmarked spermatozoa escape apop-
tosis because of (1) non-functional Fas or (2) too
high a number of earmarked spermatozoa avail-
able for FasL on Sertoli cells. This hypothesis has
been called ‘abortive apoptosis’. However, the
molecular mechanism of how Fas-positive sperm
escape apoptotic elimination is unknown. Fur-
thermore, there is controversial evidence as to the
presence of Fas receptors or Fas-mediated
responses in human ejaculated spermatozoa, cast-
ing doubts about this hypothesis60,63.

Currently, there is no consensus about the
percentage of Fas-positive sperm in the human ejac-
ulate. Whereas Castro et al.63 did not find
substantial amounts of Fas present in ejaculated
spermatozoa of both normozoospermic and non-
normozoospermic men, and Taylor et al.60 did not
document a response to Fas ligand in terms of cas-
pase activation or the induction of DNA fragmen-
tation, Sakkas et al.17 and Henkel et al.59 found
means of 9.7% and 19.8% Fas-positive sperm with
maxima of 47.3% and 78%, respectively. While
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Sakkas et al.17 reported higher incidences of Fas
positivity in men with compromised semen param-
eters, McVicar et al.61 could demonstrate Fas only
in the sperm of infertile men. On the other hand, it
also appears that Fas positivity of ejaculated human
spermatozoa is related neither to DNA damage as
detected by means of the comet assay61, nor to fer-
tilization or pregnancy59. Thus, it seems that Fas
expression in ejaculated human sperm does not
contribute to male infertility. In addition, DNA
fragmentation as determined by the TUNEL (ter-
minal deoxynucleotide transferase-mediated dUDP
nick-end labeling) assay and apoptotic markers
such as Fas do not always exist in unison17, and
neither FasL, nor hydrogen peroxide, significantly
increased caspase activity in human spermatozoa60.
On the other hand, as mentioned above, Castro et
al.63 did not find substantial amounts of Fas present
on ejaculated human spermatozoa of both normo-
zoospermic and non-normozoospermic subjects
and therefore did not support the ‘abortive
apoptosis’ hypothesis. Recent data of Lachaud et
al.64 suggest that ejaculated healthy human sperm-
atozoa are even incapable of initiating apoptosis.

However, since another early marker of apop-
tosis, the externalization of PS, identified by
means of annexin V binding, and DNA fragmen-
tation as a late marker of programmed cell death
can be detected in spermatozoa of almost every
ejaculate59,65–68, the death of sperm might not
involve the classical apoptotic pathways, because
caspases seem not to be employed69. On the other
hand, caspases (caspase-1, -3, -8, -9) of the main
pathways of apoptosis are present in human sper-
matozoa and can become activated68,70, which in
turn would then support the apoptosis theory. In
order to explain this discrepancy for the survival of
immature spermatozoa, Cayli et al.71 hypothesized
that caspase-3 is activated in these earmarked
spermatozoa. Nevertheless, protection against
apoptotic cell death is provided by expression of
the antiapoptotic regulator protein Bcl-xL and is
inferred from the presence of the heat shock pro-
tein HspA2, which has also been described as an
inhibitor of apoptosis72.

With respect to annexin V binding to ejacu-
lated human spermatozoa, data reported by differ-
ent working groups are not conclusive. In a pilot
study consisting of 102 patients visiting the infer-
tility clinic, Oosterhuis et al.67 found that 20% of
ejaculated spermatozoa were apoptotic as deter-
mined by annexin V binding. Moreover, there was
an inverse relationship between PS externalization
and sperm concentration and motility. These
authors concluded that this test would be a reli-
able approach for testing the functional viability
of human spermatozoa. On the other hand,
Henkel et al.59 did not find a significant relation-
ship of annexin V binding test results to either fer-
tilization in vitro or pregnancy, although there was
a significant correlation between Fas expression
and PS externalization. However, Henkel et al.59

also found that about one-fifth of ejaculated sper-
matozoa presented externalized phosphatidylser-
ine. At this point, some questions arise, including:
what is the origin of these earmarked sperm and
what causes PS externalization?

As discussed before, some authors attribute
early signs of apoptosis such as Fas expression or
externalization of PS to ‘abortive apoptosis’ in the
testis, and believe that these sperm simply escape
cell death. Recent research, however, has demon-
strated that the translocation of PS from the inner
to the outer leaflet of the sperm plasma membrane
also takes place after incubation in capacitating
media. In the light of this, PS externalization
appears to be an important and physiological
event in the process of capacitation in ejaculated
spermatozoa73,74 that is not related to apoptosis.
Moreover, PS translocation in bicarbonate-
triggered human spermatozoa has been shown to
be caspase-independent. Likewise, mitochondrial
degeneration or DNA fragmentation could not be
observed75. Muratori et al.76, however, oppose this
view and favor the abortive apoptosis theory.

In the context of the loss of plasma membrane
asymmetry, it is also important to mention the
impact of cryopreservation on the highly suscep-
tible sperm plasma membrane. It is well known
that cryopreservation significantly compromises
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sperm motility and fertilizing ability. Disturbance
of membrane asymmetry with the externalization
of PS is one of the various effects that the
freezing–thawing process exerts on living cells66.
Recent research has provided evidence that this
increase in the percentage of annexin V-positive
spermatozoa after the freezing–thawing procedure
does not result in higher rates of sperm DNA
fragmentation77,78. However, cryopreservation was
associated with significant activation of caspases-
3, -8 and -9 as well as disruption of the mito-
chondrial membrane potential78. Therefore, the
annexin V binding test appears to be a valuable
parameter for predicting the quality of cryo-
preserved human sperm79.

Impact of DNA fragmentation on
fertilization and pregnancy

Although the early markers of apoptosis in human
spermatozoa, especially ejaculated spermatozoa,
are very much debated with regard to their impact
on male fertility, the effect of the late marker of
programmed cell death, DNA fragmentation,
seems to be rather clear. Today, there is no doubt
that sperm DNA damage not only may compro-
mise fertilization and the onset of pregnancy, but
has detrimental effects on the health of the off-
spring5–8,12–15.

Repeatedly and unequivocally, this negative
impact of sperm DNA damage has been shown
for intrauterine insemination (IUI)80 and in vitro
fertilization (IVF)59,65,81,82. Data obtained by
Twigg et al.5 and Henkel et al.20,59 even suggest
that spermatozoa with fragmented DNA are still
able to fertilize an oocyte, but, at the time when
the paternal genome is switched on, further
development stops, resulting in a failed pregnancy.
Even in natural conception, oxidative sperm DNA
damage has a negative impact on human fertil-
ity and on the time to pregnancy83,84. However,
for intracytoplasmic sperm injection (ICSI),

contradictory results have been reported. While a
number of authors from different working
groups20,85–87 have shown a significant influence of
damaged sperm DNA on fertilization and preg-
nancy, some others88–90 have not seen any effect.

If there is an effect of sperm DNA damage on
fertilization, it seems quite plausible that frag-
mented DNA is a reason for poor embryo quality,
poor blastocyst development and even early
embryo death11,91,92. Janny and Ménézó93 found a
strong relationship between cleavage and blasto-
cyst formation rate, and Shoukir et al.94 revealed a
lower blastocyst formation rate after ICSI, com-
pared with IVF. In a very recent report by Greco
et al.95, the authors demonstrated significantly
higher percentages of DNA damage in ejaculated
spermatozoa than in testicular sperm, and con-
cluded, in the light of the severe damage that can
be caused, that it is actually safer to use testicular
sperm for ICSI. An investigation of the fertiliza-
tion and pregnancy rates showed significantly
higher pregnancy and implantation rates when
testicular sperm were used for ICSI, whereas ICSI
with ejaculated spermatozoa resulted in only one
pregnancy, which aborted spontaneously. Thus,
the authors suggest ICSI with testicular spermato-
zoa as a therapeutic option in men with high lev-
els of sperm DNA fragmentation in ejaculated
spermatozoa.

Although the evidence for a detrimental
impact of sperm DNA fragmentation on the out-
come of assisted reproduction is overwhelming,
the reasons for the oxidative damage of the male
genome are still unclear. Apoptosis appears to be
one explanation, and has legitimacy where the
early stages of spermatogenesis are concerned.
With regard to the appearance of so-called apop-
totic spermatozoa in the ejaculate, especially the
origin of sperm DNA damage, the ‘abortive apop-
tosis’ hypothesis is still questionable. Therefore,
alternative hypotheses that can explain sperm
DNA fragmentation are discussed in the following
section of this chapter.
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IMPROPER DNA PACKAGING AND
LIGATION DURING SPERMATOGENESIS
AND SPERM MATURATION

The second hypothesis that explains the origin of
fragmented DNA in spermatozoa arises from ani-
mal experiments showing that endogenous nicks
are normally present at late stages of spermatoge-
nesis (step-12–13 spermatids) in rats and mice. It
appears that the presence of these endogenous
nicks is highest during the transition from round
to elongated spermatids. At the time when chro-
matin packaging is completed, these nicks disap-
pear completely18,96–99. Therefore, they are
thought to have physiological and functional
importance during sperm chromatin condensa-
tion. McPherson and Longo18 postulated that
chromatin packaging during spermiogenesis
requires the endogenous nuclease topoisomerase
II to create and ligate nicks in order to facilitate
protamination. Topoisomerase II plays a major
role in linking DNA replication to chromosome
condensation, and interplays with condensin, a
large protein complex that has crucial functions in
mitotic chromosome assembly and organiza-
tion100,101. This enzyme has also been identified in
human seminiferous tubules102. The proposed
mechanism of action during spermiogenesis is
thought to be the transient introduction of DNA
double-strand breaks that allows passage of a dou-
ble helix through the cut with subsequent reseal-
ing of the strand break103. This would then result
in the relief of torsional stress and supports chro-
matin rearrangement during the displacement of
histones by protamines18,100,104. Consequently,
endogenous nicks (DNA fragmentation) in ejacu-
lated sperm are indicative of the incomplete mat-
uration of spermatozoa during spermiogenesis,
resulting in disturbed chromatin condensation,
which in turn is due to underprotamination105–107.

OXIDATIVE STRESS

Finally, the third hypothesis on the origin of
sperm DNA fragmentation describes oxidative

stress as a causal factor for sperm DNA damage.
Since oxidative stress seems to play a pivotal role
in reproduction108,109, not only in female110–112

but also in male reproductive physiology and
pathology113–117, this field of research has attracted
the particular interest of scientists during the past
20 years. In an ejaculate, ROS can be produced
either by leukocytes or by the spermatozoa
themselves.

Influence of leukocyte-derived ROS on
sperm DNA fragmentation

Genital tract inflammation and an increased num-
ber of leukocytes in the ejaculate have been
repeatedly associated with male subfertility and
infertility114,118–120. This clinical picture is seen in
about 10–20% of infertile men3. Although there
are also contradictory reports stating that seminal
plasma leukocytes have no influence on sperm fer-
tilizing capacity in vitro or even exert a favorable
effect on sperm function121–123, most groups sup-
port a detrimental effect of leukocytes on male fer-
tility. Unfortunately, the current cut-off value for
leukocytospermia (> 1.0 × 106 leukocytes/ml)3 is
empirical124, and gives only an approximate classi-
fication. Thus, the observation of leukocytosper-
mia is not a reliable indicator of an asymptomatic
urogenital tract infection125. Moreover, there is
also no common agreement about how leukocytes
should be detected.

The World Health Organization (WHO)3 rec-
ommends two different methods, namely the per-
oxidase method and immunofluorescence with
monoclonal antibodies, which actually give differ-
ent results. Villegas et al.126 compared the peroxi-
dase method recommended by the WHO3 with
both counting of round cells and immunofluores-
cent detection of CD15-positve (granulocytes),
CD45-positive (for all leukocytes) and CD68-
positive cells (macrophages). The methods corre-
lated significantly, but on different levels. It also
appeared that the more specific immunofluores-
cent techniques correlated better with each other
than with the histochemical method. In particular,
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the number of detected peroxidase-positive cells
was significantly lower than that identified by
immunofluorescence. These enormous differences
reflect the difficulties of an exact determination of
the number of leukocytes in semen and a reliable
cut-off value, which is important for diagnosis and
especially for prediction of the success of assisted
reproduction.

Leukocytes secrete cytokines that have been
shown to be negatively correlated with fertility127

and semen quality128 as well as PMN elastase129

and ROS130. Apart from PMN elastase, which is
known to provoke cell deterioration131, ROS can
directly damage biological membranes by induc-
ing a process called lipid peroxidation. Because of
the extraordinarily high content of polyunsatu-
rated fatty acids in the plasma membrane, sper-
matozoa are extremely susceptible to oxidative
stress132, impairing membrane function and
resulting in the loss of motility and reduced pene-
tration rates in the sperm penetration assay115,133

or even death of the spermatozoa.
Lopes et al.134 and Irvine et al.135 showed that

sperm DNA fragmentation could be induced by
ROS, and more recently, Alvarez et al.136 demon-
strated that sperm DNA integrity was even signif-
icantly impaired in leukocytospermic semen sam-
ples. This finding is of particular importance, as
sperm DNA fragmentation is a reason for fertil-
ization and pregnancy failure in IUI, IVF and
ICSI. With respect to ROS, one has to distinguish
where the ROS originate, from external sources
such as leukocytes that are present in almost any
ejaculate118 and produce up to 1000 times more
ROS than spermatozoa137, or from the spermato-
zoa themselves138, as they are physiologically pro-
duced in any living cell during respiration.

Although ROS have been shown to induce
apoptosis in both somatic cells139,140 and maturing
spermatozoa105, indicating an indirect mechanism
of action of oxidative stress caused by ROS lead-
ing to DNA fragmentation, there is also evidence
suggesting a rather direct mechanism of
action21,141,142. Data that support this theory arise
from studies that have shown increased levels of

specific forms of oxidative damage, such as 8-
hydroxydeoxyguanosine in sperm DNA134,143.
Interestingly, spermatozoa from infertile men are
generally more susceptible to DNA fragmentation
by hydrogen peroxide (H2O2)144,145, and a protec-
tive effect against DNA damage can be provided
by antioxidants such as vitamin C, vitamin E, glu-
tathione or hypotaurine146,147. Furthermore, this
direct effect of ROS can also be explained by the
fact that oxidants produced by leukocytes have an
extremely high oxidative potential, with half-lives
in the nanosecond (OH•; hydroxyl radicals) to
millisecond range (O2

–; superoxide anion). Addi-
tionally, H2O2 is persistent and can even penetrate
plasma membranes, while other ROS including
superoxide (O2

–) or the hydroxyl radical (OH•)
are non-membrane-permeable. At this point, it
should also be noted that leukocyte-mediated
sperm damage gains importance when spermato-
zoa are separated in vitro and when the seminal
plasma, which contains scavengers for ROS148, is
being eliminated.

Pasqualotto et al.149 demonstrated that infertile
patients not only had elevated ROS levels but also
had reduced levels of antioxidant capacity. This
observation supports the concept that the balance
between ROS generation and antioxidant capacity
in the semen plays a critical role in the patho-
physiology of genital tract inflammation and its
impact on sperm function and fertilization/preg-
nancy150. Likewise, recent studies have suggested
that the numbers of leukocytes present in the ejac-
ulate that are still regarded as normal (leukocy-
tospermia: more than 1 × 106/ml ejaculate) might
be too high21,120. As numbers of leukocytes even
much lower than 1 × 106/ml in the ejaculate and
low amounts of ROS are harmful to sperm DNA
integrity21,151, a causality between leukocytes in
the ejaculate and DNA fragmentation should not
be neglected.

Influence of sperm-derived ROS

Besides the leukocyte-mediated effect of oxidants
on sperm DNA fragmentation, the sperm cell’s
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own ROS production, however, should not be
neglected. During spermatogenesis, Sertoli cell
function can be affected and consequently result
in poor morphogenesis of the sperm. It is also well
known that poor morphology, especially excess
residual cytoplasm, significantly affects sperm fer-
tilizing potential152. Spermatozoa that have such
cytoplasmic residues have a higher content of
cytoplasmic enzymes, e.g. glucose-6-phosphate
dehydrogenase138, which are thought to stimulate
the generation of ROS in spermatozoa138,153. The
clinical importance of this is underlined by the
considerably stronger correlation of the percent-
age of ROS-producing spermatozoa with sperm
DNA fragmentation than that of leukocyte-
derived ROS-production in the ejaculate, found
in a recent study by Henkel et al.20. Thus, this
finding supports the idea of Muratori et al.154

about an involvement of endogenously produced
ROS as cause for sperm DNA fragmentation.

CONCLUSIONS

During recent years, sperm DNA fragmentation
has been recognized as a major contributing factor
to male infertility that cannot be accurately deter-
mined with the current semen analysis techniques
according to WHO standards. As sperm DNA
damage is an important cause of fertilization and
pregnancy failure, and even a possible cause of
early embryonic death or offspring disease such as
childhood cancer, assessment of this parameter
should be a component of the extended andrology
laboratory diagnosis. The causes of sperm DNA
damage appear to be multifactorial, and a firm
conclusion about pathogenic mechanisms cannot
yet be drawn. However, three putative hypotheses,
namely (1) ‘abortive apoptosis’, (2) improper
DNA packaging and ligation during spermato-
genesis and (3) oxidative stress, are discussed in
this chapter, and there is good evidence to support
each one of them. For the last hypothesis, two
sources of ROS seem to be of importance, leuko-
cytes and spermatozoa. To date, however, it

appears that more than one of these causes may be
responsible for sperm DNA fragmentation. There-
fore, in order to improve pregnancy rates and to
prevent early childhood disease, more research is
necessary to investigate this important sperm
functional parameter.
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The impact of the paternal factor on
embryo quality and development: the
embryologist’s point of view 

Marie-Lena Windt 

INTRODUCTION

The ultimate goal of assisted reproduction is to
achieve a singleton, ongoing pregnancy and the
birth of a healthy baby. The need to characterize
embryos with optimal implantation potential is
obvious, and a variety of characteristics during
embryo developmental stages in vitro (from one
cell to the blastocyst) have been proposed as mark-
ers for embryo quality and viability. Identification
of the embryo destined for implantation can
improve success rates and, at the same time, by
transferring fewer embryos, ensure that multiple
pregnancies are avoided1,2.

Embryo selection is traditionally performed
using embryo morphology and cleavage rate as
guides2–4.

Methods of selection include pronuclear mor-
phology5–14; oocyte and pronuclei polarity and cleav-
age symmetry1,5,6–9,12,15; early cleavage to the 2-cell
stage16–29; and extended blastocyst culture 9,15,30–36.
Several studies suggest that a combination of all
the methods should be implemented37 to give a
graduated embryo score (GES)38, a cumulative
embryo score (CES) or a mean score of transferred
embryos (MSTE)39.

Alternatively, the detection of certain metabo-
lites in embryo culture medium has also received
some attention in the past few years. The most
promising of these are increased levels of

platelet-activating factor (PAF)40 and soluble human
leukocyte antigen-G (sHLA-G)41,42. The presence of
these molecules has been associated with increased
pregnancy rates, but more in-depth studies are
needed to establish their true significance.

Although poor culture conditions can nega-
tively influence embryo implantation potential,
the origin of these embryo viability and preg-
nancy-associated factors is mainly accredited to
the oocyte. Less pronounced, but certainly also a
contributing factor to embryo viability and
implantation potential, is the role of the fertilizing
spermatozoon. In a recent review by Tesarik43,
paternal effects on cell division of the human
preimplantation embryo are discussed.

SPERMATOZOA, EMBRYO
MORPHOLOGY AND EMBRYO
SELECTION METHODS

Embryo culture metabolites

Platelet-activating factor

Increased PAF concentrations in embryo culture
medium (day-3 embryos) were significantly asso-
ciated with patients who became pregnant com-
pared with those who did not become pregnant in
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a study by Roudebush et al.40. A cut-off value of
45 pmol/l/per embryo PAF was predictive of a
pregnancy. The authors suggested that PAF can
act as an autocrine stimulator of embryo develop-
ment, and showed that the addition of PAF to
embryo culture medium can promote embryo
development in the mouse44,45.

Paternal effect Of interest is that PAF is also
found in human spermatozoa46, and has been pos-
itively correlated with seminal parameters and
pregnancy outcomes. In some primate species the
spermatozoal PAF content is significantly
increased during the mating season. Enhanced
embryo development was also reported when
oocytes were fertilized with PAF-treated spermato-
zoa46. Although the exact mechanism of PAF in
sperm function, embryo development and preg-
nancy is uncertain, it seems to have an important
influence on reproduction.

Soluble human leukocyte antigen-G

HLA-G is a non-classical type-1 human leukocyte
antigen that has been associated with embryo
cleavage rate and implantation potential. In a
study by Sher et al.42, a significant, positive pre-
dictive value of 71% for pregnancy was found
when at least one HLA-G-positive embryo was
transferred, with a significant negative predictive
value of 85% when only HLA-G-negative
embryos were transferred. The role of HLA-G in
implantation is thought to be the prevention of
allorecognition by maternal cytotoxic killer cells.

In a similar study by Noci et al.41, the detection
of HLA-G was not correlated with embryo mor-
phology (number of blastomeres, blastomere
irregularity and embryo fragmentation), but when
no HLA-G was detected in the supernatants of
transferred embryos, also no pregnancy resulted. It
was found, however, that pregnancies occurred
only when HLA-G was detectable in the embryo
culture medium.

Paternal effect The role of the sperm cell in the
production of HLA-G is uncertain, and there is

no evidence that a paternal factor is involved in
this embryo viability marker.

Pre-embryo and embryo characteristics

Pronuclear-stage morphology

Criteria for the evaluation of pronucleate (PN,
also used to denote pronucleus, pronuclei)
embryo morphology (18 hours postinsemination)
were defined by Tesarik and Greco5, and the so-
called 0-pattern PN zygotes were significantly cor-
related with better embryo morphology, less
multinucleation and higher implantation poten-
tial. The 0-pattern PN can be summarized as fol-
lows: nucleolar precursor bodies (NPBs) never dif-
fer by more than three; the number of NPBs is
never less than three; NPBs are polarized when
there are fewer than seven but never polarized
when there are more than seven in at least one
pronucleus; the distribution of NPBs is either
polarized or non-polarized in both pronuclei2.

Similar studies evaluating the role of PN scor-
ing showed a good correlation with early cleavage,
embryo morphology, blastocyst rate and implanta-
tion rate12–14,47,48.

The incorporation of PN scoring into embryo
selection for transfer is therefore a valuable
addition.

Paternal effect The possible role of the sperm cell
in the formation of a good-quality pronucleate
embryo was investigated by Demirel et al.49. They
used two sperm cell sources, i.e. ejaculated sperm
cells (ES) and testicular sperm cells (TS) in
intracytoplasmic sperm injection (ICSI) cycles. It
was thought that differences in nuclear DNA
packing, concentration of oocyte-activating sperm
factors and sperm cell maturity between ES and
TS might influence fertilization and PN morph-
ology. Their results showed, however, that there
was no difference between ES and TS in terms of
PN morphology.

A similar study by Rossi-Ferragut et al.50

showed, however, that ICSI with ES of
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non-male-factor patients resulted in significantly
more 0-pattern PN compared with ICSI with
oligozoospermia and TS patients. The TS
patients were also divided into two groups, i.e.
epididymal and testicular. Significantly more 0-
pattern PN were found in the epididymal group.
The results suggested that sperm quality may
influence PN morphology and that some pater-
nally associated factor could play a role in the
chromosomal quality of the embryo.

In a study by Tesarik et al.51, sibling oocytes
were treated (ICSI) with different semen samples.
Certain samples showed consistently poorer PN
morphology compared with others, and the
authors concluded that this impaired develop-
mental potential could be attributed exclusively to
the fertilizing spermatozoon and not the oocyte.
Interestingly, fertilization rates for the sperm
donors were not different. The poor PN morphol-
ogy was also apparent in the resulting poorer-
quality day-2 and -3 morphology of embryos for
the different sperm donors. The authors hypothe-
sized as to the underlying mechanisms involved,
and mentioned that early transcriptional failure of
the male PN could be the cause of paternally
derived developmental impairment. However, it
could also be caused by epigenetic sperm factors
responsible for oocyte activation or by a defective
aster-assembling action of the sperm centrosome.
The authors concluded that the sperm factor caus-
ing poor PN morphology is not related to any of
the other semen parameters, and also not to its fer-
tilizing ability with ICSI.

In a recent study and a review, also by Tesarik
et al.43,52, donor oocytes were treated with ICSI
with different semen samples from patients shar-
ing sibling oocytes. Insemination with specific
semen samples resulted consistently in signifi-
cantly poorer PN morphology (10.5%) and
poorer implantation rates (3.3%) when compared
with control patients (with sibling oocytes) having
0-pattern PN (66.2%) and good implantation
rates (36.7%). DNA fragmentation (terminal
deoxynucleotide transferase-mediated dUTP
nick-end labeling (TUNEL) positive) in both

groups of semen samples were, however, not sig-
nificantly different (8.9% vs. 8.7%). These
patients were thought to have an early paternal
factor influencing embryo quality and implan-
tation rates, even before the activation of embry-
onic genome expression. The early paternal effect
may be caused by abnormalities of the sperm cen-
triole or of the sperm-derived oocyte activating
factor.

A late paternal factor was also identified in the
same study in another subset of patients. When
compared with a control group with sibling
oocytes, the incidence of 0-pattern PN morph-
ology was the same, but DNA fragmentation in
the two groups (27.6% vs. 8.3%) as well as the
implantation rate (0% vs. 37.5%) was sig-
nificantly different. This result showed that
repeated assisted reproductive technologies (ART)
failures without apparent impairment of zygote
and embryo morphology often present with sper-
matozoa with a high percentage of fragmented
DNA.

The authors43,52 concluded that there is a pos-
sibility of the existence of two distinct pathologies,
i.e. an early as well as a late paternal effect, influ-
encing ART outcome.

Early-dividing embryos

This approach (early cleavage to the 2-cell stage
25–27 hours postinsemination) was first reported
by Shoukir et al.16 and Sakkas et al.17. Since then,
several other studies have confirmed their results,
and all studies consistently show the value of early
division as a marker for embryo viability18–29.

The marker ‘early-dividing embryos’ (EDE)
was positively correlated with increased pregnancy
rates in all the above-mentioned studies except the
study of Çiray et al.27, but implantation rates were
significantly increased. EDE was also positively
correlated with most other embryo viability
markers, such as 0-pattern PN zygotes21,49, good-
quality cleavage-stage embryos17,20,22,24,26–29,
mononucleation24 and blastocyst rates22,28,29.

A study by Van Montfoort et al.28 showed also
that early-cleavage status was an independent
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predictor for both pregnancy outcome and blasto-
cyst development. This was also true for ICSI
patients in the study of Lundin et al.20.

The results from our own program29 were sim-
ilar to the above reported studies. The clinical and
ongoing pregnancy rates in cases where EDE were
transferred were significantly higher than when
only late-dividing embryos (LDE) were available
for transfer. Statistical evaluation, also taking into
account the total number of embryos transferred,
showed EDE to be significantly favorable for preg-
nancy outcome.

Paternal effect The reason for early cleavage
according to Shoukir et al.16 is not obvious, and
can possibly be attributed to intrinsic factors
within the oocyte or embryo. Sakkas et al.17 pro-
posed that HLA-G could possibly be involved in
this regard. They also reported that the incidence
of early cleavage was not different in males with
different semen parameters17.

In the study by Lundin et al.20, it was specu-
lated that early-cleaving embryos develop from
oocytes with appropriate cytoplasmic and nuclear
maturity, but they also considered the contribu-
tion of the paternal factor (spermatozoa) to be of
possible importance. Spermatozoa introduce the
centrioles, controlling the first mitotic division of
the oocyte into the embryo, and may therefore be
a factor in early cleavage20,27.

The role of the fertilizing spermatozoon in
early cleavage was also discussed by Fenwick et
al.22 and Wharf et al.26. Both groups hypothesized
that the ability of oocytes to undergo the first
cleavage may be due to differences in the ability of
individual spermatozoa to stimulate calcium tran-
sients, since the transition of the fertilized oocyte
to a 2-cell embryo depends on the sperm-induced
free calcium concentration. It could, however, also
be possible that oocyte maturity plays a role, and
that less mature oocytes do not have the capability
to respond to the sperm-induced stimulus.

Finally, chromosome abnormalities in either
the fertilizing spermatozoon or the oocyte may
also influence the incidence of early cleavage26.

Cleavage-stage embryo quality

Embryo cleavage rate (number of blastomeres at a
specified time) has been shown to be significantly
associated with implantation efficacy3,4. Transfer
of day-2 embryos that were at the 4- or 5-cell stage
and day-3 embryos that were at least at the 7-cell
stage yielded significantly higher implantation
rates. However, 70% of embryos cleaving too fast
(> 8 cells on day 3) have been shown to be chro-
mosomally abnormal53,54.

The most commonly used method for embryo
selection for transfer is cleavage-stage embryo mor-
phology 2,55. The factors taken into account when
assessing embryo morphology are blastomere size
and symmetry, as well as the degree of blastomere
fragmentation. Multinucleation of blastomeres
(especially at the 2- and 4-cell stage) is also con-
sidered a very important factor in the viability of
the embryo56. Multinucleation is often associated
with embryos showing poor-quality blastocysts
and asymmetric blastomeres56,57, and embryos
with evenly sized, symmetric blastomeres were
shown to have the highest viability2,58. Also, the
degree (> 15%) and pattern (large fragments asso-
ciated with blastomeres) of fragmentation have a
significant negative impact on pregnancy rates and
blastocyst formation, according to Alikani et al.59.

Many in vitro fertilization (IVF) laboratories
have recently implemented prolonged culture to
the blastocyst stage on day 5 or 6 in an attempt to
allow better embryo selection, and, by doing so, a
decrease in the multiple pregnancy rate. At this
stage of development, the embryonic genome has
been expressed, and the paternal genetic factors
that are thought to have an influence on embryo
viability may have made their impact. The selec-
tion of genetically normal embryos is envisioned
using extended blastocyst culture, and therefore
increased pregnancy rates should result. Although
controversy about the benefit of blastocyst culture
still exists, the majority of studies show no differ-
ence in pregnancy outcome for blastocyst transfer
compared with day-3 embryo transfer2,35. There
seems to be a good correlation between blastocyst
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rate and PN morphology, early division and good
cleavage-stage morphology60, but Rubio et al.61

reported that blastocyst culture does not exclude
chromosomally abnormal embryos.

It was shown, however, that blastocyst transfer
resulted in increased implantation rates and
decreased multiple pregnancy rates2, and it will
remain one of the preferred selection methods in
many laboratories.

Paternal effect

Cleavage rate A significant sperm morphology
(strict criteria) effect on embryo cleavage rate was
found in a study by Salumets et al.62. Other semen
parameters had no effect on embryo cleavage rate.
In the same study62, the oocyte was shown to have
a significant impact on both embryo cleavage rate
and morphology63.

It is suggested that since some studies show a
correlation between sperm cell morphology and
DNA damage or poor sperm packaging64, this
could be the factor responsible for the correlation
between poor sperm morphology and embryo
cleavage rate. Also mentioned as a possible reason
are centrosome defects in morphologically abnor-
mal spermatozoa62.

The significant effect of very low sperm cell
concentration (cryptozoospermia) on cleavage rate
was shown by Strassburger et al.65. Significantly
fewer embryos reached the 4-cell stage on day 2
compared with other patient groups with higher
sperm cell concentrations.

Embryo morphology The majority of studies that
investigated the role of a paternal factor in embryo
development used embryo morphology as the
measured outcome. These studies concentrated
mainly on the effect of semen parameters (espe-
cially sperm cell morphology) and DNA status of
the spermatozoa on embryo morphology.

Cohen et al.66 and Parinaud et al.67 reported
that poor sperm cell morphology resulted in poor
embryo quality in their systems. Embryo quality
was influenced by semen quality and especially
by sperm head abnormalities, suggesting an

important role of the male gamete in the early
stages of embryogenesis67. In a review, Grow and
Oehninger68 also speculated that higher incidences
of head abnormalities lead to embryos with a
lower pregnancy potential.

The majority of studies, however, reported that
normal sperm cell morphology had no significant
effect on embryo morphology. The study by
Salumets et al.62 evaluating sperm morphology
(unprepared semen) using the Tygerberg strict cri-
teria showed no significant effect on embryo mor-
phology (although cleavage rate was significantly
affected: see previous paragraph). The same results
were reported by Host et al.69, using both the strict
criteria and the World Health Organization
(WHO) criteria for sperm cell morphology: no
correlation between sperm cell morphology and
embryo morphology. De Vos et al.70 concluded
that individual sperm morphology assessed at the
moment of ICSI correlated well with fertilization
outcome, but did not affect embryo development.
Unpublished results from our own laboratory
(Kellerman and Windt, 2004) also failed to show
any correlation between strict-criteria sperm cell
morphology (P, G and N patterns) and embryo
quality on days 2 and 3 for both ICSI and IVF
patients.

Similar results were reported by Moilanen et
al.71 and Miller and Smith72, where embryo mor-
phology was not influenced by any semen parame-
ter, using an ICSI group of patients as the poor-
quality sperm parameter group and an IVF group
as a good-quality sperm parameter group. This
result was also apparent in the study by Sakkas et
al.73, where embryo score was not different for
IVF compared with ICSI in an oocyte-sharing
model. The authors stressed, however, that in
some patients, poor-quality embryos were persist-
ent and could not be explained by an oocyte fac-
tor. In these patients a paternal effect, other than
the classical semen parameters, could not be
excluded. They hypothesized on other possible
causes such as anomalies at the nuclear level,
defective centrosomes and oxidative stress. Virant-
Klun et al.74 also reported that classical semen
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parameters did not correlate with embryo quality
or arrested embryo development.

A study by Katsoff et al.75 showed that IVF
with spermatozoa with a low score in the hypo-
osmotic swelling test (HOS), a test that examines
the functional integrity of the sperm cell mem-
brane, significantly decreased pregnancy rates
(50% vs. 0%), but had no effect on fertilization
rate or embryo quality (morphology). Embryo
viability was thought to be influenced by a pater-
nal factor associated with the sperm membrane,
which is transferred to and impairs the oocyte
membrane as well.

The possible role of reactive oxygen species
(ROS) originating from sperm cells during long
(20 hours) and short (2 hours) IVF incubation
was investigated by Kattera et al.76. The short
incubation time had a significant positive effect on
embryo quality and ongoing pregnancy rates. This
result could be explained by the shorter exposure
to defective or dead spermatozoa in the 2-hour
incubation group. Defective spermatozoa may
generate ROS, and increased ROS levels are
known to have adverse effects especially on preg-
nancy outcome. Also of interest was the fact that
the 2-hour incubation group had reduced levels of
estradiol (E2) and progesterone (P4) in the day-1
culture medium. These hormones might have had
a direct toxic effect on the 20-hour incubation
group, where cumulus cells, releasing the hor-
mones, were also present for the 20-hour period.
A clear paternal effect on embryo quality could
therefore not be established.

The study of Strassburger et al.65 showed a sig-
nificant negative effect of very low concentrations
of spermatozoa (cryptozoospermia) on embryo
quality. They concluded that a genetic etiology or
damaged sperm cell DNA could be responsible,
since a high incidence of DNA fragmentation
coincides with sperm samples with poor quality.

The centrosome of the embryo is paternally
inherited, and serves as a microtubule-organizing
center during fertilization, and is also responsible
for formation of the sperm aster and consequent
movement towards each other of the male

and female pronuclei. It is therefore essential and
critical for oocyte fertilization and embryo
development.

The sperm centrioles were implicated to be the
reason for poor-quality embryos and implantation
failure in a case study reported by Obasaju et al.77.
Embryos resulting after numerous IVF cycles with
the husband’s spermatozoa were of poor quality,
and preimplantation genetic diagnosis (PGD)
revealed chaotic mosaicism in the majority of the
embryos. Transfer resulted in an early abortion, a
biochemical pregnancy and several failed pregnan-
cies. A consecutive cycle with donor spermatozoa
showed not only normal embryos (PGD) but also
a successful pregnancy. Due to the diagnosis of
chaotic mosaicism, abnormal centriole function
rather than chromosomal abnormality was indi-
cated. Another reported study78 that implicated
the sperm cell centrosome in fertilization and
embryo development showed that ICSI with
sperm heads alone had no effect on embryo qual-
ity, but resulted in decreased fertilization rates and
cell stage compared with ICSI with whole
spermatozoa.

The role of genetic or chromosomal abnormali-
ties in sperm cells and their effect on embryo qual-
ity have been the subject of many publications. In
some studies, the possible negative effect of a chro-
mosomally abnormal sperm cell involved in the fer-
tilization process and its effect on embryo quality
could only be assumed.

In a study by Stalf et al.79, ICSI embryos had a
significantly lower score compared with IVF
embryos, and this outcome was thought to be
because of an andrological factor possibly caused
by genetic or chromosomal disturbances. This was
also the assumption for better embryo quality
with fresh versus frozen testicular spermatozoa
after ICSI in a study by Aoki et al.80. The authors
attributed the poorer embryo morphology with
frozen testicular spermatozoa to possible increased
DNA damage caused by the freezing process. Ver-
naeve et al.81 compared the outcomes of ICSI
using obstructive and non-obstructive testicular
spermatozoa and found no significant difference
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in embryo quality between the two groups, irre-
spective of the fact that both fertilization and
implantation rates were significantly lower in the
non-obstructive group. The possible explanation
for this pregnancy result was increased chromoso-
mal aneuploidy in testicular spermatozoa from
men with non-obstructive azoospermia.

In many other studies, genetic and chromoso-
mal sperm cell abnormalities have been detected
and studied and in some cases correlated with poor
embryo quality. Van Golde et al.82 conducted a
study comparing outcomes in patients with and
without microdeletion in the azoospermic factor
(AZFc) region of the Y chromosome. The authors
showed a significant decrease in fertilization rate
and embryo quality in patients with the microdele-
tion. It was hypothesized that the reduced sperm
quality or function could be related to the presence
of the deletion. Pregnancy and take-home baby
rates were, however, not different in the two
groups, and interestingly, only female babies were
born to couples with the microdeletion.

Saleh et al.83 reported that an increase of sper-
matozoa with abnormal chromatin structure or
DNA damage (expressed as DNA fragmentation
index, DFI) correlated negatively with ICSI and
IVF fertilization rates, embryo quality and overall
pregnancy rates. Since seminal ROS values in the
same study also correlated negatively with fertil-
ization rates and embryo quality, the authors spec-
ulated that the damage to sperm nuclear DNA
might be ROS-induced. Similar results were
reported by Virant-Klun et al.74, using the acridine
orange (AO) test to detect abnormal single-
stranded DNA in spermatozoa. When single-
stranded DNA was increased in ICSI patients, a
significant increase in heavily fragmented and
arrested embryos was observed. Although fertiliza-
tion rates were also negatively affected, no correla-
tion between single-stranded DNA, pregnancy
rate and live birth rates could be established,
except in cases where 0% single-stranded DNA
was detected. The observation of increased num-
bers of arrested embryos at the 2–6-cell stage in
the high single-stranded DNA group was thought

to be related to the switch from the maternal to
the embryonic genome. Increased single-stranded
sperm DNA was also predictive for pregnancy
loss, and might therefore have been related to
reduced embryo quality in this group of patients.

The results from a study conducted by Tomsu
et al.84 showed that sperm DNA damage could be
the underlying etiology for repeated cases with
unexplained poor embryo quality and pregnancy
failure. Using the comet assay, where a higher
mean head density (MHD) correlates with normal
double-stranded DNA, it was shown that couples
with good-quality embryos had significantly bet-
ter MHD compared with couples with poorer
embryo quality (in the unexplained subfertility
group). This result suggested the presence of a
hidden anomaly causing the poor embryo quality.

Conversely, Benchaib et al.85, Gandini et al.86

and Greco et al.87 reported no correlation between
embryo quality and sperm DNA abnormalities.

In the study by Benchaib et al.85, sperm DNA
fragmentation (TUNEL) showed no effect on
embryo quality (days 2 and 3). Fertilization rates
in both ICSI and IVF were also not influenced by
DNA fragmentation, but in patients where a preg-
nancy was obtained after ICSI, sperm DNA frag-
mentation was significantly decreased. The
authors suggested that the effect of sperm DNA
fragmentation has an impact only after the 6–8-
cell embryo stage, especially in ICSI where no nat-
ural selection of the fertilizing sperm cell takes
place. Gandini et al.86 used the sperm chromatin
structure assay (SCSA) and DFI in a study of IVF
and ICSI patients, and failed to show any correla-
tion between damaged sperm DNA and embryo
quality on day 2 in pregnant and non-pregnant
couples. The authors concluded that the DFI has
no clear predictive value for ICSI fertilization rate,
embryo quality and pregnancy.

Finally, in a very recent study by Greco et al.87,
sperm DNA fragmentation was also not correlated
with embryo morphology and fertilization in ICSI
patients. In this study, testicular and ejaculated
spermatozoa from the same patients were analyzed
for DNA fragmentation (TUNEL) and used for
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ICSI fertilization in consecutive cycles. Testicular
spermatozoa had significantly lower DNA frag-
mentation compared with ejaculated spermatozoa
from the same male. Although embryo morphol-
ogy and fertilization were not different after ICSI
with testicular and ejaculated spermatozoa, the use
of testicular spermatozoa significantly increased
the pregnancy rate. This study suggested that in
male patients with increased DNA damage of
ejaculated spermatozoa, the percentage of DNA
damage is much lower in the testis. It also indi-
cated the presence of a late paternal effect, i.e.
spermatozoa with DNA damage can fertilize
oocytes and even give rise to good-morphology
embryos, which then fail to implant or develop
into a viable pregnancy.

Multinucleation The possible influence of a
paternal factor on the incidence of multinucle-
ation was shown to be insignificant in a study con-
ducted by Van Royen et al.56. The authors con-
cluded that the incidence of multinucleation was
positively correlated with certain stimulation pro-
tocols (short stimulation, high follicle stimulating
hormone (FSH) dose and high number of oocytes
retrieved), and therefore could be associated with
a developmental failure of the oocyte56.

Blastocyst development The role of a paternal fac-
tor in blastocyst development potential was first
reported by Janny and Menezo88, who showed
that good semen parameters were correlated with
good blastocyst development.

Since the development of defined sequential
media, blastocyst culture and transfer have
become popular. Sakkas et al.89 suggested that this
method may provide a non-invasive means to
eliminate abnormal embryos that could be attrib-
uted to a possible paternal effect. Banerjee et al.90,
however, reported that blastocyst transfer does not
prevent the inheritance of abnormal chromosomes
since the development of the fertilized oocyte to
the blastocyst is generally independent of the
paternal genotype, and reflects mainly the macro-
molecular and enzymatic competence of the
oocyte. The authors mentioned, nevertheless, that

in certain circumstances abnormal paternal chro-
mosomes might have an impact on the normal
development of blastocysts.

Shoukir et al.91 reported that only sperm
motility could be related to increased blastocyst
development. Other semen parameters (morphol-
ogy and concentration) did not affect blastocyst
development. These authors also found a signifi-
cantly lower blastocyst development rate in ICSI
compared with IVF patients, and attributed this
result to the poorer semen parameters and there-
fore to a paternal effect in the ICSI group. The
possible effect of sperm motility on blastocyst
development can be explained in terms of a possi-
ble sperm centrosome defect, according to the
authors. Semen samples with poor motility often
present with increased centriolar defects, and if a
defective sperm centriole is introduced into an
oocyte, abnormal development may result. Poor
blastocyst development may therefore occur after
mitotic spindle disturbances are introduced by a
spermatozoon with a sperm motility defect. The
authors concluded that spermatozoa that have the
ability to fertilize may not be able to contribute to
normal blastocyst development.

Miller and Smith72 reported similar results.
Compared to IVF, significantly more ICSI
embryos arrested at the 5–8-cell stage failed to
develop into blastocysts and were of poor blasto-
cyst quality. Poor semen parameters (especially
sperm morphology (strict criteria) and motility)
were also correlated with decreased blastocyst
development and quality. Arrest at the 5–8-cell
stage coincides with activation of the paternal
genome, and implicates a paternal factor. The
authors also suggested that good sperm motility
might indicate adequate metabolic viability and a
lower incidence of centriolar defects.

The effect of ROS on day-4 morula and blas-
tocyst formation was studied by Zorn et al.92. A
negative association between ROS levels and blas-
tocyst development was found in ICSI patients,
but pregnancy rates were not affected.

Spermatozoa with a high incidence of nuclear
DNA damage (strand breaks in DNA (TUNEL))
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were negatively correlated with blastocyst develop-
ment in IVF and ICSI, but pregnancy rates were
not significantly affected, in a study reported by
Seli et al.93. The authors hypothesized that this
effect could be attributed to the fact that at the
blastocyst stage the embryonic genome has
become activated and transcriptional activity has
started, and the paternal genome might therefore
play a significant role in the embryo, i.e. blastocyst
development.

CONCLUSIONS

This review emphasizes the fact that, in many
cases, the influence of a paternal effect on embryo
quality at different stages of development is not
known. Many studies have reported contradictory
results, and this might be because many different
detection and analysis methods have been im-
plemented, but, more important, because embryo
quality is determined by a multitude of factors,
only one of which might be the fertilizing
spermatozoon.

Based on the available literature discussed, it is
clear that the sperm cell plays an important role in
the fate of the developing embryo and the out-
come of ART.

Although many studies are focused on embryo
selection methods, especially since single embryo
transfer has become a necessity in many countries,
methods for selection of the genetically normal
spermatozoon with the potential to contribute to
normal embryo development with the highest
potential of implantation are under current
investigation.
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Clinical management of male infertility
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INTRODUCTION

It is estimated that male subfertility is present in
up to 40–50% of infertile couples, alone or in
combination with female factors1,2. There has
been extensive progress in the diagnosis and treat-
ment of male factor infertility since the inception
of assisted reproductive technologies (ART).
Moreover, the advent of intracytoplasmic sperm
injection (ICSI) has resulted in a dramatically
increased likelihood of pregnancy in couples suf-
fering from most causes of male infertility. Funda-
mental advances have been made in the genetics of
male disorders. Nevertheless, and at the same
time, we are now witnessing a steady state in the
development of assays that can be predictive of
sperm functional capacities, both under in vivo
and in vitro conditions.

Therefore, it is evident now, as it was a few
years ago, that more research is needed to establish
the causes and pathogenic mechanisms involved
in male disorders leading to abnormal sperm func-
tion. The correct approach for male infertility
evaluation should include a rational program
composed of careful evaluation of the patient’s his-
tory, a complete physical examination, laboratory
tests of basic/extended semen analysis and a uro-
logical, endocrinological and genetic work-up, as
appropriate.

A comprehensive semen analysis following the
World Health Organization (WHO) guidelines3 is
fundamental at the primary-care level to make a
rational initial diagnosis and to select the appro-
priate clinical management. Collection and analy-
sis of the semen must be undertaken by properly
standardized procedures in appropriately qualified
and accredited laboratories4. The ‘basic’ semen
evaluation should include: (1) assessment of phys-
ical semen characteristics (volume, liquefaction,
appearance, consistency, pH and agglutination);
(2) evaluation of sperm concentration, grading of
motility and analysis of morphological character-
istics (using strict criteria)5; (3) determination of
sperm vitality (viability), testing for sperm auto-
antibodies (using the mixed antiglobulin test
and/or the direct immunobead test), presence of
leukospermia and immature sperm cells; and (4)
bacteriological studies. The identification and
separation of the motile sperm fraction is also an
integral part of the initial semen evaluation6–8.

Clinicians and scientists are still searching for
semen parameter thresholds in the so-called
‘normal fertile populations’ in order to be able to
define fertility, subfertility and infertility more
accurately. Recent publications have appro-
priately readdressed these issues as part of both
European and American studies9,10. In a recent
publication11, van der Merwe et al., reassessed
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fertility/subfertility thresholds for normal basic
sperm parameters by a thorough, structured
review of the current literature. Results demon-
strated new and lower threshold levels for fertil-
ity/subfertility. These cut-off values included a
sperm concentration < 15 million/ml, progressive
motility < 30% and < 5% normal morphology.
These thresholds also fit data from the in vitro fer-
tilization (IVF)12 and intrauterine insemination
(IUI)13 settings.

There are multiple structural and biochemical
sperm alterations that are present in subfertile
men. Anatomically, they can be divided into:
membrane alterations (that can be assessed by tests
of resistance to osmotic changes, translocation of
phosphatidylserine and others), nuclear aberra-
tions (abnormal chromatin condensation, reten-
tion of histones and presence of DNA fragmenta-
tion), cytoplasmic lesions (excessive generation of
reactive oxygen species, loss of mitochondrial
membrane potential and retention of cytoplasm –
with excessive creatine kinase content or the pres-
ence of active caspases) and flagellar disturbances
(disturbances of the microtubules and fibrous
sheath). Some of these alterations are indicative of
immaturity, the presence of an apoptosis pheno-
type, infection-necrosis or other unknown
causes14–24.

Attention has shifted to the examination of
sperm nuclear abnormalities. Currently, various
tests are available for the detection of chro-
matin/DNA defects, including aniline blue stain-
ing25, acridine orange26, the sperm chromatin
structure assay (SCSA)27, the assessment of DNA
fragmentation16,28,29 and fluorescence in situ
hybridization (FISH) for aneuploidy30.

Notwithstanding their occurrence and correla-
tion with clinical outcomes, it is not clear how
these abnormalities directly influence sperm func-
tion, particularly gamete transportation, fertiliza-
tion and contribution to embryogenesis. Further-
more, most such assays are still experimental, and
more research is needed to validate their results in
the clinical setting and to determine their true
capacity to predict male fertility potential.

On the other hand, there are other specific and
critical sperm functional capacities that can be
more reliably examined in vitro. These functions
include: motility, competence to achieve capacita-
tion, zona pellucida binding and the acrosome
reaction. The assessment of these features is what
is typically considered as sperm functional testing.

The extended semen analysis should include
the preferential examination of these essential
sperm functional attributes. These assays have
been categorized into: (1) tests that examine defec-
tive sperm function indirectly through the use of
biochemical means (i.e. measurement of the gen-
eration of reactive oxygen species or evidence of
peroxidative damage, measurement of enzyme
activities such as creatine phosphokinase and oth-
ers); (2) bioassays of gamete interaction (i.e. the
heterologous zona-free hamster-oocyte test and
homologous sperm–zona pellucida binding
assays) and induced acrosome-reaction scoring;
and (3) computer-aided sperm motion analysis
(CASA) for the evaluation of sperm motion
characteristics3,31–41.

We reported an objective, outcome-based
examination of the validity of the currently avail-
able assays based upon the results obtained from
2906 subjects evaluated in 34 published and
prospectively designed, controlled studies. The
aim was carried out through a meta-analytical
approach that examined the predictive value of
four categories of sperm functional assays (com-
puter-aided sperm motion analysis or CASA,
induced acrosome-reaction testing, sperm pene-
tration assay or SPA and sperm–zona pellucida
binding assays) for IVF outcome42.

Results of this meta-analysis demonstrated a
high predictive power of the sperm–zona pellucida
binding and induced acrosome-reaction assays for
fertilization outcome under in vitro conditions42.
On the other hand, the findings indicated a poor
clinical value of the SPA as predictor of fertiliz-
ation, and a real need for standardization and fur-
ther investigation of the potential clinical utility of
CASA systems. Although this study provided
objective evidence based on which clinical
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management and future research may be directed,
the analysis also pointed out limitations of the
current tests and a need for the standardization of
present methodologies and the development of
novel technologies.

Typically, male infertility presents clinically as
an abnormal basic or extended semen analysis.
Abnormalities in sperm indices may occur as an
isolated parameter or as a combination of various
parameters. Oligozoospermia and teratozoosper-
mia are the most frequently observed isolated
defects in our clinical practices, but more fre-
quently, various degrees of oligoasthenoterato-
zoospermia (OAT) are present43. Here, it is our
aim to examine the causes and clinical manage-
ment of the various single and multiple sperm
defects.

ISOLATED SPERM ABNORMALITIES

Decreased sperm concentration
(azo-/oligozoospermia)

Pathologies classified as ‘decreased sperm concen-
tration’ range from mild oligospermia (< 15 mil-
lion sperm/ml)11 to azoospermia (no sperm in the
ejaculate). On a simplistic basis, the clinically
known causative entities can be subdivided into
those of pretesticular, testicular and post-testicular
origin.

A variety of endocrinopathies that disrupt the
hypothalamic–pituitary–testicular axis constitute
pretesticular etiologies of oligozoospermia. These
endocrinopathies might be congenital (Kallmann’s
syndrome) or acquired (prolactinoma, other
hypothalamic–pituitary tumors and pathologies),
and require the measurement of serum prolactin
levels together with follicle stimulating hormone
(FSH), luteinizing hormone (LH) and testos-
terone for differential diagnosis in a patient with
decreased sperm concentration. Further evalua-
tion with assessment of other pituitary hormones
(thyroid stimulating hormone (TSH), growth
hormone, cortisol) and intracranial imaging

systems (computed tomography (CT), magnetic
resonance imaging (MRI)) is crucial in cases of
hypogonadotropic hypogonadism.

Six to 24 months of treatment in patients with
idiopathic hypogonadotropic hypogonadism,
either with gonadotropins or pulsatile
gonadotropin-releasing hormone (GnRH), fre-
quently results in sperm indices sufficient for
fertility in these patients44,45. Patients with a diag-
nosis of prolactinoma respond rapidly to anti-
dopaminergic agents46. Because of their impressive
therapeutic effects in patients with prolactinoma,
these agents have also been tried in idiopathic
oligoasthenozoospermia to improve sperm param-
eters. However, it has recently been shown in a
meta-analysis that although they decrease serum
prolactin levels further within the normal range,
they are not helpful in improving sperm indices or
fertility47.

Post-testicular etiologies resulting in reduced
or absent sperm output include a variety of
obstructive lesions of the genital tract (inflamma-
tory-infectious, congenital or iatrogenic, such as
vasectomy) and ejaculatory disorders, particularly
retrograde ejaculation. Retrograde ejaculation
should be suspected in any case of azoospermia
with low seminal volume, and might be congeni-
tal, acquired (prostatic and bladder-neck surgery,
diabetes mellitus, inguinal lymph node excision)
or idiopathic in origin48.

Testicular causes include hypospermatogenesis
due to a reduction in the number of germ cells49,
incomplete/complete maturation arrest of germi-
nal cell differentiation50,51 and germinal cell apla-
sia52,53. These entities are characterized by distur-
bances of spermatogenesis and/or an aberrant
apoptotic process occurring during mitosis, meio-
sis and/or spermiogenesis/spermiation. Some of
these pathologies are end results or the sequelae of
viral infections, iatrogenic agents (chemo- and
radiotherapy) and varicocele, as well as distur-
bances secondary to genetic/chromosomal/envi-
ronmental aberrations15,54,55. Nonetheless, it is our
experience that in almost all such cases oligo-
zoospermia is associated with moderate to severe
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degrees of astheno- and teratozoospermia (see
below).

Decreased sperm motility
(asthenozoospermia)

Asthenozoospermia is defined as the presence of
progressive motility < 30%11. Its origin can be
iatrogenic, structural, functional, genetic or
environmental. Possible causes of isolated
asthenozoospermia include: iatrogenic reasons
(improper handling of the semen sample), anti-
sperm antibodies, infections, partial axonemal
defects, sperm-tail fibrous sheath defects and poor
development of the outer dense fibers, the pres-
ence of fewer mitochondria in the midpiece or
even aplasia, sperm centriole dysfunction, car-
boxymethyl transferase enzyme deficiency and
epididymal pathologies (typically associated with
inflammation-infection)56–62.

The autosomal recessive-inherited immotile
cilia syndrome63 and sperm mitochondrial DNA
mutations64–67 have been identified as two gene-
related causes of isolated sperm motility disorders.
Recently, Baccetti et al.68, reported a patient with
severe isolated asthenozoospermia character-
ized by an absence of the fibrous sheath in the
principal-piece region of the tail in the whole
sperm population, which strongly suggests a
genetic origin.

In patients with documented asthenozoosper-
mia, the diagnosis work-up should emphasize
repeated semen analyses in order to exclude inap-
propriate handling of the specimen as the cause.
Repeated semen and urine cultures together with
immunological tests should also be performed.
Structural analysis of the sperm tail (flagellum)
under transmission electron microscopy is the
method of choice for diagnosis of immotile cilia
syndrome in suspected patients with isolated
severe asthenozoospermia.

It is worth mentioning that for isolated
asthenozoospermia, many different sperm prepa-
ration techniques, with or without in vitro motil-
ity enhancers, have been tried. These agents have

included pentoxifylline, 2-deoxyadenosine,
kallikrein, platelet-activating factor and some
antioxidants69,70. Although different levels of
improvement have been reported with these
agents, none of them has truly gained acceptance
for routine use in clinical practice.

Decreased normal morphology
(teratozoospermia)

The importance of sperm morphology in male
factor infertility has been demonstrated in multi-
ple reports5,12,71–76 even though there is no com-
plete uniformity in the definition of normal sperm
morphology and teratozoospermia3,71,77,78. After
the introduction and validation of strict criteria by
Kruger et al.5, sperm morphology gained accept-
ance as the most important sperm parameter in
the prediction of IVF outcome72,79. Later on,
many studies demonstrated good correlation
between sperm morphology and sperm functional
tests such as zona pellucida binding assays34,80–83

and the zona-free hamster-oocyte penetration
assay84,85. Poor morphology also correlates with
abnormal sperm calcium influx86 and an abnormal
acrosome reaction87. Its prognostic value has also
been validated in IUI cycles3,88–90.

On the other hand, the pathophysiology of ter-
atozoospermia is not completely understood.
Numerical and structural chromosomal defects
have been claimed in its pathogenesis. Investiga-
tions of spermatozoa from somatically normal
men during meiosis using the FISH technique
resulted in findings of a higher percentage of dis-
omy, trisomy or tetrasomy for chromosome 191,
chromosome 792, chromosome 893, chromosome
1394,95, chromosome 1892,93,96, chromosome 2194

and the sex chromosomes91–93,95,96. Importantly,
these abnormalities occurred mostly in popula-
tions with combined defects of sperm parameters
(OAT) and infertility. The authors of these studies
proposed that the effects of factors that impair
sperm indices during gametogenesis extend to the
cytogenetic constitution of spermatozoa. Con-
versely, some other studies could not find any
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correlation between sperm chromosomal abnor-
mality and fertility97–99.

Harkonen et al.92 focused on isolated terato-
zoospermia and demonstrated higher frequencies
of disomies 7, 18, YY and XY and diploidy in
patients having < 10% normal morphology.
Calogero et al.93 found higher incidences of dis-
omies 8, 18, X and Y in patients with isolated ter-
atozoospermia and OAT, compared with men
with normozoospermia. These authors suggested
that teratozoospermia might be the critical sperm
parameter associated with aneuploidy. The same
group also showed an increase in sperm aneu-
ploidy rate in patients with OAT, particularly in
the presence of an elevated percentage of sperma-
tozoa with enlarged heads100.

On the other hand, Gole et al.101 found a
higher incidence of sex chromosomal disomy in
patients with OAT compared with teratozoosper-
mic patients. Recently, Burrello et al.102 reported a
higher aneuploidy rate for spermatozoa with
abnormal head shapes from OAT patients, com-
pared with normally shaped spermatozoa from
normal men. Their results showed that normal
morphology in patients with OAT does not rule
out the presence of aneuploidy in selected sperm
for ICSI. These results weaken the possibility of a
direct causal relationship between isolated terato-
zoospermia and sperm chromosomal abnormali-
ties. However, there is consensus in the literature
that infertile men and/or men with poor sperm
indices carry a higher frequency of aneuploidy in
their spermatozoa. More studies are needed to
identify the effects of different chromosomal aber-
rations on different sperm parameters/functions.

There is also substantial evidence in the litera-
ture supporting that deregulation of specific genes
might play a role in the appearance of morpho-
logical abnormalities in ejaculated spermatozoa. It
has been shown in a mouse model that azh muta-
tions (abnormal spermatozoon head shape) on
chromosome 4 might cause specific structural
changes in the sperm head103,104. Adham et al.105

showed the development of sperm head abnorm-
alities in mice containing Tnp2 (transition protein

2) gene disruption, which takes part in the nuclear
organization of spermatozoa. Xu et al.106 also
demonstrated that male mice lacking a regulatory
protein in the process of spermatogenesis (protein
casein kinase 2 α, Csnk2a) due to Csnk2a gene
disruption performed by transgenesis were infer-
tile, with globozoospermia (acrosomeless sperm).
In addition, the altered expression and arrange-
ment of some cytoskeletal proteins (calicin, pro-
tein 4.1) has been associated with aberrant mor-
phological changes during spermiogenesis107,108.
Recently, Milatiner et al.109 demonstrated a corre-
lation between the severity of teratozoospermia in
infertile men and changes in the nucleotide struc-
ture of the androgen receptor gene.

COMBINED SPERM ABNORMALITIES:
OLIGOASTHENOTERATOZOOSPERMIA

As mentioned above, OAT is the most common
clinical presentation of male infertility. It is typi-
cally the reflection of abnormal (testicular) sper-
matogenesis but it can also be due to post-testicu-
lar etiologies. Approximately half of clinical cases,
however, still remain idiopathic.

There are numerous known spermatogenesis
defects leading to OAT20,54,110–114. They include:
germ cell anomalies (depletion, aberrant apopto-
sis, defective differentiation), mitotic and meiotic
defects and alterations of spermiogenesis/spermia-
tion. Aberrant apoptosis has been observed at the
primary spermatocyte and spermatid levels115,116

and also in Sertoli cells117. Arrest or quantitatively
abnormal spermatogenesis at any stage may result
in oligozoospermia. Meiotic alterations and
spermiogenesis defects are probably associated
with teratozoospermia.

The concept of sperm immaturity has gained
acceptance. Retention of cytoplasm (including
retention of organelles and enzymes participating
in metabolism, apoptosis and other functions that
become exaggerated) is probably the result of an
abnormal Sertoli cell–late spermatid interaction,
leading to the release of dysmorphic, dyskinetic
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and dysfunctional spermatozoa15,19–21,23,118,119

(Figure 21.1). Abnormalities of sperm release from
the seminiferous tubules (or spermiation) are also
probably present in some cases. Epididymal dys-
functions or pathologies can also influence sperm
membrane domain constitution and may induce
morphogenic/dysfunctional changes120.

CLINICAL MANAGEMENT

The treatment plan should be constructed based
upon complete identification of both male and
female factors (Figure 21.2). In the presence of
pure male infertility (no identifiable female fac-
tors), therapy may be: (1) medical (endocrine such
as in hypogonadism or hyperprolactinemia,
antibiotics in case of infection); (2) urological
(surgical or non-surgical treatments, such as con-
ventional, microsurgical or laparoscopic surgery,
including correction of varicocele, epididymo-
and vasovasostomy and modern approaches for
ejaculatory disorders); and/or (3) low- or high-
complexity assisted reproductive technologies
(ART). The severity of male subfertility and some
important prognostic risk factors in the female
(e.g. age, duration of infertility, presence of
endometriosis and other pathologies) may acceler-
ate the indication for ART.

It is our opinion that, at the present time, there
is no clinical role for the ‘empirical’ use of medical
treatments of normogonadotropic subfertile men
with idiopathic OAT. In the absence of a defined
medical indication, there are no evidence-based
data to support the use of gonadotropins, anti-
estrogens, antioxidants, multivitamins or other
unproven therapies.

Currently recommended ART options
include: ‘low-complexity’ IUI therapy, ‘standard’
IVF and embryo transfer, and IVF augmented
with ICSI. If the female partner is aged < 35 years,
typically 4–6 cycles of IUI using the husband’s
sperm in combination with controlled ovarian
hyperstimulation are recommended as a simple
(low-complexity) ART approach, particularly if
> 1 million motile sperm can be recovered90,121.

Preliminary data suggest that in order to increase
cost-efficiency and loss of valuable time, IUI
should not be performed if the total motile recov-
erable fraction is low, if the hemizona index (HZI)
is < 31%122, if the calcium ionophore-induced
acrosome reaction is ≤ 22123, if the zona pellucida-
induced acrosome reaction is < 16%87 and/or if
the proportion of sperm depicting DNA fragmen-
tation is > 12%124.

Patients with a motile sperm fraction of < 5
million motile spermatozoa following swim-up or
gradient centrifugation, but with mild to moder-
ate teratozoospermia (in the range 4–14% normal
forms by strict criteria), may be offered ‘standard’
IVF therapy. In those cases, good fertilization and
pregnancy rates are achieved with an increase in
the sperm insemination concentration125,126.
However, nowadays, these patients are offered
ICSI in an effort to eliminate any risk of low or
failed fertilization, or a combination of IVF and
ICSI (in sibling oocytes) in the group with sperm
morphology > 14% normal forms, dependent on
the individual IVF unit.

Morphology

Function

Biochemical/
molecular

Defective sperm in
infertile patients

Dysmorphic
• Isolated
• Combined

Dyskinetic
• Motion indices

Dysfunctional
• Zona binding
• Induced acrosome reaction
• Decondensation
 Pronuclear formaton

• DNA/chromatin
• Aneuploidy
• Gene deletions
• Calcium influx
• Reactive oxygen
 species production

Figure 21.1 Abnormal spermatozoa in subfertile men.
Identification of anomalies including decreased sperm output,
dysmorphic sperm, dyskinetic sperm, sperm dysfunctions and
molecular–cellular lesions
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In our programs, patients are selected for ICSI
according to the following indications7,127:

• Poor sperm parameters (i.e. < 5 × 106 total sper-
matozoa with adequate progressive motility
after separation and/or severe teratozoospermia
with < 4% normal forms in the presence of a
borderline to low total motile fraction);

• Poor functional abilities, including a defective
sperm–zona pellucida binding capacity with a

hemizona assay index < 30%82,128 and/or a low
(< 16%) zona pellucida-induced acrosome
reaction or ZIAR87,129,130;

• Previous failed fertilization in IVF;

• Failure of IUI therapy in cases presenting with
moderately abnormal sperm parameters
(5–10 × 106 total spermatozoa with adequate
progressive motility after separation or mor-
phology in the range of 5–14%), and also

Specific therapy

• Surgery
• Hormone
 therapy
• Antibiotics
• Others

Use testicular
sperm if needed

• TESE
• MESA

ART

• TESE
• MESA

With severe
female factor

With mild
female factor

• Anovulation
• Minimal/mild
 endometriosis
• Unilateral patient
 tubes

No female
factor

Mild male factor

COH/IUI

Severe male factor

Evaluation of male partner

Evaluation of female partner

History

Normal

No female
factor

With mild or severe
female factor

Figure 21.2 Algorithm for clinical management of the subfertile man. COH, controlled ovarian hyperstimulation; IUI, intrauterine
insemination; ART, assisted reproductive technologies; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; TESE,
testicular sperm extraction; MESA, microsurgical epididymal sperm aspiration
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including the presence of antisperm anti-
bodies;

• Presence of obstructive or non-obstructive
azoospermia, where ICSI is combined with
sperm extraction from the testes or the
epididymis7,127,131–134.

• In the presence of severe oligoasthenoterato-
zoospermia or if the outcome of sperm func-
tion testing indicates a significant impairment
of fertilizing capacity, couples should be imme-
diately directed to ICSI. This approach is
probably more cost-effective and will avoid loss
of valuable time, particularly in women > 35
years.

Based on currently available data, we estimate that
ICSI should be indicated when male infertility is
properly diagnosed based upon a state-of-the-art
extended evaluation of the male partner, and also
in cases with previous failed fertilization. Pub-
lished prospective, randomized studies have
demonstrated that it is not beneficial to perform
ICSI in non-male infertility or unexplained infer-
tility cases. Altogether, there are no data to suggest
that ICSI should be performed in all cases of in
vitro conception (reviewed in references 135 and
136). Consequently, to perform ICSI in all cases
on a purely pragmatic basis appears to be a signif-
icant departure from principles of evidence-based
medicine.

Greco et al.137 recently reported that ICSI with
testicular spermatozoa provides the first-line ART
option for men with high levels of DNA damage
in ejaculated sperm. Nonetheless, more studies are
needed clinically to validate methods of assessing
DNA damage and the impact of DNA abnormal-
ities on clinical outcomes.

Sperm cryopreservation represents a valuable
therapeutic option in the management of male
infertility. Current indications include: (1)
mandatory use in artificial insemination programs
with donor semen; (2) patient’s convenience (i.e.
partner’s absence where IUI is performed in
the presence of normal sperm parameters); (3)

preservation of reproductive capacity in men with
various types of neoplasias before undergoing
radical surgery and/or radio-chemotherapy138; (4)
aiding in the management of infertile men under-
going vasectomy reversal (vasovasostomy) or epi-
didymovasostomy, when ‘banking’ may provide a
future sperm source for possible use in IUI or
ICSI therapies; and (5) because of the outstanding
success with ICSI, even infertile men with differ-
ent degrees of oligoasthenoteratozoospermia can
now be offered the use of cryopreserved–thawed
spermatozoa for assisted fertilization. Today, this
applies not only to ejaculated but also to testicular
and epididymal spermatozoa recovered for the
purpose of ICSI139,140.

Interesting and challenging concepts to be
applied to future treatment modalities of male
infertility are germ cell transplantation and in
vitro spermatogenesis141,143. Further progress in
the identification of spermatogonial stem cells and
techniques of germ cell transplantation144, in
addition to the optimization of culture systems for
in vitro spermatogenesis145, may give new options
to patients with azoospermia.
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Urological interventions for the treatment
of male infertility

Victor M Brugh, Donald F Lynch Jr

INTRODUCTION

In the United States and Europe, 20% of couples
either are unable to conceive, or have fewer chil-
dren than they would like to have. In 50% of these
cases, problems with the male partner are either
the primary difficulty or an important contributor
to the couple’s inability to achieve a pregnancy.
The urologist is often the first specialist that the
man will see regarding his infertility.

In the past two decades, major advances in
assisted reproduction have made it possible for
couples who previously could never have achieved
pregnancy to have the families they desire. With
the evolution of new treatments, the role of the
urologist as an integral part of the assisted repro-
duction team has expanded. This chapter
describes non-surgical evaluation and treatment as
well as several fertility-related surgical procedures
that the urologist can be expected to provide.

VARICOCELE

Varicoceles are the most common correctable
cause of male infertility. A varicocele is comprised
of dilated internal spermatic veins which course
along the spermatic cord with the vasal and cre-
masteric veins, often producing a characteristic
‘bag of worms’ mass in the scrotum. Varicoceles

occur in about 15% of the general population, but
are found in up to 35% of men being evaluated
for primary infertility and up to 80% of men with
secondary infertility1. They may be completely
asymptomatic or may be associated with scrotal
pain, often brought on by physical exertion or
prolonged standing.

Varicoceles are thought to be caused by incom-
petent venous valves in the spermatic veins. They
are most common on the left side, but frequently
occur bilaterally. Several studies in both animals
and humans have shown that varicoceles are asso-
ciated with a progressive and time-dependent
deterioration in testicular function. One theory
holds that the impaired venous drainage disrupts
heat regulation in the scrotum and cord, and the
resulting elevated testicular temperature results in
diminished spermatogenesis. The build-up of
toxic substances in the testis from decreased
venous drainage may also contribute to faulty
sperm production2. Characteristically, the semen
analysis demonstrates a decrease not only in total
sperm count and motility but also in the numbers
of normal sperm as measured by strict criteria.

VARICOCELE REPAIR 

There are several surgical approaches for the
repair of varicoceles using retroperitoneal,
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inguinal and subinguinal approaches. Open
retroperitoneal varicocele repair (Palomo proce-
dure) usually involves a small muscle-splitting
incision at the level of the internal inguinal ring,
with exposure of the internal spermatic vein or
veins retroperitoneally near the left ureter3. At
this level the testicular artery is usually separated
from the internal spermatic vein, and often only
one or two veins are present. The retroperitoneal
approach may also be managed laparoscopically,
with the surgeon mobilizing the internal sper-
matic vein and ligating it close to its drainage into
the left renal vein4. Either procedure is quick,
well-tolerated and easily performed on an out-
patient basis by an experienced surgeon. How-
ever, disadvantages include a high incidence
(15%) of recurrence, thought to be due to small
parallel collaterals which may not be evident at
the time of initial surgery, as well as postoperative
hydrocele, which may develop in up to a third of
patients5.

In the inguinal approach (Ivanissevich proce-
dure), a 3–4-cm incision is made in the groin, and
the spermatic cord is mobilized over a Penrose
drain. Using loupe lenses or an operating micro-
scope, the branches of the testicular artery and the
major lymphatic channels are carefully identified
and spared, while the veins are systematically lig-
ated and divided. Some surgeons will also mobi-
lize the testis and ligate and divide the gubernacu-
lar veins and external spermatic perforators6,7. 

With the subinguinal approach, the incision is
made just below the external inguinal ring, and
the spermatic cord is mobilized over a section of
Penrose drain. The testis can be mobilized
through the incision, and the internal spermatic
perforators and gubernacular veins are ligated and
divided. Using magnification, and taking care to
spare the lymphatics and the branches of the tes-
ticular artery, the veins are carefully ligated and
divided8.

Varicocelectomy results in a significant
improvement in semen quality in 60–80% of
patients, with spontaneous pregnancy rates rang-
ing from 20 to 60% being reported. There have

been few randomized trials assessing the results of
varicocelectomy, but Madgar et al. reported that
71% of men treated with varicocelectomy
achieved spontaneous pregnancy, compared with
10% of men randomized to no treatment in a
prospective trial9. In addition to improvements in
sperm count, motility and pregnancy rates, sub-
stantial improvements in sperm strict morphol-
ogy10–12, the sperm penetration assay and seminal
reactive oxygen species have recently been
described following varicocele repair13. Return of
sperm to the ejaculate has been reported for some
azoospermic men following varicocele repair14. 

ENDOCRINOPATHIES

The hormonal milieu of the testis plays a critical
role in spermatogenesis. The cornerstone of hor-
monal control lies in the hypothalamic–
pituitary–gonadal (HPG) axis. The hypothalamus
is the center of the HPG axis as it receives input
from many regions within the brain, as well as
feedback in the form of steroid and protein hor-
mones from both the gonads and adrenal glands.
The hypothalamus releases gonadotropin-
releasing hormone (GnRH) from the preoptic and
arcuate nuclei as the end result of its integrative
function. GnRH, in turn, is secreted in a pulsatile
fashion into the portal hypophyseal vasculature,
which feeds the anterior pituitary. GnRH stimu-
lates the release of luteinizing hormone (LH) and
follicle stimulating hormone (FSH) from the ante-
rior pituitary gland. LH release is modulated by
the feedback of androgens at both the pituitary
and hypothalamic levels. The release of FSH
appears to be regulated by the negative feedback of
inhibin from the Sertoli cells of the testis. In the
testis, LH stimulates testosterone production by
the Leydig cells, whereas FSH is crucial to the ini-
tiation and maintenance of spermatogenesis. Both
LH and FSH are necessary for quantitatively nor-
mal spermatogenesis. Feedback within this axis is
essential for normal function and it occurs at
multiple levels, allowing for precise regulation of
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hormonal activity. Abnormalities anywhere in the
HPG axis have the potential for a negative impact
on fertility in the male, and may include abnormal
hormone production or receptor function at any
level in the HPG axis. In general, endocrine
defects leading to male infertility can be initially
evaluated by assaying testosterone, LH, FSH, pro-
lactin and estradiol.

Disorders of production or secretion
of GnRH

Disorders resulting in abnormal synthesis and
release of GnRH and subsequent low levels of
FSH and LH without an anatomical cause are
termed idiopathic hypogonadotropic hypogo-
nadism (IHH). Without adequate levels of
gonadotropins, androgen production and sper-
matogenesis fails.

Kallmann’s syndrome is a deficiency in GnRH
secretion from the hypothalamus, and is the most
common X-linked disorder in male infertility,
occurring in approximately 1 in 10 000 to 1 in
60 000 live births15,16. Kallmann’s syndrome
results from a mutation in the Ka1 gene (Xp22.3).
Phenotypic characteristics of these patients
include: tall stature, anosmia, firm prepubertal-
size testes and small penis. Due to the lack of FSH
and LH stimulation of the testis, spermatogenesis
is absent as is testosterone production, and some
patients will present due to failure of pubertal ini-
tiation. 

Fertility can be achieved in many IHH patients
with hormone replacement17. GnRH can be given
exogenously via an infusion pump with 90-
minute pulses, or twice daily subcutaneous injec-
tions. The more common treatment approach for
IHH involves starting hormone replacement with
human chorionic gonadotropin (hCG) (2000 IU
subcutaneously three times a week). Treatment
with hCG will initiate spermatogenesis, although
completion of spermatogenesis often requires the
addition of FSH either as human menopausal
gonadotropin (hMG) or recombinant FSH
(37.5–75 IU intramuscularly three times a week)

3–6 months after initiation of hCG. Other defects
in GnRH secretion or the GnRH receptor lead to
IHH that can also be treated with replacement of
FSH and hCG.

Disorders of pituitary function

LH and FSH are released from the pituitary under
the influence of the pulsatile stimulation of
GnRH. Pituitary masses can interfere with the
release of gonadotropins either via direct compres-
sion of the portal system or by decreased FSH/LH
secretion, resulting in hypogonadotropic hypogo-
nadism. In patients with decreased testosterone
levels in the setting of low LH, one must consider
a pituitary adenoma, and magnetic resonance
imaging (MRI) of the head is essential. 

Hyperprolactinemia can also be seen in associ-
ation with adenomas of the pituitary. Hyperpro-
lactinemia may also be caused by the selective
serotonin reuptake inhibitors (SSRIs), which have
become widely prescribed for numerous mental-
health conditions. Elevated prolactin interferes
with the normal pulsatile release of GnRH, and
thus can itself be a cause of hypogonadism with
subsequent sexual dysfunction and infertility.
Surgery, radiation and medical treatment have all
been used as effective treatment, with cabergoline
(Dostinex) and bromocriptine (Parlodel) as the
mainstays of medical therapy. In general, evalua-
tion of the pituitary with MRI is only warranted
when symptoms and/or routine hormone studies
suggest pituitary disease.

Mutations resulting in biologically inactive
FSH or LH are due to abnormalities in FSH or
LH structure, or FSH or LH receptor activity.
These abnormalities result in a spectrum of disease
from complete virilization failure to less severe
hypogonadism18–20.

Disorders of testosterone synthesis
and function

Androgen synthesis and metabolism is a complex,
stepwise process, and mutations in the enzymes
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involved in this biosynthesis will influence male
reproductive function. Five enzymes are required
for the synthesis of testosterone from cholesterol.
Mutations in these enzymes lead to congenital
adrenal hyperplasia, resulting in phenotypes rang-
ing from incomplete virilization to completely
feminized genitalia with cryptorchid testes22.
Testosterone is metabolized to dihydrotestos-
terone (DHT) by 5α-reductase in the external
genitalia and prostate. Mutations in the 5α-reduc-
tase gene lead to incomplete development of the
external genitalia21, and infertility follows due to
the inability to deliver sperm effectively.

Testosterone and DHT diffuse freely into all
cells, although they can be delivered to the nucleus
only by androgen receptors in order to effect
cellular activity. Defects in the androgen receptor
gene (AR) defunctionalize this receptor, and may
cause a wide range of internal and external
virilization abnormalities known as androgen-
insensitivity syndromes (Reifenstein’s syndrome,
testicular feminization, Lub’s syndrome and Rose-
water’s syndrome)22. Another form of androgen
insensitivity is due to the expansion of a polyglut-
amine tract within the AR transactivation domain,
and is associated with an adult-onset motor neu-
ron disease. Spinal and bulbar muscular atrophy
(SMBA) or Kennedy’s disease is an X-linked
genetic disease. These patients have progressive
weakness in the proximal spinal and bulbar mus-
cles with associated gynecomastia, testicular atro-
phy and spermatogenic impairment that begin
during midlife23. 

Today, testosterone replacement with different
gels, patches and injection therapies has become
quite common. More frequently than ever,
reproductive-aged patients who have been evalu-
ated for low energy levels, poor libido or erectile
dysfunction are started on testosterone replace-
ment. Other men will use anabolic steroids for
professional or amateur body-building. It is well
understood that the administration of exogenous
androgen causes a suppression of endogenous
testosterone production. The absence of adequate
intratesticular levels of testosterone leads to the

failure of spermatogenesis and subsequent
azoospermia. The extent and reversibility of the
detrimental effect of steroids on spermatogenesis
are variable. Spermatogenesis will return in 6
months to 1 year after discontinuation of exoge-
nous testosterone in many men24. If normal endo-
genous testosterone production does not return,
some men may be successfully treated with hCG
and hMG to restart testicular testosterone produc-
tion and spermatogenesis25. 

Other hormonal therapies exist for the treat-
ment of men with idiopathic oligospermia,
including the use of aromatase inhibitors and
antiestrogens. Testosterone is metabolized to estra-
diol by aromatase. This conversion may be
blocked by aromatase inhibitors such as testolac-
tone (steroidal aromatase inhibitor) or anastrozole
and letrozole (non-steroidal aromatase inhibitors).
Early studies using testolactone for the treatment
of idiopathic oligospermia had mixed results, and
one randomized placebo-controlled double-blind
crossover study showed no advantage of testo-
lactone over placebo26. Recent investigations have
revealed a subpopulation of men with poor sperm
concentration and motility who have decreased
testosterone/estradiol ratios. In these patients,
treatment with aromatase inhibitors, anastro-
zole and letrozole, has resulted in statistically sig-
nificant increases in sperm concentration and
motility27. 

Circulating estradiol causes feedback inhibi-
tion of the secretion of GnRH. Antiestrogens such
as clomiphene citrate and tamoxifen citrate block
feedback inhibition of estrogen at the level of the
hypothalamus, and lead to increased secretion of
LH and FSH. The overall effect of these medica-
tions is the increased production of testosterone
and possibly increased spermatogenesis. There are
many uncontrolled studies revealing improved
semen parameters for men with idiopathic
oligospermia using clomiphene citrate. However,
in a review of ten randomized controlled studies
using clomiphene or tamoxifen, increases in
testosterone levels were seen, but ultimate preg-
nancy rates were similar in the treatment and
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placebo arms28. Finally, a small proportion of men
treated with clomiphene citrate will experience
worsening semen parameters29. 

CRYPTORCHIDISM AND ORCHIOPEXY

Although up to 5% of male infants may exhibit
testicular maldescent at birth, the incidence of
cryptorchidism at 1 year of age is 0.8%30,31. Spon-
taneous descent of the testis does not occur after
6–9 months, and attempts to treat cryptorchidism
with hormonal manipulation have been disap-
pointing. Over the past three decades, the ideal
age for surgical intervention has declined from
just before puberty to about 1 year. After that
time, structural changes suggesting deterioration
have been identified in the cryptorchid testis, and
evidence suggests that, left alone, such testes
progress to be reproductively non-functional by
puberty, with Sertoli-cell-only findings in 70%.
Intervention at around 1 year of age is also favor-
able from both anesthetic risk and psychological
perspectives32.

Boys born with cryptorchidism are known to
be at increased risk of developing testicular malig-
nancy. Orchiopexy does not alter this risk, but
does bring the testis to a position where it can be
more easily examined. Men with a history of tes-
ticular maldescent should undergo testis biopsy to
assess for carcinoma in situ at the time of a testic-
ular intervention for infertility.

A variety of surgical procedures have been
described for the correction of testicular mal-
descent. Bevan described the principles for a suc-
cessful orchiopexy: adequate mobilization of the
spermatic cord, repair of the associated hernia
and satisfactory placement and fixation of the
testis in the scrotum33. While the majority of
maldescended testes will lie within the inguinal
canal or just within the internal inguinal ring,
some may be intra-abdominal or frankly ectopic,
located anywhere from the suprapubic tissues to
the perineum34.

In a standard orchiopexy, an inguinal incision
is carried down to the inguinal canal, which is
opened, taking care to avoid injury to the ilioin-
guinal nerve. The spermatic cord is identified,
gently separated from the floor of the canal and
retracted with a vessel loop. With proximal trac-
tion on the cord, the testis is identified and its
abnormal gubernacular attachments divided. It is
then carefully mobilized to the level of the inter-
nal inguinal ring. At this point it is separated from
the accompanying hernia. Taking care to protect
the vas deferens, the sac is ligated and excised. Dis-
section of the cord is continued up into the
retroperitoneal space until a sufficient length of
spermatic cord is obtained, to allow placement of
the testis in the scrotum without tension. The
testis is then secured with permanent suture in a
scrotal ‘dartos pouch’ developed between the skin
and the dartos fascia. The scrotal skin and the
inguinal incision are then closed with fine Vicryl

or Monocryl suture35.
When the testis is high in the canal, at the level

of the internal ring, or just within the ring in the
retroperitoneal space, transection of the testicular
artery and mobilization of the testis as described
by Fowler and Stephens may be required36. Lapar-
oscopic techniques have also been employed, and
microvascular autotransplantation may be indi-
cated in some difficult cases37.

DISORDERS OF EJACULATION AND
DUCTAL OBSTRUCTION

Patients with dysfunctional ejaculation and
obstructive disorders are unique in that many will
have normal spermatogenesis, and the cause of
infertility lies only in the inability to deliver sperm
to the vaginal vault. Therefore, some of these cou-
ples have multiple treatment options, including
medical (for some men with ejaculatory dysfunc-
tion) or surgical either by reconstruction or testic-
ular sperm extraction in conjunction with in vitro
fertilization/intracytoplasmic sperm injection
(IVF/ICSI).
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Ejaculatory dysfunction

Ejaculation consists of the coordinated deposition
of semen into the prostatic urethra (emission),
closure of the bladder neck and contraction of the
periurethral and pelvic floor muscles causing
expulsion of the semen through the urethra (ejac-
ulation). The process of ejaculation is dependent
on central and peripheral nervous-system control.
Emission is controlled by sympathetic neurons
originating from T10–L3 that travel through the
paravertebral sympathetic ganglia. Ejaculation
requires somatic motor innervation from S2–4,
and continues through the pudendal nerves to the
bladder neck and pelvic floor musculature. 

Abnormalities of ejaculation can result from
lack of emission or ejaculation and retrograde
ejaculation. Failure of emission or ejaculation can
be caused by excision of a portion of the sympa-
thetic chain or pelvic nerves during retroperi-
toneal lymph node dissection for testicular cancer,
or other retroperitoneal, abdominal or pelvic sur-
gery. Retrograde ejaculation is caused by incom-
plete closure of the bladder neck during ejacula-
tion. Diabetes mellitus causes peripheral nervous
system injury, resulting in possible retrograde ejac-
ulation or anejaculation. Central nervous system
lesions, such as spinal cord injury and myelodys-
plasia, can also cause ejaculatory dysfunction.
Finally, some medications will affect ejaculation,
such as α-blockers (causing retrograde ejacula-
tion), antidepressants, antipsychotics and some
antihypertensives (causing anorgasmia or retarded
ejaculation). Anatomical causes of ejaculatory dys-
function include obstruction of the ejaculatory
ducts, and prior surgery on the bladder neck (YV-
plasty of the bladder neck, transurethral incision
or resection of the prostate) leading to retrograde
ejaculation.

Treatment of ejaculatory disorders may be
medical or surgical. Neurological causes of failure
of emission or ejaculation and retrograde ejacula-
tion can be treated with sympathomimetic agents
that will enhance emission and close the bladder
neck. These medications include imipramine

hydrochloride and pseudoephedrine hydro-
chloride. Overall, medical therapy for ejaculatory
dysfunction is successful in 50% of cases38. If con-
version from retrograde to antegrade ejaculation
fails or if an anejaculatory male is converted to ret-
rograde ejaculation, functional sperm may be
retrieved from the bladder and used for intrauter-
ine insemination or IVF cycles. In order to attain
viable sperm in a post-ejaculate urine specimen,
the urine pH must be raised to 7.5 or higher with
alkalinizing agents such as sodium bicarbonate or
potassium citrate. Other techniques to attain
semen from men with ejaculatory dysfunction
include vibratory stimulation and electroejacula-
tion. Vibratory stimulation requires the use of a
vibrator to induce ejaculation, and requires an
intact reflex arc within the thoracolumbar spinal
cord39. The best predictors of success using this
technique include reflex hip flexion when the soles
of the feet are scratched40 and an intact bulbocav-
ernosus reflex41. Vibratory stimulation leads to
successful ejaculation in up to 83% of spinal cord-
injured males in some studies42. 

Men who fail both medical therapy and vibra-
tory stimulation may proceed to electroejacula-
tion. Electroejaculation requires general anesthesia
in the incomplete paraplegic male and in men
with anejaculation secondary to retroperitoneal
lymph node dissection. This procedure causes
electrical stimulation of ejaculation using a rectal
probe, and is almost uniformly successful. The
most significant risk of electroejaculation is
triggering autonomic dysreflexia in the spinal
cord-injury patient. Nowadays, for men who fail
therapies to induce ejaculation, men who do not
desire these techniques and couples with a female
factor requiring IVF, epididymal or testicular
sperm extraction with IVF/ICSI is the recom-
mended treatment option.

OBSTRUCTION

Obstruction of the excretory ductal system can
occur along the ejaculatory ducts, vas deferens or
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epididymis. History, physical examination, semen
parameters and radiological studies can be used to
identify the location of the obstruction. Vasal obst-
ruction is most commonly caused by vasectomy,
but may also be caused by scrotal, inguinal (such as
hernia repair) or pelvic surgery. Scrotal surgery,
such as prior spermatocelectomy, orchiopexy or
hydrocelectomy, may result in epididymal obstruc-
tion. Also, recurrent bouts of epididymitis may
lead to epididymal obstruction. On physical exam-
ination, the absence of the vas deferens will
be found in patients with congenital bilateral
absence of the vas deferens (CBAVD), and dilated
epididymides indicates possible obstruction.

VASECTOMY

Vasectomy is a popular form of permanent birth
control in the United States, with some half a mil-
lion men undergoing the procedure each year. It is
largely successful, with reported failure rates of
only 0.1–0.3%, if the vas stumps are ligated and
cauterized. Although some initial studies have sug-
gested a possible link between vasectomy and car-
diac death, more recent studies have shown no
such association. Additionally, concerns about a
possible increased risk of prostatic adenocarci-
noma and testicular tumors in vasectomized men
in early studies are now felt to be the result of sta-
tistical selection bias. Epidemiological studies are
continuing, but at present there is no convincing
evidence of increased tumor risk to suggest that a
change in the clinical practice of vasectomy is
indicated43.

Vasectomy technique

Conventional vasectomy

The vas should be isolated from the other sper-
matic cord structures by palpation, and the skin of
the scrotum overlying it and the tissues around it
infiltrated with 0.2% lidocaine without epineph-
rine. The vas is fixated to the scrotal skin with a

towel clip, and a 4–7-mm incision made over it.
The vas is identified and carefully dissected away
from the vasal and spermatic cord vessels. The vas
is then ligated or doubly clipped distally and
proximally isolating a 5-mm segment of vas. This
segment is then excised, and the cut ends of the
vas fulgurated to seal the vasal lumens. Alterna-
tively, the vas can be ligated with silk or Vicryl
suture and then fulgurated. The scrotal skin inci-
sion is then closed with 4-0 Vicryl suture. An
identical procedure is then performed on the con-
tralateral side.

‘No-scalpel’ technique

An alternative technique developed in China uses
a special clamp designed to grasp the vas and fixate
it to the scrotal skin. A specially modified dissect-
ing curved hemostat is then used to puncture the
skin and create an opening large enough to mobi-
lize a segment of vas. A large enough portion of
the vas is teased out through the puncture so that
it can be ligated and divided or fulgurated. The
stumps are returned to the scrotum. The puncture
site is usually small enough not to require sutures,
and bleeding and manipulation of the tissues are
minimized, resulting in less discomfort and return
to normal activity almost immediately44.

Postoperative evaluation of the semen is per-
formed 4–6 weeks following the vasectomy, and
again 4–6 weeks later. The presence of persistent
sperm in the semen beyond 3 months suggests
that the procedure has failed and should be
repeated.

Vasectomy reversal

Vasovasostomy

Some 2–6% of men who have undergone vasec-
tomy will subsequently request a reversal. Addi-
tionally, damage to the vasa deferentia in the groin
from hernia repairs and other procedures may
occur. Some reports suggest that injuries to the vas
from pediatric hernia repairs may be 1–2%45.
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Change in marital status, with the desire on the
part of the new couple to have children of their
own, constitutes the largest group of men request-
ing reversal. There are several procedures in wide-
spread use.

Modified single-layer vasovasostomy With the
patient anesthetized in the supine position, the
sites of the vasectomy are identified by palpation.
Using either a midline scrotal incision or bilateral
upper scrotal incisions – depending on the level of
the previous vasectomy – the testis is mobilized
and removed from the hemiscrotum and wrapped
in a moist sponge, and the vas site is mobilized
and exposed. The scarred tissues surrounding the
vas site and the sperm granuloma, if present, are
resected. The microscope is then positioned, and
the abdominal vas stump examined. The lumen
may require gentle dilatation with lacrimal duct
probes to allow insertion of a 27-gauge pediatric
intracath. A small amount of saline is then gently
injected to assure patency of that segment of the
vas. 

The lumen of the testicular segment is then
examined for fluid, which may range from thin
and watery to somewhat thick and pasty in con-
sistency. A touch prep of distal vasal fluid is done,
and the fluid examined under the microscope for
the presence of sperm. If no fluid is encountered,
additional vas is excised, and the examination is
repeated. In some instances, if no fluid or sperm
are seen, vasoepididymostomy may be indicated.
Testicular biopsy, if indicated, can be done easily
at this point.

Once the vas segments have been prepared and
checked for patency, they are aligned in a vas clip,
and a posterior serosal suture of 8-0 nylon is
placed. Four through-and-through sutures of 9-0
nylon are then placed 90° apart, through the
serosa, into the lumen, and back through the
opposite lumen and out. These are secured with
square knots assuring good alignment of the vasal
lumens. Occasionally, if the structures or lumens
are large, additional through-and-through sutures
may be required.

Once the vasal ends are aligned and the
through-and-through sutures are secured, 4–6
serosal sutures are then placed to assure a water-
tight anastomosis. The vasa are further anchored
to the surrounding cord structures with sutures of
4-0 chromic, and the testis is then returned to the
scrotum. The contralateral vasovasostomy is per-
formed in a similar manner. Following completion
of both vasal reanastomoses, the scrotum is closed
in layers without drains46.

Two-layer vasovasostomy (‘Microdot’ technique) Ini-
tial exposure and preparation of the vas is as
described for the modified one-layer procedure.
Once the vasa are mobilized and their ends pre-
pared, 6–8 microdots are placed on the muscularis
in radial fashion around the lumen using a
microtip marking-pen. The vas is then stabilized
with the cut ends closely approximated using a vas
clip. Double-armed 10-0 nylon sutures are then
placed through the lumens, exiting through the
microdots. Three or four such sutures are placed
in the anterior aspect of the vas, and then two
serosal sutures of 8-0 nylon are placed to secure
further the anterior anastomosis. The clip and vas
are then rotated 180°, and three or four additional
10-0 nylon sutures are placed to finish the
mucosal anastomosis. Three or four additional 8-
0 nylon serosal sutures complete the vasal anasto-
mosis. The use of double-armed mucosal sutures
reduces the risk of ‘back walling’. The vasal sheath
is secured with 4-0 or 5-0 chromic or Vicryl
suture, and the scrotum is then closed as described
above. Drains are placed only if extensive dissec-
tion has taken place. 

Although both techniques have their advo-
cates, results are similar, with return of sperm to
the ejaculate in 80–90% of cases, and pregnancy
rates of 50–65%46,47. Even if counts do not reach
‘normal’ levels, sperm are made readily avail-
able for intrauterine insemination (IUI) or ICSI
procedures.

Vasoepididymostomy In instances where the dis-
tal epididymis is obstructed, vasoepididymos-
tomy above the level of obstruction should be
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performed. Once the testis and vas have been
mobilized, and epididymal obstruction con-
firmed, examination of the epididymis with the
operating microscope will usually reveal dilated
epididymal tubules. Occasionally the site of epi-
didymal obstruction can be identified. It is essen-
tial to assure that the proximal segment of vas can
reach the epididymis to allow a tension-free anas-
tomosis. Mobilizing the globus minor and isth-
mus of the epididymis from the vas can result in
additional length. 

The tunic covering the epididymis is opened,
and a dilated loop of epididymal tubule is gently
mobilized with microscissors. A small incision is
made in one of the proximal tubules, and fluid is
obtained and examined under the microscope for
the presence of normal-appearing sperm. A
tension-free end-to-side anastomosis using 9-0 or
10-0 nylon is then completed, usually with four or
five sutures. The serosa of the vas is secured to the
fibrous tunic of the epididymis. Additional
anchoring sutures of 8-0 or 9-0 nylon are placed
to secure the vasal serosa to the epididymal tunic
just above the anastomosis, taking care not to
place these too deep and risk injuring or occluding
the epididymis.

The testis is then returned to the scrotum and
the scrotum closed, usually with no drain. In sev-
eral series, return of sperm to the ejaculate ranged
from around 60 to 85%, with pregnancy rates of
30–45%48.

VASOVASOSTOMY VERSUS ICSI

The choice of a vasovasostomy or ICSI will
depend on several factors, including the health
status of the couple, the maternal age and the
length of time since the vasectomy. For the
younger couple who aspire to have more than one
child together, vasovasostomy will likely be the
more acceptable option. If successful, it will be
significantly less expensive per pregnancy than
ICSI. This would assume that the fertility status of

the woman is normal and that she is not appr-
oaching the menopause49. 

For couples where the female is in her mid- or
late 30s or early 40s, a narrowing window of
opportunity for pregnancy before the onset of pre-
menopausal status may make ICSI the preferred
option. For couples in whom there is a history of
significant adverse factors or where gynecological
disease is present – endocrine issues, endometrio-
sis, anatomical abnormalities, prior surgery or
pelvic inflammation – ICSI, with TESA or micro-
surgical epididymal sperm aspiration (MESA) as
required, will likely provide more assurance of
pregnancy than vasovasostomy49,50.

For younger couples or selected older couples
where a vasovasostomy has failed, repeat vaso-
vasostomy or vasoepididymostomy has a reason-
able success rate and may be less expensive
than ICSI50,51. As ICSI delivery rates have contin-
ued to improve, however, this difference is
diminishing.

OTHER SITES OF OBSTRUCTION

Semen analysis will vary with the site of obstruc-
tion. Complete ejaculatory duct obstruction
(EDO) will result in a low-volume, acidic,
fructose-negative ejaculate. Obstruction of the
vasa or epididymides will result in a normal-vol-
ume, basic, fructose-positive ejaculate. Men with
obstruction as the only cause for their infertility
will have normal testosterone and FSH. Radi-
ographic studies are necessary when obstruction of
the ejaculatory ducts is suspected. Transrectal
ultrasound (TRUS) will support the diagnosis of
EDO by identifying dilated ejaculatory ducts and
seminal vesicles as well as cystic masses and
stones causing obstruction. A transrectal aspirate
of dilated seminal vesicles during TRUS that
reveals numerous sperm provides additional evi-
dence that EDO is present. The absence or pres-
ence of hypoplastic seminal vesicles on TRUS is
confirmatory of CBAVD. If vasal occlusion is sus-

Kruger Chapter 22  12/7/06  11:47  Page 327



MALE INFERTILITY328

pected, a vasogram during scrotal exploration will
confirm the diagnosis and identify the site of
obstruction. Threading a 1-0 nylon suture
through the abdominal vas at the time of vasogra-
phy will determine the exact distance from the
vasostomy to the site of obstruction. The treat-
ment of choice for EDO is transurethral resection
of the ejaculatory ducts (TURED). Approxi-
mately half of the men undergoing this procedure
for EDO will have an improvement of their semen
parameters, and half of the men who improve will
achieve a subsequent pregnancy52. Men with vasal
obstruction or obstruction at the epididymis are
candidates for microsurgical reconstruction to
allow natural conception, or MESA for sperm
retrieval to be used with IVF/ICSI.

Congenital bilateral absence of the
vas deferens 

Congenital bilateral absence of the vas deferens
(CBAVD) is the most frequently found congenital
obstruction of the extratesticular ductal system,
affecting 1–2% of infertile men. CBAVD is part
of the phenotypic spectrum of cystic fibrosis (CF),
an autosomal recessive disease, of which 1/25
Caucasians are carriers53. CF is caused by a genetic
mutation of the cystic fibrosis transmembrane
conductance regulator gene (CFTR). The CFTR
gene is large (250 000 base pairs), and to date
more than 1000 CFTR mutations have been iden-
tified. Characteristics of men with CBAVD
include absence of the vas deferens, hypoplastic,
non-functional seminal vesicles and ejaculatory
ducts, and an epididymal remnant, frequently
composed of only the caput region that is firm and
distended54. Spermatogenesis is not impaired in
these patients; therefore, sperm may be harvested
from the epididymis with MESA or from the testis
(TESA) for use in ICSI, allowing affected couples
to achieve a pregnancy. Men with CBAVD and
their wives should be screened for CFTR muta-
tions and referred to genetic counseling prior to
sperm retrieval.

Routine analysis of the CFTR gene is available
from most genetic laboratories. Only about
30 mutations, of the possible 1000, are regularly
screened for in the clinical diagnostic laboratory,
so a specific mutation may be present that will not
be identified. Therefore, the absence of a mutation
in these limited assays will not guarantee that an
offspring will not be born with cystic fibrosis if the
wife is also a carrier. In addition to the 1000
known mutations in this gene, there is a polymor-
phism in intron 8 (non-coding region) that quan-
titatively influences the production of the CFTR
gene product. The alleles of this polymorphic
region of thymidines in intron 8 of the CFTR
gene contain five (5T), seven (7T) or nine (9T)
thymidines. The 5T allele results in the least effi-
cient processing of CFTR mRNA. 5T mutations
lead to a lower amount of protein production and
increased severity of the observed phenotype54. 

To assess this most common polymorphism
(5T), a separate analysis must be ordered; how-
ever, this test is not routinely run in all clinical lab-
oratories performing routine cystic fibrosis gene
analysis, reinforcing the limits associated with a
negative result. Due to the many variable muta-
tions and difficulty identifying all possible muta-
tions in a single patient, all patients with CBAVD
are now thought to have a genetic form of cystic
fibrosis54. Men with idiopathic epididymal
obstruction have also been found to have an
increased incidence of CF mutations. These men
should also undergo CF testing prior to recon-
struction or MESA/TESA. Finally, patients pre-
senting with unilateral absence of the vas deferens
are also considered at risk and should undergo
analysis of the CFTR gene, although unilateral
absence of the vas deferens in a patient with a con-
tralateral solitary kidney may represent a different
congenital anomaly. 

TESTIS BIOPSY

Biopsy of the testis is performed for diagnostic
purposes, and also to obtain tubular tissue for the
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extraction of sperm for ICSI. It is usually an office
procedure, performed under cord block with sup-
plemental local anesthesia. Diagnostic biopsies
may be done as a needle biopsy, using a spring-
loaded biopsy needle such as that used for prostate
biopsy.

When larger amounts of tubular tissue are
required, the biopsy is performed as an open tech-
nique. The spermatic cord is blocked with 2%
lidocaine or 0.5% bupivacaine, and the skin over-
lying the testis is also infiltrated with local anes-
thetic. A 4-0 Vicryl stay suture is placed medially
into the scrotal skin, and a 1.5-cm transverse inci-
sion is carried down to open the scrotum and
expose the tunica albuginea of the testis. A second
4-0 Vicryl stay suture is placed into the medial
tunica albuginea, and a 4–5-mm incision made in
the tunica. Usually, spermatic tubular tissue will
bulge out, and a small (0.1 ml) volume of that tis-
sue is excised with microscissors and placed on
saline-soaked filter paper, or placed in holding
medium, for evaluation by the embryologist.
Once satisfactory sperm have been identified in
the sample, the tunica is closed by running the 4-
0 Vicryl stay suture, and the skin of the scrotum is
also closed with 4-0 Vicryl skin stay suture55.

Men with obstructive azoospermia who
undergo testicular sperm extraction for ICSI
should always be offered the possibility to cryo-
preserve testicular tissue for future use. 

FUTURE DIRECTIONS:
SPERMATOGONIAL STEM CELL
TRANSPLANTATION

Spermatogenesis is the cornerstone of male fer-
tility, and can be affected by many factors.
Chemotherapy and radiotherapy halt spermato-
genesis temporarily or permanently, and recovery
may take years. With the current success of
chemotherapy and radiotherapy for many
malignancies, fertility after treatment has become
a major concern. Males have the option of
cryopreservation of semen, pre-therapy. While

pre-emptive treatment for possible male infertility
is helpful for many men, semen cryopreservation
is not an option for prepubertal males or men with
severely compromised semen parameters as a
result of their illness, does not allow natural con-
ception and allows only a limited number of
attempts at pregnancy using assisted reproduction.
Accordingly, novel methods are currently under
development aimed at rejuvenation of spermato-
genesis after toxic insult. Advances have been
made in spermatogonial stem cell transplantation
which allow sterile mice to be transplanted with
donor spermatogonial stem cells, and donor-
derived spermatogenesis is subsequently seen. 

Brinster and colleagues first described success-
ful spermatogonial stem cell transplantation in
199456,57. Initially, a heterogeneous mixture of
donor-mouse testis cells was collected from mice
carrying the Escherichia coli β-galactosidase gene
(LacZ). Expression of this gene allows the identi-
fication of successful recovery of transplanted
donor-mouse spermatogenesis. The donor testis
cells were microinjected into the seminiferous
tubules of sterile mice (either Sertoli cell-only vari-
ants or busulfan-treated mice). Donor germ cells
migrate through the luminal compartment to the
base of the seminiferous epithelium. After allow-
ing recipient mice to recover, donor-derived sper-
matogenesis can be identified after 1 month, and
complete sperm production is present at 3
months58. Transplant techniques have been
improved, with microinjection into the rete testes
and efferent ductules, which are found to lead to
more efficient transplantation into the seminifer-
ous tubules. Also, conditions of low testosterone
have been found to increase the efficiency of trans-
plantation59, and using cryptorchid donors has
enhanced the spermatogonial stem cell population
in the transplanted cells60.

For men with malignancies who are interested
in preserving their fertility, spermatogonial stem
cell transplantation will allow the harvest of sper-
matogonial stem cells pre-therapy. These cells can
be cryopreserved for use after the patient has com-
pleted his therapy and is rendered disease-free.
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Transplantation of the spermatogonial stem cells
will reinstate spermatogenesis and fertility. The
current focus of research in this field is to identify
markers to allow isolation of the spermatogonial
stem cells. The spermatogonial stem cells will have
to be isolated from potentially contaminating can-
cer cells prior to cryopreservation, to avoid recur-
rence of the original cancer through transplanta-
tion of the stem cells after therapy. Ultimately, this
technique will allow prepubertal males as well as
those with impaired spermatogenesis to preserve
their fertility prior to cancer treatment, and will
permit couples limitless attempts at conception
after spermatogenesis has been reinstituted. Nev-
ertheless, these techniques should still be consid-
ered as experimental in the human61.
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Medical treatment of male infertility

Gerhard Haidl

INTRODUCTION

Although the modern techniques of assisted
reproduction play an important role in the treat-
ment of severe male fertility disorders, these meth-
ods cannot be applied in every infertile couple.
Based on exact diagnostic measures, conservative
medical treatment modalities can be administered
alone or, on occasion, in combination with surgi-
cal procedures and the simplest form of artificial
reproduction, namely intrauterine insemination.
Before initiating any treatment, the correct diag-
nosis has to be established. Moreover, it should be
considered that, frequently, several factors con-
tribute to disturbed male fertility, and different
degrees of severity of male fertility disorders may
exist. In some patients, a harmful influence can be
eradicated and spermatogenesis can be restored. In
others, the damage may be irreparable due to the
severity of the condition. In light of these consid-
erations, current treatment options for male fertil-
ity disorders are discussed in this chapter, taking
into account that recommendations for medical
treatment for male infertility are indicated in spe-
cific conditions, but in others their use has been
predominantly empirical.

SPECIFIC TREATMENT

Hormone replacement

Gonadotropins

The only generally accepted causal treatment in
andrology is hormonal substitution in patients
with hypogonadotropic hypogonadism. Well-
established treatment regimens with human
gonadotropins and with highly purified and
recombinant follicle stimulating hormone (FSH)
exist and are used to substitute patients with low
levels of gonadotropins. Recombinant luteinizing
hormone (LH) and human chorionic gonado-
tropin (hCG) are meanwhile also available; clini-
cal studies with recombinant hCG have demon-
strated effectiveness, whereas recombinant LH is
not suitable for use in hormonal substitution ther-
apy in the male, owing to its short half-life. 

Alternatively, gonadotropin-releasing hormone
(GnRH) can be used. If pregnancy is not desired,
treatment is with testosterone only. The usual
dosage of hCG is 1000–2500 IU, two to three
times per week, intramuscularly (IM) or subcuta-
neously (SC). Human menopausal gonadotropin
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(hMG), IM or SC, or highly purified or recombi-
nant FSH, at the dose of 75, 100 or 150 IU, SC,
three times per week, is used in patients with
hypogonadotropic hypogonadism attempting to
have children. If the hypogonadotropic hypogo-
nadism has not been treated for a long period with
gonadotropins or the patient has received only
testosterone before, initial monotherapy with
hCG for stimulation of their own testosterone
production is recommended for 4–6 weeks,
adding hMG thereafter. In more than 90% of
patients, the onset of spermatogenesis can be
observed. On average it takes approximately 6–9
months before spermatozoa appear in the ejacu-
late; however, in individual patients this period
can be much longer1–3.

GnRH

GnRH can be administered as an alternative to
combined hCG/hMG or FSH treatment. Pulsatile
subcutaneous administration of approximately
50 ng GnRH/kg body weight every 2 hours has
been recommended. Indications for such treat-
ment are tertiary hypogonadotropic hypogo-
nadism (e.g. Kallmann’s syndrome) or idiopathic
hypogonadotropic hypogonadism. Following this
treatment, normal serum testosterone levels as
well as an increase in testicular volume can be
achieved. However, normal semen parameters are
only rarely obtained. In patients with disturbed
spermatogenesis and elevated FSH levels, GnRH
as well as the combination of hCG and hMG are
not effective1,3,4.

Androgens

Androgens are used for the correction of testos-
terone deficiency in patients with hypogonadism.
Testosterone deficiency can be substituted by IM
testosterone enanthate 250 mg every 3–4 weeks,
or by testosterone undecanoate 1000 mg, IM,
injected at 12-week intervals, which allows serum
testosterone levels in the normal range, in contrast
to supraphysiological levels within the first days
after the injection of testosterone enanthate. Oral
administration of testosterone undecanoate,

120–160 mg daily, can be associated with absorp-
tion problems. Preparations for cutaneous applica-
tion are also available. First, a trans-scrotal patch
was developed, consisting of a film containing 10
or 15 mg of natural testosterone. Although testos-
terone levels could be achieved resembling the
normal diurnal variations of serum testosterone,
this kind of testosterone patch is meanwhile no
longer available due to lack of acceptance and also
new developments. Transdermal delivery systems
placed on non-scrotal skin also result in physio-
logical serum levels. 

The enhancers used in patches to facilitate
absorption cause skin irritation in a high percent-
age of patients, frequently leading to termination
of this mode of testosterone application. More-
over, testosterone patches are impractical and
unacceptable for certain patients, such as manual
workers or patients living in hot climates. The lat-
est development in androgen replacement therapy
is a gel preparation containing 25 or 50 mg testos-
terone in 2.5 or 5 g gel. Studies have shown good
clinical effects and tolerability. Furthermore,
testosterone can be applied subdermally by the use
of pellets and microcapsules, and via the buccal
mucosa. Although testosterone can be used effec-
tively in the treatment of hypogonadotropic
hypogonadism (although not to initiate spermato-
genesis), its use in the treatment of idiopathic
male infertility has not been demonstrated to
increase pregnancy rates in controlled studies5.
However, recently, significant improvements of
sperm quality as well as pregnancy rates have been
reported after combination treatment with tamox-
ifen and testosterone undecanoate (see below).

Treatment of emission and ejaculatory
disturbances

Apart from hormone replacement therapy in
patients with hormonal deficiencies, effective
treatment is available for patients with emission
and ejaculatory failures. In patients with retro-
grade ejaculation or transport aspermia secondary
to emission failure, for example as a result of
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retroperitoneal lymphadenectomy or diabetes
mellitus, α-sympathomimetic and anticholinergic
therapy is often helpful. Medical treatment of ret-
rograde ejaculation not only offers the patient the
possibility of conceiving offspring naturally, but is
also the less invasive method compared with
electrovibratory stimulation, sperm recovery from
urine and surgical procedures, and should there-
fore be considered the first choice for such
patients. 

The drug most commonly recommended for
the treatment of retrograde ejaculation is
imipramine6. In addition, the combination of
chlorpheniramine, phenylpropanolamine and
midodrine can be used7,8. Particularly in cases of
retrograde ejaculation in diabetic patients, good
experience has been reported with brompheni-
ramine9. Recently, the successful treatment of ret-
rograde ejaculation with amezinium 10 mg orally
has been reported10. Recommended dosages are
midodrine 5–15 mg intravenously or (where no
longer available in this preparation) orally
(drops), applied immediately before ejaculation as
a single dose; for longer use, oral imipramine
25–75 mg or brompheniramine 8 mg three times
daily; amezinium 10 mg orally; and chlorpheni-
ramine and phenylpropanalamine: 50 mg/day
orally. The duration of therapy is individually
determined.

Anti-infectious treatment

Antibacterial agents are used for the treatment of
male adnexitis (prostatitis and vesiculitis) accord-
ing to sensitivity tests. Depending on the
micro-biological findings, the following agents
are mostly used: doxycycline 200 mg/day, tetra-
cycline 1.5–2 g/day, fluoroquinolones (oflox-
acin, norfloxacin, ciprofloxacin, levofloxacin, etc.
0.5–1 g/day), cotrimoxacole (sulfamethoxacole
800 mg, trimethoprim 160 mg) or macrolides, e.g.
erythromycin 1.5–2 g/day. These drugs are
administered for 2–3 weeks. The aims of therapy
in male accessory-gland infection include
reduction or eradication of micro-organisms in

prostatic secretions and seminal fluid, normaliza-
tion of inflammatory parameters such as leuko-
cytes and biochemical markers such as granulocyte
elastase and improvement of sperm parameters.
However, most studies of this subject have con-
cluded that antibacterial therapy is effective in
reducing infectious influences and should there-
fore be administered in patients with genital tract
infection, but that it does not necessarily improve
conception rates11.

EMPIRICAL TREATMENT

Antiestrogens

Whereas the treatment options discussed so far
refer to indications in specific diagnoses, the major
part of male fertility disturbances are classified as
idiopathic. Therefore, causal treatment is not pos-
sible in these cases, and as a consequence, empiri-
cal methods have been applied. However, empiri-
cal treatments are not necessarily ineffective. The
World Health Organization (WHO) recommends
treatment with antiestrogens – preferably tamox-
ifen – for idiopathic oligozoospermia12, and
guidelines published by the European Association
of Urology (EAU) also recommend tamoxifen
treatment – with limitations – as the only available
option for idiopathic fertility disorders13 (Table
23.1). 

If serum FSH is not elevated, tamoxifen can be
given in a dose of 20 mg per day. Several double-
blind, placebo-controlled studies demonstrated a
significant increase in sperm concentration, and
indicated the probability of conception to be
increased, although no significant effect was found
in meta-analysis14. Recently, a double-blind,
placebo-controlled study which used combined
androgen and antiestrogen therapy involved 121
infertile men, each of whom received either
placebo or tamoxifen 20 mg and testosterone
undecanoate 120 mg for 6 months. A significant
improvement of semen quality as well as a signifi-
cant increase in pregnancy rates (33.9% vs.
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Table 23.1 European Association of Urology (EAU) guidelines for conservative treatment of idiopathic
oligoasthenoteratozoospermia (OAT) syndrome

Hormonal Non-hormonal
treatment EAU treatment EAU

GnRH Not recommended Kallikrein (Recommended only in clinical research studies)

hCG/hMG Not recommended Bromocriptine not recommended

Recombinant FSH Not recommended Antioxidants (Recommended only in clinical research studies)

Androgens Not recommended α-Blockers Not recommended

Antiestrogens Recommended Corticosteroids Not recommended
with limitations

GnRH, gonadotropin-releasing hormone; hCG, human chorionic gonadotropin; hMG, human menopausal gonadotropin;
FSH, follicle stimulating hormone
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10.3%) was shown after combined treatment with
tamoxifen and testosterone undecanoate, thus
confirming a previous study demonstrating a
superior effect of combined antiestrogen–
androgen therapy compared with each compound
alone or placebo15,16. 

Therefore, treatment with tamoxifen can be
considered to be appropriate in some patients with
idiopathic oligozoospermia, particularly when
sperm morphology and motility are not severely
impaired; further studies are needed, especially
confirming a potential additional effect of testos-
terone undecanoate. Clomiphene citrate is not
recommended because of its intrinsic estrogenic
effects and its lower effectiveness with regard to an
improvement of semen quality and pregnancy
rates, compared with tamoxifen12. 

Aromatase inhibitors

Treatment with testosterone aromatase inhibitors,
which block the conversion of testosterone to
estradiol and that of androstendione to estrone,
gave controversial results in older studies. More
recently, it was shown that in men with severe fer-
tility disorders and a low testosterone/estradiol
ratio, significant increases of sperm count and
motility as well as a correction of hormonal

abnormality could be achieved after treatment
with the aromatase inhibitor testolactone,
50–100 mg twice daily. However, there was only a
small study group, lacking a control group.
Similar changes were observed after treatment
with the more selective aromatase inhibitor anas-
trazole 1 mg/day. On the basis of these experi-
ences, aromatase inhibitors could be administered
to patients with subnormal testosterone and
high estradiol levels to increase testicular testos-
terone levels, and, thus, possibly spermatogenic
activity17,18. However, as in other areas of medical
treatment of male infertility, larger and random-
ized controlled studies are needed to confirm
efficacy.

Purified/recombinant FSH

Purified FSH has also been used in men with
severely impaired fertility. Several authors have
shown that disturbed sperm substructures and
sperm functions improved after daily treatment
with 75–150 IU pure FSH for at least 2 months.
No significant changes in ejaculate quality
could be observed; however, in men who previ-
ously failed to fertilize in an in vitro fertilization
(IVF) program, fertilization rates increased
dramatically19.
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Moreover, higher implantation rates after
intracytoplasmic sperm injection (ICSI) could be
achieved19–21. This observation was confirmed in a
recent study in 44 couples with at least two failed
IVF or intrauterine insemination (IUI) trials, the
male partners showing idiopathic oligoastheno-
zoospermia. Before ICSI treatment, 24 of them
received highly purified FSH, 150 IU for 3
months; the control group of 20 patients was not
treated. Transmission electron microscopy after
treatment revealed a significant improvement in
sperm quality, and the pregnancy rate after ICSI
was 33% in the treated group and 20% in the
controls, indicating a positive role of FSH therapy
before ICSI22. In a further study, a significant
improvement of sperm parameters as well as an
improvement of hypospermatogenesis, as shown
by cytological analysis after testicular fine-needle
aspiration, was reported in patients with idio-
pathic oligozoospermia (sperm count < 106/ml,
normal plasma FSH and inhibin B levels) after
treatment with recombinant FSH 100 IU on alter-
nate days for 3 months23. 

Although the use of recombinant FSH needs
to be confirmed by studies, a recent communica-
tion has provided more evidence to support its use
following a prospective, controlled and random-
ized clincial study. Foresta et al. reported that
treatment of male idiopathic infertility improved
sperm concentrations and pregnancies in a sub-
group of men with idiopathic oligospermia show-
ing normal FSH and inhibin levels and without
spermatogenesis arrest24.

Antioxidants

Leukocytes in semen and, to a lesser extent, imma-
ture spermatozoa generate reactive oxygen species
(ROS) that damage sperm membranes and DNA.
Increased lipid peroxidation results in decreased
membrane fluidity, which causes low sperm motil-
ity and impairment of important functions such as
the acrosome reaction. Damage of sperm DNA
may result in lower fertilization and pregnancy
rates, and possibly genetic disturbances if such

spermatozoa are used for ICSI25. Antioxidant treat-
ment may reduce the oxidative damage and may
increase the fertilizing capacity of spermatozoa. 

Agents with antioxidative properties are toco-
pherol (vitamin E), ascorbic acid (vitamin C),
acetylcysteine and glutathione26. Moreover, pen-
toxifylline has been shown to exhibit antioxidative
functions27. Most studies have been carried out
with tocopherol. Tocopherol is a fat-soluble vita-
min, approved for the treatment of decreased
vitality and vitamin deficiency. In andrological
indications, the action of tocopherol is a protec-
tive effect on lipid peroxidation in sperm mem-
branes via the scavenging of free oxygen radicals.
Suggested andrological indications for tocopherol
(daily dose 300–600 mg) are asthenozoospermia
and sperm dysfunction, including an abnormal
acrosome reaction11. Increased sperm motility has
been observed in a double-blind, randomized,
placebo-controlled study in 87 men who received
tocopherol 100 mg three times daily for 6
months28. Furthermore, an open study has
demonstrated a positive effect of tocopherol on
fertilization rates in an IVF program29. Improved
sperm function (sperm–zona pellucida binding
capacity) has also been achieved in a double-blind,
placebo-controlled crossover study in 30 healthy
men who had increased concentrations of ROS in
the seminal plasma and were given tocopherol
600 mg/day for 3 months30. 

These optimistic results could not be con-
firmed in a further controlled study in patients
with asthenozoospermia or moderate oligoas-
thenozoospermia who received high dose ascorbic
acid and tocopherol. No changes of semen param-
eters occurred, and no pregnancies were initi-
ated31. The treatment of men with oligozoosper-
mia with acetylcysteine and retinol (vitamin A)
plus tocopherol and essential fatty acids led to
improved sperm numbers, a reduction of ROS
and an increase of the acrosome reaction32. Antag-
onizing the generation and effects of ROS by
means of antioxidant treatment seems to be a
promising approach, perhaps most suitable as
follow-up/complementary treatment after/to
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conventional treatment according to the WHO,
i.e. embolization of the internal spermatic
vein(s) in varicocele, antibiotic treatment in male
accessory-gland infection, antiestrogen treatment
of men with idiopathic oligozoospermia, etc.12. 

A double-blind study in which infertile men
were given 3 months of either natural astaxanthin
or placebo, after they had received conventional
treatment as mentioned above, demonstrated a
significant decrease of ROS and an increase of lin-
ear progressive motility of spermatozoa. Also, the
attachment of spermatozoa to zona-free hamster
oocytes was increased in treated cases, compared
with controls, as well as the percentage of oocyte
penetration. After 3 months, the pregnancy rate
was 23% in the treated group and 3.6% in the
controls25. Well-conducted multicenter trials
should confirm this very promising approach.

Carnitines

Free L-carnitine is necessary in mitochondrial β-
oxidation of long-chain fatty acids. Fatty acids
must undergo activation to enter the mitochon-
dria. They are bound to coenzyme A (CoA), thus
forming acyl-CoA, and use L-carnitine to cross the
internal mitochondrial membrane. After transport
of acyl-carnitine into the mitochondria, the acyl
group is transferred to the mitochondrial CoA;
β-oxidation with the product adenosine triphos-
phate leads to the formation of acetyl-CoA. Car-
nitine also protects the cell membrane and DNA
against damage induced by ROS33. The highest
levels of L-carnitine in the human body are found
in the epididymal fluid, where its concentration is
2000 times higher than in the blood serum. 

As L-carnitine has been shown to stimulate
human sperm motility in vitro and is reduced in
the seminal plasma of men with oligoastheno-
zoospermia, L-carnitine and L-acetyl-carnitine
have been proposed and used as possible treat-
ments in selected forms of oligoasthenoterato-
zoospermia. A clear effect could not be demon-
strated previously by controlled studies. A recently
published placebo-controlled double-blind

randomized study using a combination of L-
carnitine (2 g/day) and L-acetyl-carnitine (1 g/day)
for 6 months in 60 patients with asthenozoosper-
mia showed a significant increase of sperm
motility, especially in men with lower baseline lev-
els34. The rationale for treatment with L-carnitines
may be the same as for treatment with anti-
oxidants. Future studies examining pregnancy rate
as the outcome of treatment are needed.

Mast cell blockers

The idea of treating male fertility disturbances
with mast cell blockers is based on the observation
of elevated numbers of mast cells in the testicular
tissue of infertile men35. An increase of mast cells
in close contact with the seminiferous tubules
indicates a relationship between mast cell prolifer-
ation and a dysfunction of the blood–testis barrier.
The use of mast cell stabilizers, which inhibit the
release of histamine and other vasoactive sub-
stances from mast cells, for treatment of idiopathic
fertility disorders in the male has repeatedly been
recommended. In a previous study, 17 men with
idiopathic normogonadotropic oligozoospermia
and 22 men with idiopathic asthenozoospermia
received ketotifen 1 mg twice daily for 3 months.
A moderate but statistically significant improve-
ment of sperm count and motility was observed;
the pregnancy rate, however, was in the range of
spontaneous conceptions36. 

Later on, a placebo-controlled randomized
single-blind study was conducted in 50 men with
normal gonadotropin levels and sperm counts
below 5 million/ml, who received the mast cell
blocker tranilast 300 mg/day for 3 months. The
treatment group showed significantly higher val-
ues of sperm density, motility and total motile
sperm count compared with the placebo group.
Moreover, the pregnancy rate in the mast cell sta-
bilizer group was 28.6%, versus 0% in the placebo
group37. Smaller uncontrolled studies with ebas-
tine resulted in an improvement of sperm quality
and pregnancy rates as well38. As these studies are
already 5 and 10 years old, respectively, and no
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further confirmation about the efficacy of such a
treatment has been reported, one has to be
cautious in the interpretation of these results.
Nevertheless, the approach with mast cell blockers
seems logical; therefore, studies with defined
selection criteria are needed, perhaps considering
the concentration of mast cell products such as
tryptase or interleukin-6 in the seminal plasma.

Phosphodiesterase inhibitors

In vivo and in vitro investigations have shown that
pentoxifylline, a methylxanthine derivative, can
increase both the motility and the number of sper-
matozoa. The suggested mode of action is that
pentoxifylline interferes with the metabolism of
cyclic adenosine monophosphate (cAMP) by
inhibiting phosphodiesterase and thereby increas-
ing sperm cAMP. The recommended oral dose is
400–600 mg three times daily for 3–6 months11.
In a review paper summarizing reports of the
treatment of idiopathic male-factor infertility by
oral administration of pentoxifylline, it was con-
cluded that the reported results were conflicting,
and that the published data do not support a ben-
eficial role for the systemic use of pentoxifylline in
idiopathic male infertility39. As this is the case
with many of the other drugs used for the treat-
ment of male infertility, prospective studies are
needed, based on suitable selection criteria. 

Because of its antioxidant and radical scaveng-
ing properties, pentoxifylline may be useful for
indications discussed in the above section.
Recently, the effect of another phosphodiesterase
inhibitor, sildenafil, a drug used for the treatment
of erectile dysfunction, was investigated. The
administration of 50 mg sildenafil 1 hour before
ejaculation as well as the in vitro addition of 8-
bromo-cyclic guanosine monophosphate (cGMP)
to the ejaculate resulted in an increase of sperm
motility and of the binding rate to the zona pellu-
cida, supporting a potential role of phospho-
diesterase inhibitors for sperm motility40.

Zinc salts

Controlled studies showing beneficial effects of
zinc administration, which is widely used in male
infertility, are rare41. Recently, a significant
increase in total normal sperm count was observed
in a group of subfertile men as well as in fertile
men after combined treatment with zinc sulfate
and folic acid for 26 weeks42. Nevertheless, a ben-
eficial effect on the outcome in terms of preg-
nancy rate remains to be established.

Kallidinogenase

Together with the renin–angiotensin system, the
kallikrein–kinin system is involved in the
paracrine regulation of testicular functions, partic-
ularly at the level of the Sertoli cell, where the
occurrence of significant amounts of kallidino-
genase has been demonstrated. Kallidinogenase
was also observed to be localized within epithelial
cells of the epididymis43. Therefore, it has been
looked upon as a possible modulator and media-
tor of spermatogenesis, and has been used for
more than a decade in patients with idiopathic
oligoasthenozoospermia44. After previous reports
of its beneficial effects, two double-blind studies
failed to demonstrate any positive results in
patients with idiopathic oligoasthenozoosper-
mia45. Prolongation of the license was not applied
for in Germany in 2001, but the drug is still avail-
able in some countries. There are some promising
new results in basic research46; possibly future and
more precise studies will discover better defined
indications for this drug. The EAU recommends
its use only in clinical research studies (see Table
23.1).

αα-Adrenoceptor antagonists

Treatment of patients with idiopathic moderate
oligozoospermia (sperm count between 5 and 20
million/ml) with the α-adrenoceptor antagonist
bunazosin, 2 mg/day for 6 months, resulted in a
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pregnancy rate of 26%, compared with 6.7% in
the placebo group. Moreover, the α-adrenoceptor
antagonist group showed higher levels of sperm
density and total motile sperm count47. However,
the number of patients enrolled in this study was
rather small (n = 34), and hence this kind of treat-
ment cannot be generally recommended until it
has been confirmed in larger trials. A positive
effect on sperm transport and storage in the testis
and epididymis is assumed based on the mode of
action of α-adrenoceptor antagonists47.

Immunosuppressive treatment

Corticosteroids at various dosages have been rec-
ommended for the treatment of antisperm anti-
bodies by several authors48,49. However, the major-
ity of experts have questioned the effectiveness of
corticosteroids in patients with antisperm anti-
bodies and recommended IVF or ICSI, the latter
being considered as the method of choice50–52.
The addition of glucocorticoid treatment to artifi-
cial reproductive technologies has been reported
to be ineffective53,54. In contrast, higher success
rates of ICSI were reported more recently in
patients with obstructive azoospermia when pred-
nisolone was administered preoperatively55. Simi-
larly, others reported higher fertilization rates dur-
ing IVF in patients with antisperm antibodies and
immunosuppressive therapy, compared with IVF
alone56. Therefore, the treatment of antisperm
antibodies with corticosteroids cannot be gener-
ally recommended, but could be considered in
patients with antisperm antibodies and previously
failed fertilization and pregnancy in IVF or ICSI,
or in patients who are unable or unwilling to
undergo ICSI treatment. Further indications for
corticosteroid treatment are silent inflammatory
conditions of the testis, which, however, can so far
only be diagnosed by testicular biopsy and histo-
logical examination57. For the prevention of fer-
tility following acute forms of orchitis, for exam-
ple mumps orchitis, interferon-α has been
recommended58.

Antiphlogistic treatment

Chronic torpid inflammation of the testis and the
male genital tract can be a major cause of severe
impairment of sperm quality, particularly when
the testis and/or epididymis are involved. Such
conditions are difficult to diagnose, because clini-
cal symptoms are frequently absent. In addition to
the number of peroxidase-positive cells in the ejac-
ulate, markers of inflammation such as granulo-
cyte elastase or interleukin-6 can be helpful to
establish the diagnosis59. Non-steroidal antiphlo-
gistic treatment with or without antibacterials is
recommended to prevent local occlusions and the
induction of local immunological phenomena60.
As such inflammatory influences are frequently
accompanied by elevated levels of ROS, antiphlo-
gistic treatment can help to reduce ROS and their
harmful effects on sperm motility and, in particu-
lar, DNA integrity61. Correction of a disturbed
epididymal outlet can lead to higher sperm num-
bers after anti-inflammtory treatment. 

Although no prospective controlled studies
exist so far, several authors have reported prelimi-
nary experience with diclofenac or indo-
methacin60,62,63. The treatment of ten patients
with severe oligozoospermia and ten patients with
azoospermia in whom partial epididymal obstruc-
tion secondary to inflammatory processes were
assumed resulted in an improvement of the sperm
count in 13 out of 20 patients, including six
previously azoospermic patients. Treatment was
carried out with 100 mg diclofenac daily for 3
weeks64. A similar case was reported more recently.
Using such an antiphlogistic treatment, testicular
sperm extraction (TESE) could be avoided and
patients could be referred for ICSI using ejacu-
lated spermatozoa65. Significantly increased sperm
motility and viability were also observed after
antiphlogistic treatment with nimesulide
2 × 100 mg daily for 2 months, followed by car-
nitines for 2 months in patients with prosta-
tovesiculoepididymitis and elevated leukocyte
concentrations in the seminal fluid66. Future stud-
ies should elucidate this promising approach,
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including the development of suitable diagnostic
selection criteria, in particular for inflammatory
reactions in the testis. So far, the recommended
dosage for diclofenac is 50 mg, twice daily for 3–6
weeks11.

CONCLUSIONS

Controlled, randomized, prospective studies are
lacking for most of the treatment regimens dis-
cussed in this chapter. Despite this problem, the
experience of many experts for many years cannot
be neglected. The fact that controlled studies
according to the criteria of evidence-based medi-
cine are not available in sufficient numbers does
not necessarily mean that all the previously rec-
ommended treatment regimens are ineffective.
For the time being, one can conclude that causal
factors of disturbed male fertility, such as inflam-
matory processes, should be eliminated and/or
life-style habits such as smoking be avoided. For
the large group of idiopathic male infertility, treat-
ment with tamoxifen, potentially in combination
with androgens, can be suggested, and recommen-
dations can also be made for complementary
antioxidant treatment12,25. Both treatment modal-
ities should be confirmed by further studies, not
least because of the potential side-effects of andro-
gen therapy. A promising treatment option for the
future may be the antiphlogistic approach, and
studies of this subject are already under way.
Patients with more severe male fertility disorders
should be referred to methods of assisted repro-
duction. No time should be wasted on frustrating
treatment trials in patients with a poor fertility
prognosis, and in any case early cooperation
between the andrologist and the gynecologist
should be striven for. 
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Male tract infections: diagnosis and
treatment

Frank H Comhaire, Ahmed MA Mahmoud

INTRODUCTION

Urinary tract infections are common in men1, and
clinicians working with infertility frequently
encounter patients with these diseases. Infections
include either cystourethritis, caused by trivial
urinary bacteria or by sexually transmitted patho-
gens, or prostatovesiculoepididymitis, affecting
fertility.

The possible relationship between infection
and infertility has been the subject of controversy
since the second half of the 1970s2, and several
therapeutic trials have been initiated since then.
The criteria for infection-associated infertility
have been laid down in the World Health Organi-
zation (WHO) manuals3,4, and several studies of
the pathogenesis of reproductive disturbance in
infected men have been published in the past
decade. 

An understanding of the link between infec-
tion of the ‘accessory sex glands’ and reduced male
fertility has been scientifically acquired and diag-
nostic tools are available, but the results of anti-
biotic treatment in terms of fertility remain
disappointing. The last is probably due to the irre-
versibility of functional damage caused by chronic
infection/inflammation. Therefore, prevention,
early diagnosis and adequate treatment of infec-
tions of the male tract, both trivial and sexually
transmitted, are of pivotal importance.

DEFINITION OF THE DISEASE

The diagnosis of male accessory-gland infection
(MAGI) is given when the semen classification is
azoospermia or abnormal spermatozoa and this is
considered to result from present or past infection
of the accessory sex glands, or inflammatory dis-
ease of the urogenital tract4. 

The term male accessory-gland infection does
not refer to an organ-specific disease. It does not
distinguish between acute disease and chronic or
recurrent infection, between inflammation and
infection, nor between organ-specific diseases
such as prostatitis or epididymitis. The term
MAGI is too vague, and should probably be
replaced by more specific terminology.

ETIOLOGY AND PHYSIOPATHOLOGY

Infection of the accessory sex glands includes epi-
didymitis, vesiculitis and/or prostatitis, which are
caused either by pathogens transmitted by sexual
contact or by so-called trivial urological
pathogens. Among the former, Chlamydia
trachomatis is the most common pathogen5, but
gonococcus may also occur. The urological
pathogens commonly identified are Escherichia
coli, Streptococcus group D, Proteus species and
Klebsiella species. The role of coagulase-negative
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staphylococcus is uncertain6, while Staphylococcus
aureus is usually a laboratory contaminant7.

Infection causes inflammation, characterized
by classical symptoms such as pain, swelling and
impaired function. The last is responsible for the
deficient secretion of minerals, enzymes and fluids
that are needed for optimal function and transport
of the spermatozoa. The abnormal biochemical
composition of the seminal plasma results in
decreased seminal volume, abnormal viscosity and
liquefaction, abnormal pH and impaired func-
tional capacity of the spermatozoa. This is typi-
cally expressed as poor motility, in many occasions
associated with attached antisperm antibodies of
the immunoglobulin G (IgG) and/or IgA class,
causing immunological infertility. 

Infection/inflammation increases the number
of peroxidase-positive white blood cells (pus cells),
generating reactive oxygen species that change the
lipid composition of the sperm membrane8,
reducing its fluidity and fusogenic capacity with
impaired acrosome reactivity and ability to fuse
with the oolemma9. Reactive oxygen species
induce oxidative damage to sperm DNA, with
excessive production of, for example, 8-hydroxy-
2-deoxyguanosine, and mutagenesis10. The last is
also related to a decreased monthly conception
rate among first-pregnancy planners11.

Also, inflammation increases the production of
a number of cytokines such as interleukin-1 (α
and β)12, interleukin-612 and -8 and tumor
necrosis factor, which further impair sperm func-
tion and fertilizing capacity13,14. Chronic inflam-
mation of the epididymis may cause (partial)
obstruction of the sperm passage with oligo- or
azoospermia15, and rupture of the ‘blood–testis
barrier’ from back-pressure induces antisperm
antibodies16.

DIAGNOSIS AND DIFFERENTIAL
DIAGNOSIS

The diagnosis is accepted if patients with abnormal
semen quality, i.e. oligo- and/or astheno- and/or

teratozoospermia, or azoospermia, have combined
abnormalities under the following categories4,17:

• A history of urinary infection, epididymitis,
sexually transmitted disease, and/or physical
signs: thickened or tender epididymis, thick-
ened vas deferens, abnormal digital rectal
examination;

• Abnormal urine after prostatic massage and/or
detection of C. trachomatis in the urine;

• Ejaculate abnormalities:

• Elevated number of peroxidase-positive
white blood cells;

• Culture with significant growth of patho-
genic bacteria;

• Abnormal viscosity and/or abnormal bio-
chemical composition and/or high levels of
inflammatory markers or highly elevated
reactive oxygen species.

The diagnosis requires either two signs from dif-
ferent categories, or at least two ejaculate signs in
each of two subsequent semen samples. If bacteria
are detected, they should be identical in urine and
in semen, or in the two semen samples. Measure-
ment of interleukin-6 in seminal plasma18, or of
elastase19, may serve as a biochemical marker of
an inflammatory reaction, or white blood cell
infiltration.

Male accessory sex-gland infection may be
combined with other diseases such as varicocele20,
in which case as few as 300 000 white blood cells
may cause complementary damage21, an immuno-
logical factor22 or sexual or ejaculatory dysfunc-
tion. These diseases require adequate management
per se, and they may interfere with fertility out-
come after treatment of the infection. On the
other hand, other factors, such as a high propor-
tion of abnormal spermatozoa, chemical or envi-
ronmental toxins, including toxins for example
from tobacco smoke, and viral infections, can
provoke immunobiological reactions similar to
those seen in infection-induced inflammation. In
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addition, male accessory-gland infection reduces
couple fertility due to effects on the female
partner23.

CLINICAL AND LABORATORY FINDINGS

History-taking commonly reveals one or several
episodes of dysuria and/or pollakiuria, which may
have disappeared spontaneously or after short
treatment with an antibiotic or urinary antiseptic.
However, the patient may be unaware of any uri-
nary symptoms in the past24. Sometimes, the
patient mentions recurrent episodes of intrascrotal
pain with a dull feeling being exacerbated by soft
pressure. Ejaculatory symptoms may occur, such
as reduced ejaculation force or volume, painful
sensation during or immediately after ejaculation
or blood-staining of the ejaculate (hematosper-
mia)25. Finally, sexual complaints may include
decreased libido and orgasmic sensation or erectile
dysfunction26. 

Clinical examination should focus on careful
palpation of the scrotal content, particularly the
epididymides and vasa deferentia. Any swelling or
nodularity should be noted, as well as pain during
soft pressure. Digital rectal examination can be
performed, but transabdominal and particularly
transrectal echography may reveal more relevant
information27.

Blood analysis may suggest signs of infection,
such as an increased number of white blood cells,
increased sedimentation rate or abnormal globulin
proportions upon protein electrophoresis. Specific
tests for circulating antibodies against Chlamydia
should be included into the routine investigation
for male infertility, and the indirect mixed
antiglobulin reaction (SpermMar® test; Fertipro,
Beernem, Belgium) detects antisperm antibodies
of the IgG class in the serum.

Urine analysis may reveal bacterial infection or
an increased number of white blood cells, but
analysis of the urine obtained after prostate mas-
sage should be more relevant28,29. The detection of
C. trachomatis uses nucleic acid amplification

methods in urine, which is not applicable, how-
ever, in semen30. The absence of urinary abnor-
malities does not exclude male accessory-gland
infection, particularly epididymitis.

Semen analysis is of pivotal importance to the
diagnosis. Semen must be collected following par-
ticular instructions, avoiding contamination with
cells and bacteria from the skin or urethra31.
When semen culture is performed for the count-
ing and identification of bacteria, preparatory
dilution of the sample is required, reducing the
bacteriostatic capacity of seminal plasma, and the
prostate fluid in particular17.

The number of ‘round cells’ must be counted,
and these must be differentiated into peroxidase-
negative cells, mostly spermatogenetic cells, and
peroxidase-positive (white blood) cells31. Also, it is
mandatory to perform biochemical analysis of the
seminal plasma to measure the markers of secre-
tion of the sex glands, including for example, α-
glucosidase for the epididymides (Episcreen®;
Fertipro), citric acid or γ-glutamyl transferase (or
calcium or zinc) for the prostate and, possibly,
fructose for the seminal vesicles. Finally, the pres-
ence of antisperm antibodies on spermatozoa
must be traced by means of, for example, the
direct mixed antiglobulin tests for both IgG and
IgA31.

TREATMENT

Treatment of the infection should be the same as
for urinary tract infections, but must be given for
a longer period of time. However, abnormal secre-
tion of the prostate results in an alkaline environ-
ment in this gland, meaning that antibiotics such
as doxycycline are not concentrated and therefore
inefficient32. The third-generation quinolones,
pefloxacin33, ofloxacin, ciprofloxacin34 and levo-
floxacin35, are concentrated in both an alkaline
and an acidic milieu, and therefore penetrate well
into the diseased prostate and the seminal vesi-
cles33. In the case of Streptococcus infection, the
quinolones are ineffective, and treatment with
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amoxicillin, macrolides36,37 or cephalosporins may
be indicated. Certain authors advocate frequent
ejaculation to increase the success rate of antibi-
otic treatment38.

Commonly, bacterial infestation can be suc-
cessfully eradicated, but it may recur with the
same or a different pathogen. It may be necessary
to add a second, longer-term treatment with
another antibiotic. Whereas bacteria can usually
be eliminated from the genitourinary tract, white
blood cells may persist for several months, and
functional impairment of the accessory glands is
commonly irreversible. This implies that the
processes impairing the fertilizing capacity of sper-
matozoa remain active, and that fertility is not
restored. 

In general, the success rate of antibiotic treat-
ment of a male accessory-gland infection in terms
of spontaneous conception is poor, and not
significantly better than that of placebo. Treat-
ment aiming at the elimination of pathogens is,
however, indicated for reasons of ‘good medical
practice’, and in order to reduce the risk of future
complications, including prostate cancer39.

Because oxygen damage caused by excessive
numbers of white blood cells to the sperm mem-
brane and, most of all, DNA may persist after
antibiotic treatment, intrauterine insemination
and in vitro fertilization may yield poor results. In
vitro fertilization and intracytoplasmic sperm
injection may generate good numbers of pre-
embryos, but may fail in creating an ongoing
pregnancy40. Complementary treatment with
food supplements containing antioxidants may be
required41, and treatment similar to that of idio-
pathic oligozoospermia may be warranted42.

PROGNOSIS AND PREVENTION

Depending on the localization of the infection/
inflammation, the prognosis after treatment is
variable. Whereas the effects of prostatitis and
vesiculitis are less important and treatment yields
favorable results regarding fertility, (chronic)

epididymitis usually causes irreversible damage to
the quality and fertilizing capacity of sperm-
atozoa43. Also, immunological infertility, resulting
from rupture of the blood–testis barrier, is
irreversible. 

In view of the poor prognosis regarding the
restoration of fertility, prevention of infectious
disease is of primordial importance. Prevention of
sexually transmitted disease, and its immediate
treatment in positive cases, will reduce the risk of
infertility in a later stage. In particular, recurrent
infections with Chlamydia have been documented
to cause disastrous effects that were irreversible44.
Men who smoke run a 4–5-times higher risk of
prostatitis and subsequent spread of infection to
the other accessory sex glands. In addition,
tobacco-smoking causes surplus amounts of
oxygen radicals and toxic damage to the sperma-
tozoa. Avoiding tobacco is, therefore, the most
important factor in the prevention of male acces-
sory-gland infection by common urological
pathogens. Any episode of urinary complaints
suggestive for infection in the male must be
treated adequately, in particular using quinolones,
in order to avoid pathogens being harbored in the
prostate gland.
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Sperm-washing techniques for the
HIV-infected male: rationale and
experience

Gary S Nakhuda, Mark V Sauer

INTRODUCTION

It is estimated that the probability for viral trans-
mission to occur from a human immunodefi-
ciency virus (HIV)-seropositive male to an unin-
fected female is approximately 0.001 per act of
unprotected sexual intercourse1–4. Although the
risk of acquiring infection is low per event, if a
couple wishes to conceive, a woman faces consid-
erable risk of infection, given the need for numer-
ous acts of unprotected intercourse that are often
required in order to achieve pregnancy. HIV infec-
tion is most prevalent in adults of reproductive
age, and sexual intercourse is the most common
means by which women are infected with HIV.

The introduction of highly active antiretroviral
therapy (HAART) has greatly improved the clini-
cal course of this disease, and most compliant
patients are now living healthy productive lives5.
The reasonable desire of HIV-seropositive patients
to have children is stymied by the fact that natural
conception is not without risk of viral transmis-
sion. However, the drive to bear children is strong,
and some couples will risk viral transmission in
order to conceive unless provided with safer alter-
natives6. Although still considered to be the safest
options for beginning a family, adoption or the
use of donor sperm is not acceptable to many
patients7.

Albeit not entirely risk-free, assisted reproduc-
tive technologies (ART) offer HIV-serodiscordant
couples a chance for conception with their own
gametes. The principle underlying this interven-
tion is based upon the knowledge that functional
sperm can be separated from infectious elements
in the semen. While levels of HIV in semen cor-
relate with values in peripheral blood in many
instances8,9, there is also evidence for compart-
mentalization of seminal HIV, suggesting an
independent regulation of viral load in the repro-
ductive tract10,11. The sperm, separated from sem-
inal plasma and its cellular components, are
believed to be free of virus and when properly
prepared can be utilized either in vivo using arti-
ficial insemination or for in vitro techniques with
reduced risk for transmitting HIV to the unin-
fected female. 

Since the early work published by Semprini
et al. in 199212, multiple investigators have
employed sperm separation methods to treat
HIV-serodiscordant couples who wish to bear
children. In the current world literature, thou-
sands of ART cycles have been reported in such
couples, yielding hundreds of babies without a
single documented case of infection in mother or
child (Table 25.1)13–28.

Despite the safe and effective outcomes
demonstrated by these methods, and wider

Kruger Chapter 25  12/7/06  11:52  Page 351



acceptance of the use of assisted reproduction for
HIV-serodiscordance gained over the years, there
remain many controversies and challenges. The
following review examines the clinical aspects of
providing fertility care for HIV-positive men and
their uninfected female partners, focusing on the
technical facets of sperm processing and options
available for treatment. 

PATIENT SELECTION

As is true of any elective procedure, patients must
initially be properly screened to determine
whether they are appropriate candidates for treat-
ment. The basic criteria used in selecting HIV-
positive individuals for fertility care ensures that

the patient is healthy and without signs or
symptoms of acute or chronic conditions that may
indicate deterioration of health. The patient
should have a thorough medical evaluation by his
primary-care specialist, and demonstrate stable
CD4 counts and HIV viral loads over the 6
months prior to beginning fertility treatment.
There should be no evidence of acquired immune
deficiency syndrome (AIDS)-defining illness.
With due respect for the couple’s autonomy in
deciding to bear children, care providers must
consider the risks of a pregnancy when one (or
both) of the partners has a life-threatening
condition. Unfortunately, even when properly
screened, HIV-positive patients may experience
rapid deterioration of health and die within a
short interval29. 

Table 25.1 Summary of published results for HIV-1-serodiscordant couples undergoing assisted reproduction for risk
reduction of male to female viral transmission

Study Cycles (n) Patients (n) Pregnancies (n) Births (n) Infection

IUI cycles

Semprini et al., 199713 1954 623 272 242 0
Vernazza et al., 199714 46 16 5 3 0
Brechard et al., 199715 11 — 5 — 0
Marinia et al., 199816, 200117 458 233 116 86 0
Tur et al., 199918 155 67 32 — 0
Weigel et al., 200119 143 64 19 14 0
Bujan et al., 200120 62 28 14 2 0
Daudin et al., 200121 93 39 18 — 0
Gilling-Smith et al., 200322 92 36 12 10 0
Delvigne et al., 200323 5 5 4 4 0

Total 3019 1111 497 361 0

IVF–ICSI cycles

Ohl et al., 200324 54 39 20 14 0
Marina et al., 200325 219 156 92 75 0
Garrido et al., 200426 73 73 29 19 0
Mencaglia et al., 200527 78 35 22 22 0
Sauer et al., 200628 275 135 94 112 0

Total 699 438 257 242 0

IUI, intrauterine insemination; IVF–ICSI, in vitro fertilization–intracytoplasmic sperm injection
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Female partners should be verified as HIV-
negative using a screening enzyme immunoassay
(EIA) within 1 month of initiating assisted repro-
duction. Although these women are undergoing
treatment in order to reduce infectious risk, and
likely do not have coexisting factors that are asso-
ciated with infertility, they should still have a thor-
ough reproductive evaluation. Due to the expen-
sive and labor-intensive nature of assisted
reproduction, which often involves the use of
ovulation induction agents, monitoring of cycles
and insemination or in vitro fertilization–
intracytoplasmic sperm injection (IVF–ICSI) pro-
cedures, it is prudent to screen for potential
problems that would complicate care prior to
beginning treatment. A comprehensive evaluation
of the female will allow an optimized approach,
improving the likelihood of success while mini-
mizing the number of treatment cycles and thus
reducing the exposure to sperm from her HIV-
positive partner.

It is important to emphasize that serodiscor-
dant couples must remain committed to safe sex-
ual practices. In the single reported case of pre-
sumed HIV transmission to a woman following
the intrauterine insemination (IUI) of processed
semen, it is possible that the infection was sec-
ondary to either unprotected intercourse or con-
dom misuse coincident with her fertility treat-
ment, and not because of the IUI itself 30.

SEMEN AND SPERM AS VECTORS FOR
HIV

CD4-positive lymphocytes and macrophages are
the principal reservoirs of HIV in the semen. Iso-
lating motile sperm cells from these infected non-
motile cells provides an opportunity to use the
uninfected spermatozoa of HIV-seropositive men
for assisted reproduction. Common techniques
known to all andrology laboratories utilizing den-
sity-gradient centrifugation, successive sperm wash-
ing and swim-up permit separation of the highly

motile fraction of spermatozoa, believed to be free
of HIV proviral DNA or RNA31 (Figure 25.1).

It remains indeterminate whether or not sper-
matozoa harbor HIV. The initial debate focused
on the presence or absence of the CD4 molecule
on spermatozoa, the receptor for which the gp120
glycoprotein of the HIV virus has a primary affin-
ity. In 1987, it was suggested that the CD4 recep-
tor was expressed on human spermatozoa32. Sub-
sequently, however, much conflicting evidence
using molecular techniques has been presented
documenting both the presence33 and the absence
of the CD4 receptor on the sperm surface34. Fur-
thermore, morphological evidence based on trans-
mission electron microscopy suggested the pres-
ence of HIV viral particles on the surface and in
the cytoplasm of spermatozoa35, while others used
the same techniques to demonstrate that viral par-
ticles exist in the seminal fluid but not on the
sperm themselves36. 

Although the necessary glycoprotein co-
receptors for cellular HIV entry, CXCR4 and
CCR5, are notably absent from the germ cells of
rats and humans37, an alternative route for the
association of HIV with spermatozoa via the
galactosyl-alkyl-acylglycerol (GalAAG) glycolipid
was suggested38. CD4-negative neural cells and

1 Discontinuous density gradient:
 • centrifuge semen layered over
  silicon-based discontinuous
  density gradient
 • discard supernatant

2 Wash:
 • in clean tube, centrifuge
  resuspended pellet in HTF-HSA 
 • discard supernatant
 • repeat for a total of two wash steps

3 Swim-up:
 • layer HTF-HSA on pellet for
  1 hour for swim-up
 • remove motile sperm fraction
  in upper layer for ICSI

Figure 25.1 Schematic for processing of HIV-positive semen
for in vitro fertilization–intracytoplasmic sperm injection
(IVF–ICSI). HTF-HSA, human tubal fluid–human serum albumin
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colonic epithelium possessing galactosyl ceramide
on the cell membrane demonstrated an affinity for
gp12039, and the analogous GalAAG, localized to
the equatorial and midpiece regions of the sperm,
may present a similar portal40. Interestingly, in
experiments conducted with human oocytes,
direct infection by HIV could not be demon-
strated, nor was there evidence of CD4, CCR5 or
GalAAG receptors in the zona pellucida or cumu-
lus cells, suggesting that tropism of HIV for germ
cells is curiously specific to the male41.

Compelling evidence exists on both sides of
the debate, and a consensus regarding the infectiv-
ity of HIV to spermatozoa has yet to be reached.
While it appears biologically plausible that indi-
vidual spermatozoa may be associated with HIV,
the clinical importance of this theory in the con-
text of assisted reproduction may be insignificant,
considering the lack of viral transmission in
current clinical reports using sperm-processing
techniques. While further investigation is cer-
tainly necessary, patients should continue to be
counseled with respect to the theoretical risks, but
may be reassured by the clinical evidence thus far
published. 

FACTORS THAT MAY AFFECT SPERM
QUALITY IN HIV-POSITIVE MEN

HIV infection may be detrimental to normal sper-
matogenesis, as progression of the disease is related
to a worsening of sperm parameters. However,
healthy HIV-seropositive men do not necessarily
have semen analyses that are significantly different
from those of non-infected controls42–44. Hypogo-
nadism and endocrine disorders are relatively fre-
quent in HIV-positive men, and when present,
subsequently affect spermatogenesis45. Androgens
prescribed to improve well-being and lessen mus-
cle-wasting46 may iatrogenically induce hypo-
gonadism47. It is important that clinicians are
aware of these possibilities when evaluating
HIV-serodiscordant couples prior to attempting
assisted conception. Each step of the ‘sperm

washing’ technique is associated with a consider-
able reduction in sperm yield48, and therefore the
normalcy of the specimen being processed may
influence the treatment plan if a reasonable num-
ber of motile sperm cannot be obtained post-
processing.

Antiretroviral therapy often involves disrup-
tion of nucleic acid synthesis and DNA integra-
tion, and therefore may potentially have adverse
affects on spermatogenesis. All classes of antiretro-
virals have been associated with male sexual dys-
function49. At the molecular level, long-term
exposure to HAART has been linked with multi-
ple mitochondrial DNA deletions which may
affect spermatogenesis at the stem cell level50.
However, clinical data do not support the detri-
mental effect of HAART on semen profiles26 or
reproductive capacity using ART such as
IVF–ICSI51. Discontinuation of antiretroviral
medications could promote viral resistance and
worsening of disease52, and therefore should not
be advocated with the intent of improving repro-
ductive capacity.

SEMEN PROCESSING

Handling the semen samples of HIV-seropositive
men requires facilities dedicated to the processing
of infectious agents. A separate class II biological
hood, as well as dedicated use incubators and stor-
age tanks, should be devoted solely to specimens
obtained from men known to be HIV-positive53. 

Standard sperm ‘washing’ methods provide a
motile fraction of spermatozoa, theoretically free
of seminal plasma and CD4-positive cells. Most
processing techniques involve a combination of
density-gradient centrifugation, resuspension and
centrifugation of the sperm pellet, followed by
swim-up. An outline of the processing technique
used in our laboratory is presented in Table 25.2. 

Discontinuous-gradient separation alone re-
sulted in a more marked reduction of the total
number of copies of HIV-RNA and proviral DNA
than did continuous-gradient. However, 8% of
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etc.) showed no differences in their ability to
remove HIV-RNA copy numbers when
47%/90% gradients were used31. Interestingly, the
same study found that Percoll strongly inhibited
HIV-RNA detection by a reverse transcriptase
(RT)-PCR assay, but not with the NucliSens

assay. The efficiency of removing HIV from semen
samples is dose-dependent, depending on the
amount of virus present in the original sample,
with lower initial viral concentrations resulting in
lower post-processing levels55. Comparing several
techniques for processing HIV-contaminated
semen, specimens with < 106 copies of HIV-RNA
became free of virus after processing regardless of
the washing technique used31.

Politch et al. recently introduced a novel and
simple method to isolate motile sperm from an
HIV-positive semen specimen. According to the
investigators, a ‘double tube gradient’ procedure
was more effective in removing HIV-RNA than
was the popular gradient/swim-up method. This
method was also faster, and simpler, and resulted
in significantly higher sperm yields31. If validated,
this promising technique could improve access to
safer conception for HIV-serodiscordant couples
in areas where more sophisticated laboratory pro-
cedures are not available.

Regardless of which method is selected for pro-
cessing sperm from HIV-positive men, patients
cannot be guaranteed that 100% of the virus is
removed. Thus, a theoretical risk of infection
remains possible. However, a reduction of viral
load to undetectable levels, or even 1% of the orig-
inal viral load, can be achieved using relatively
simple methods. This is true even when seminal
viral loads are high31, and should certainly reduce,
if not eliminate, the risk of viral transmission, as
evidenced by the cumulative clinical data.

VIRAL TESTING OF PROCESSED
SPECIMENS

Ultrasensitive viral detection methods such as
nested PCR and quantitative nucleic acid

Table 25.2 Processing protocol for semen samples
from HIV-1-positive males for in vitro fertilization–
intracytoplasmic sperm injection (IVF–ICSI)

All procedures performed in class II biological safety
cabinet

Sample transferred from collection container to sterile
15-ml conical centrifuge tube

Discontinuous density gradient:

• 1.5 ml 47% upper fraction layered over 1.5 ml
90% lower fraction (volumes are adjusted
according to volume of semen sample)

• 1–2 ml of semen layered on top of upper
gradient fraction

• centrifuge at 300 g × 10–20 min
• transfer pellet to clean centrifuge and dilute with

5 ml of modified human tubal fluid (HTF)
supplemented with 5% (v/v) human serum
albumin (HSA)

Wash 1:

• sample centrifuged 10 min at 300 g
• discard supernatant
• resuspend pellet in 3 ml HTF-HSA

Wash 2:

• sample centrifuged 10 min at 300 g
• discard supernatant

Swim-up:

• add small volume (0.2–1 ml) HTF-HSA to pellet
from wash 2

• allow 45 min for swim-up
• select motile sperm from upper fraction of

specimen for ICSI

SPERM-WASHING TECHNIQUES FOR THE HIV-INFECTED MALE 355

semen samples obtained from patients with HIV
infection still had a detectable viral load after this
technique was used alone. When the discontinu-
ous gradient was followed by swim-up, HIV-RNA
was reduced to < 1 copy per 105 pre-centrifugation
copies, and proviral DNA was undetectable using
sensitive nested polymerase chain reaction (PCR)
techniques54. Others, however, found that up to
5% of samples remained positive for HIV after the
gradient/swim-up technique16, and that gradi-
ent/swim-up did not provide significantly better
viral removal than gradient alone31.

Comparison of commercial gradient media
(Percoll, Isolate, PureSperm, PureCeption,
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sequence-based amplification assays are available
to detect HIV-RNA viral loads as low as 10
copies/ml56. Multiple investigators have used these
methods to validate that semen processing tech-
niques are indeed effective for reducing the viral
load of the specimen below the limits of detec-
tion13,54,55,57,58. What remains uncertain is
whether or not post-processing testing is necessary
for routine clinical use. 

Viral testing of the processed specimen
requires additional expense and delays treatment,
as immediate analysis of samples with ultrasensi-
tive techniques is not readily available. Post-wash
samples need to be cryopreserved until negative
results permit their use, at which time the speci-
men is thawed. Freeze–thaw processing results in
additional reductions in sperm yield, which may
adversely affect success.

Some investigators insist on the quarantine of
processed semen samples from HIV-positive men
until they are reassured by results of the ultrasen-
sitive techniques, especially in cases where subjects
are known to have poorly controlled infection59.
While their point is not without merit, we submit
that patients without well-controlled disease are
not suitable candidates for assisted reproduction,
and fertility care should be deferred to such a time
that clinical improvement can be demonstrated.

IUI VERSUS ICSI

Intrauterine insemination (IUI) and in vitro fertil-
ization with intracytoplasmic sperm injection
(IVF–ICSI) are the most commonly chosen tech-
niques used to establish pregnancy in serodiscor-
dant couples. Both methods have advantages and
disadvantages.

The largest body of evidence, collected by
European groups, suggests that IUI of processed
sperm from HIV-positive men is a safe and effec-
tive procedure60. Compared with IVF–ICSI, IUI
is less expensive, technically easier and highly
efficient in well-selected patients. However, IUI
requires that the female patient has patent

Fallopian tubes, and large numbers of motile
sperm must be harvested to be effective (at least
1–2 × 106/ml). A large number of sperm need to
be inseminated, which theoretically presents a
higher probability of contamination by viral parti-
cles or infected CD4-positive cells, than in the
case of IVF–ICSI where only a small number of
isolated sperm are used. Further of note, the Cen-
ters for Disease Control and Prevention (CDC)
do not endorse the use of IUI of processed sperm
from HIV-positive men, based on the previously
cited case from 1990 where a female serocon-
verted subsequent to an unsuccessful IUI attempt
using a specimen obtained from her HIV-positive
husband30. Additionally, some jurisdictions in the
United States have regulations that prohibit
insemination of HIV-infected material, prevent-
ing physicians from providing this service in these
areas61.

IVF–ICSI, used in clinical practice to treat
male factor infertility since 1992, is an alternative
to IUI for HIV-serodiscordant couples. IVF–ICSI
is more expensive, is more labor-intensive for the
patient and physician, poses inherent risks to the
woman since it requires ovarian hyperstimulation
with gonadotropins and may be associated with an
increased risk of congenital defects62. The major
theoretical advantage of IVF–ICSI in HIV is the
dramatically limited exposure to potentially infec-
tive material compared with IUI. Because only a
single sperm is injected into a single egg, maternal
exposure to non-sperm cells for which HIV has an
affinity is virtually eliminated. The immediate and
cumulative pregnancy success rates of IVF–ICSI
are impressive, with more than 90% of treated
young couples achieving conception within three
cycles of treatment (Figure 25.2).

Critics contend that viral particles attached to
the sperm via the GalAAG receptor may enter the
oocyte during fertilization prior to the formation
of cleavage-stage embryos63. The theoretical impli-
cation of these in vitro data seems to suggest that
HIV could be directly transmitted to the concep-
tus via ICSI with contaminated sperm. While bio-
logically plausible, an HIV-positive baby has never
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been born to an HIV-negative mother, and thus
the probability of such a situation seems very low.
While IUI requires the introduction of several
million sperm directly into the female reproduc-
tive tract, the ultimate step of the IVF–ICSI pro-
cedure involves the transfer of generally only 2–3
embryos. Furthermore, in men with compromised
semen parameters or women with non-patent Fal-
lopian tubes, IVF–ICSI is the treatment of choice.
Finally, as IVF–ICSI does not involve the direct
placement of HIV-positive sperm into the female,
in the United States at least, this procedure tech-
nically does not violate laws that prohibit insemi-
nation treatment of HIV-serodiscordant couples.
Therefore, in some centers IVF–ICSI may be
more acceptable to practitioners who wish to
lessen the risk of possible legal entanglements.

Clearly, both treatments have merits and short-
comings, and neither is entirely optimal for satis-
fying the needs of every patient. Ideally, the selec-
tion of individualized treatment plans by a
well-informed patient should occur, thus permit-
ting couples who possess a clear understanding of
the risks and benefits of each procedure a role in
determining their course of action. Unfortunately,
in most regions of the world, financial, political
and social factors continue to limit the scope of
reproductive options available to HIV-serodiscor-
dant couples.

FOLLOW-UP SURVEILLANCE

Following IUI or IVF–ICSI with samples from
HIV-positive men, it is essential to screen closely
for viral transmission. In our practice, if the
female partner becomes pregnant, surveillance
screening for HIV is performed during each
trimester. Immediately postpartum, the mother
and offspring are tested in the neonatal period,
then again at 3 and 6 months using high-sensitiv-
ity HIV-RNA or proviral DNA tests. In the event
that pregnancy fails to occur, or in cases of spon-
taneous miscarriage, the female is tested 3 and 6
months later. 

Between 1997 and 2005, nearly 275 cycles of
IVF–ICSI have been performed in over 135
patients, resulting in more than 100 live births at
Columbia University. To date, there has not been
a single case of HIV infection in the treated female
partner or her offspring (Table 25.3).

CONCLUSIONS

Most of the nearly 40 million people in the world
who are currently infected with HIV are of repro-
ductive age64. As a result of improvements in the
medical management of the disease, many
patients are now leading relatively normal and
healthy lives, making the prospect of child-bearing
a reasonable consideration. For those who are
determined to start families, it is important that
safe options for conception are available.

Effective sperm processing methods that iso-
late HIV and its vectors from a useful fraction of
motile sperm permit the implementation of
techniques such as IUI and IVF–ICSI in order to
establish a pregnancy safely. Wider availability
of these services will permit more infected
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Figure 25.2 Life-table analysis depicting cumulative delivery
rates of HIV-serodiscordant couples with successive attempts
at in vitro fertilization–intracytoplasmic sperm injection
(IVF–ICSI) as stratified by the woman’s age
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individuals the opportunity to enjoy family life.
Perhaps more important from a public-health per-
spective, utilizing assisted reproduction may lessen
the disease burden within the general population
by reducing the number of infected partners and
offspring.

Providing fertility care to HIV-seropositive
individuals is endorsed by the American College
of Obstetricians and Gynecologists, and the
American Society for Reproductive Medicine65,66.
In the United States, 18% of 182 fertility clinics
reported providing some form of assisted repro-
duction to HIV-infected couples, although the
specific services that were offered at these centers
was not described67. 

The extensive European experience seems to
reflect greater access to services. While many HIV-
serodiscordant couples in developed countries
have benefited from ART, the impact of the tech-
nologies would be most profound if extended to
areas where HIV is highly prevalent. For instance,
in sub-Saharan Africa, an area where 64% of the
world’s HIV/AIDS population resides, the main
route of transmission is through heterosexual
activity64. More than half of the HIV-infected
individuals are women, and AIDS is a significant
cause of infant mortality and orphaning. Clearly,

any effort that reduces heterosexual transmission
of HIV should produce a significant impact in
these endemic populations. Future research needs
to focus on simple, effective, and inexpensive
techniques that could be easily implemented in
such regions, so that HIV-serodiscordant couples
may bear children without assuming the mortal
risks inherent to natural conception. 
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Treatment of HIV-discordant couples: the
Italian experience

Augusto E Semprini, Lital Hollander

SAFER REPRODUCTION OPTIONS FOR
HIV-POSITIVE MEN

The Western world discovered human immuno-
deficiency virus/acquired immune deficiency syn-
drome (HIV/AIDS) as a disease of gay men and
intravenous drug users. However, the growing
global HIV epidemic is currently fueled by het-
erosexual transmission. Although effective antivi-
ral treatment was shown to reduce the sexual and
vertical transmission of HIV1–4, the rates of het-
erosexual transmission in industrialized countries
are on the rise5–8. This fact may reflect the delayed
detection of heterosexually infected individuals
who, not perceiving themselves at risk, refrain
from testing and can transmit the infection to
their sexual partners. On the other hand, attention
to safe-sex practices may diminish in HIV-positive
individuals taking highly active antiretroviral
treatment (HAART). Also, their HIV-negative
sexual partners might perceive HIV infection as
less infectious or even less dangerous9.

In HIV-positive men, HAART increases both
quality of life and the duration of disease-free sur-
vival, encouraging many to consider parenthood.
Be they men or women, people infected by HIV
are living longer, most of them are of fertile age
and their natural wish for a family and parenthood
needs to be addressed with more than the general
recommendation to refrain from pregnancy.

This chapter discusses the evidence regarding
HIV transmission and safe parenthood in men
infected with HIV. Reproductive counseling and
the provision of semen washing and assisted
reproductive technologies (ART) are the mile-
stones in offering reproductive assistance to these
individuals.

EPIDEMIOLOGY OF HIV INFECTION IN
EUROPE

According to World Health Organization
(WHO)/United Nations Program on HIV/AIDS
(UNAIDS) official estimates, by the end of 2004,
the number of people living with HIV and AIDS
(PLWHA) in Europe was 2 010 000 (estimated
range 1.40–2.86 million), with an estimated
European prevalence of 0.4% (range 0.2–0.6% in
different countries)10. Figure 26.1 shows the esti-
mated number of HIV infections per year, by the
middle of 2004.

The current epidemiological situation in
Europe is characterized by the continuing spread
of HIV and rapid growth of the number of people
in need of antiretroviral therapy in Eastern
Europe. Over one million people affected by the
epidemic in the region (according to WHO and
UNAIDS estimates) represent a real challenge to
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the social and economic development of countries
and to their national security.

This constant increase in the number of peo-
ple living with HIV/AIDS in Europe is due to
both the number of newly registered cases and an
increase in the availability of antiretroviral ther-
apy, which prolongs life from the moment of
infection. The large majority of HIV infections
are observed in young males. This predominance
is due to prevalent homosexual transmission in
countries such as France, Germany, Scandinavia
and Greece, and to a rampant epidemic among
intravenous drug users in Italy, Spain and Eastern
Europe10.

However, in recent years the number of
women involved in the epidemic has continually
increased. In 2003, the proportion of newly regis-
tered HIV/AIDS cases attributed to women was
37% in Western Europe and 38% in Eastern
Europe, compared with 1999, when the propor-
tion of newly registered women with HIV/AIDS
was 31% and 25%, respectively. In some countries
of Eastern Europe, such as Russia and Ukraine,
the proportion of child-bearing-aged (15–49 years
old) women infected through heterosexual contact
with an infected male is almost 50%.

Men taking HAART have lower seminal con-
centrations of HIV, and sexual transmission may
be reduced. However, a certain percentage of
aviremic men retain viral presence in the semen,
and unprotected intercourse to achieve fertiliza-
tion must be discouraged. HIV-discordant couples
for male seropositivity should be informed that
sperm washing can remove HIV from the semen,
allowing conception without the risk of infection
for the seronegative female, and eventually the
child.

HETEROSEXUAL SPREAD OF HIV

Recent studies reveal that the heterosexual popu-
lation is currently most subjected to infection. In
a British surveillance study, 1624 young people
(aged 15–24 years) were diagnosed with HIV dur-
ing the period 1997–2001, of whom 55% had
been infected heterosexually11. Different interna-
tional studies confirm this increase of heterosexual
infections5–8. Figure 26.2 shows the trends of
transmission for different exposure categories in
Western Europe. The effective reduction in trans-
mission among the ‘classic’ risk groups, namely
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intravenous drug users and men having sex with
men, is evident. In contrast, infections due to
heterosexual transmission are undergoing a
significant increase.

Increased heterosexual infection rates might
also depend on the availability of HAART. In a
recent study, 40% of seronegative stable hetero-
sexual partners of HIV-positive individuals
reported less fear of infection and an increased
likelihood to engage in risk behavior9. This is par-
ticularly dangerous in HIV-discordant couples
who wish to conceive, where condom use
may be abandoned in favor of unprotected
intercourse.

Reasons for the increased risk in heterosexual
women are rarely addressed in epidemiological
studies investigating rates of infection. However,
there is evidence that a proportion of such expo-
sures may be intentional. An Italian study analyz-
ing the population of women requesting HIV tests
in two distinct time periods (1985–89 and
1993–97) showed a sharp increase of partners of
HIV-1-infected males (from 8.7 to 36.5%) among
voluntary testers13. A study of 581 seroconverters
revealed that 56% of women who seroconverted
knew that a sexual partner was HIV-positive14. An

additional study of the incidence of heterosexual
transmission of HIV in women investigated the
temporal relationship with pregnancy. In 449 ini-
tially HIV-negative women with no history of
parenteral drug use, there had been four serocon-
versions at 30 months of follow-up. Three of these
four seroconverters became pregnant, with a preg-
nancy rate five-fold that of the general popula-
tion15. Hence, there is evidence to suggest that
partnership with HIV-positive men, and concep-
tion attempts, are among the factors that expose
women to HIV transmission.

The advent of HAART and the effects of mas-
sive prevention campaigns targeted at ‘high-risk’
groups may have contributed to this shift in the
epidemic. In fact, heterosexual individuals are
more likely to consider themselves ‘at low risk’,
and therefore ignore safe-sex recommendations.
Voluntary testing is also less frequent in this
group. An analysis of over 30 000 AIDS cases
reported in Spain in the years 1994–2000 showed
an increase of late testers, from 24% in 1994–96
to 35% in 1998–2000. Late testing was inde-
pendently associated with male sex, residence in
provinces with a lower AIDS incidence and ab-
sence of a history of drug use or prison stay16.
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THE IMPACT OF HIGHLY ACTIVE
ANTIRETROVIRAL TREATMENT ON
SEMINAL VIRAL EXCRETION

The administration of effective antiretroviral ther-
apy normally leads to a marked reduction in viral
replication, with a several-log reduction in blood
HIV-RNA concentrations within weeks. The
majority of patients adhering to medication will
experience persistent aviremia. An estimated risk
of infection per act of unprotected intercourse in
heterosexual couples where the man is regularly
taking HAART is not available. However, a long-
itudinal study in 415 HIV-discordant Ugandan
couples observed that no seroconversion occurred
in couples where the man’s viral load was less than
1500 copies/ml, while the probability of transmis-
sion per coital act rose to 0.0023 per act at 38 500
copies/ml or more17. Support of the evidence that
HAART reduces HIV infectivity comes from a
study showing a 60% decline in partnership
probability of transmission in gay couples in the
period 1994–99, during which HAART became
widespread1.

The probability of sexual transmission of HIV
in serodiscordant couples does not follow a linear
pattern, as some infected individuals are more effi-
cient in transferring the virus (i.e. high transmit-
ters), while some women could be more vulnera-
ble to infection18. Male-to-female transmission of
HIV is likely to depend on the amount of virus in
the semen, but additional factors can determine
the chances of infection19–21. In fact, various stud-
ies suggest that the model assuming constant
infectivity appears seriously to underestimate the
risk after very few contacts and seriously to over-
estimate the risk associated with a large number of
contacts22. In addition, in long-standing couples,
low rates of infection per single act of unprotected
intercourse should also be corrected for the fre-
quency of intercourse and other covariates, such as
adherence to HAART, possible treatment inter-
ruptions or undetected viral failure.

In semen, HIV can be found in cell-associated
form within seminal leukocytes, and in cell-free
form in seminal plasma. Several studies have ana-
lyzed the impact of HAART on the presence of
HIV-RNA and DNA in the semen of treated indi-
viduals. In most patients, the decrease in blood
viral load parallels that in seminal plasma. How-
ever, a significant proportion of men with low or
undetectable HIV viremia still shed substantial
amounts of virus in their semen23,24.

Bujan et al.24 measured the frequency of viros-
permia in 67 HIV-positive men who repeatedly
donated sperm (as part of their reproductive
health treatment). While 73% of men were con-
stantly HIV-negative, 29% showed HIV presence
in at least some of the seminal samples, and two
(3%) had constant presence. These findings con-
trast with the recent view that men with unde-
tectable blood viral loads are not infectious, and
corroborate previous findings19 that the model of
‘constant infectivity’ is inaccurate, and that men
are divided into categories of efficient and non-
efficient transmitters.

Seminal HIV viral load may change consider-
ably, even in the same individual. In the above
study24 a man who had consistently low plasma
viral load showed an asymptomatic elevation of
HIV in the semen to highly infectious concen-
trations (approximately 300 000 copies/ml). Fac-
tors associated with the risk of seminal excretion
of the virus can be HIV-related, such as CD4 cell
count, HIV viremia and type of treatment. How-
ever, the highest correlation is shown with seminal
characteristics, and mainly with the presence of
seminal leukocytes, which increases the risk of
secretion four-fold (p < 0.001).

These findings are particularly relevant in
counseling HIV-discordant couples who may be
tempted not to use condoms regularly during
intercourse, in the erroneous belief that viral sup-
pression in blood is a guarantee against infection to
the seronegative partner, or that a few timed acts of
intercourse entail a very limited risk of infection.
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REPRODUCTIVE HEALTH SERVICES FOR
INDIVIDUALS WITH HIV

The rapid spread of HIV and AIDS has had reper-
cussions in many aspects of people’s lives. The dis-
cussions around child-bearing and living with
HIV are dynamic and complex, making it impos-
sible and even inappropriate to prescribe a unique
and ideal approach.

Some contraceptive methods originally
designed for fertility regulation are now seen pri-
marily as methods for protecting against infection
with HIV and other sexually transmitted diseases.
Arguments for use of the condom, for example,
now often focus on the prevention of infection as
much as, if not more than, the avoidance of
unwanted pregnancy. However, HIV sufferers of
both sexes may still wish to have children; they
may need counseling about the risk of sexual and
vertical transmission of HIV.

Knowledge of the integration of HIV and
reproductive health services is still limited. Repro-
ductive health programs, particularly comprehen-
sive programs to prevent sexual transmission to
HIV-negative partners during conception
attempts, and mother-to-child transmission when
the woman is HIV-positive, are highly necessary25.
Health-care providers should anticipate that HIV-
positive individuals might require counseling and
support to make choices regarding their sexuality
and parenthood, and proactively assist them. In
addition, reproductive health programs for HIV-
positive individuals should provide, or have
explicit mechanisms of referral for, antiretroviral
treatment to ensure optimal parental health.
Hence, links should be created between
HIV/AIDS and reproductive health services and,
eventually, harm reduction programs.

Service providers in both reproductive and
HIV services should adopt a positive attitude
towards reproductive health in HIV-positive indi-
viduals. Interventions to promote sexual health
among HIV-positive people include assistance
with identifying and overcoming impediments to
safer sexual behavior, education on the potential

for HIV transmission to an uninfected partner
even when on antiretroviral treatment, informa-
tion and counseling on sexually transmitted infec-
tion (STI) prevention, including the importance
of correct and consistent condom use, and the
availability of safer reproductive options.

MALE CONDOM

When used consistently and correctly, male latex
condoms protect against both female-to-male and
male-to-female transmission of HIV, as shown in
studies of discordant couples26. Furthermore, con-
doms offer protection against reinfection with
HIV; limited evidence suggests that infection with
more than one strain of HIV may accelerate the
progression of HIV disease27.

Laboratory studies have demonstrated the
impermeability of male latex condoms to infec-
tious agents contained in genital secretions,
including the smallest viruses. Male condoms also
protect against other STIs, although their effec-
tiveness may be lower in the case of STIs that are
also transmitted by mere skin-to-skin contact
(such as herpes, human papilloma virus and
syphilis)28.

The use of condoms should be emphasized by
providers in all situations where prevention of
pregnancy is not a concern, such as during preg-
nancy, with infertility, after sterilization or in
postmenopausal women. Special support should
be considered for couples with discordant serosta-
tus. For sexually active individuals with HIV and
an HIV-negative partner, protected sex using a
condom is the only way to ensure that their sexual
partner remains uninfected.

Notwithstanding the ample proof of condom
effectiveness, major barriers to increased condom
use still exist even in areas with high HIV preva-
lence. These include negative attitudes towards
condoms, limited access and lack of political com-
mitment. Low rates of condom use have been
reported even following disclosure of HIV status
to sexual partners29.
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NATURAL VERSUS ASSISTED
CONCEPTION IN HIV-DISCORDANT
COUPLES

The theoretical limited risk of infection per single
act of intercourse could motivate HIV-discordant
couples to abandon condom use for empirically
timed sexual acts aimed at conception. In 1997, a
French group reported their follow-up of 96 HIV-
discordant couples aiming at conception through
unprotected intercourse. Altogether, 104 pregnan-
cies were achieved, with two seroconversions at 7
months of pregnancy, and two postpartum30. This
rate of infection is approximately eight-fold that
reported in studies observing heterosexual trans-
mission in HIV-discordant couples17, and the rea-
sons for this observation are not fully discussed in
the article, although it is mentioned that the cou-
ples in whom the woman seroconverted reported
inconsistent condom use. The study was con-
ducted between 1986 and 1996, and only 21 men
were receiving antiretroviral medication, which,
conceivably, was not HAART30.

The sexual history of HIV-discordant couples
requesting reproductive counseling should be
carefully considered, as it might offer an indica-
tion about their actual risk of sexual transmission.
Paradoxically, couples who have always used con-
doms have a baseline higher risk of transmission,
in comparison with couples who have had long
periods of unprotected sex without transmitting
the infection. Therefore, couples who report con-
sistent condom use since the beginning of their
sexual relationship should be warned about the
possibility that the man is a potential high trans-
mitter of the infection.

However, such advice must go hand in hand
with the ability to offer the couple a safer alterna-
tive for conception. Clinicians may erroneously
assume that discouraging HIV-discordant couples
from the intention to conceive is effective, and
that such couples will adhere to condom use. On
the contrary, over two-thirds of 104 heterosexual
HIV-discordant couples from the California Part-
ners Study II reported unprotected sex with their

partner in the previous 6 months9. A Swiss multi-
center study evaluating fertility intentions and
condom use among 114 HIV-positive persons
showed that 45% of positive women and 38% of
positive men expressed a desire for children, and
that consistent condom use was mentioned by no
more than 73% of participants31.

In surveying the post-insemination quality of
life and behavior of our former patients we have
discovered that approximately half of the couples
who failed to conceive through semen washing
proceeded to procreating on their own, abandon-
ing condom use on a few timed occasions. After
conception, all couples returned to habitual levels
of condom use. In contrast, couples who con-
ceived through our methods reported high com-
pliance with safe-sex behavior.

SEMEN WASHING

Semen washing is the term used to describe the
three-step seminal processing method involving
gradient centrifugation, washing and spontaneous
migration, devised approximately 15 years ago in
Milan, reported to the Lancet in 1992 after the
birth of the first ten healthy children from unin-
fected mothers32.

The specific semen washing method is a three-
step system which first filters the liquefied semen
through a gradient, then washes the recovered
spermatozoa to eliminate seminal plasma and
hyperosmotic gradient media, followed by a mod-
ified swim-up method to recover highly motile
spermatozoa, free from leukocytes eventually
passed through the gradient step (Figure 26.3) .
Anderson et al. showed that as a result of this pro-
cedure, the HIV titer in the motile sperm fraction
decreased to less than 0.1% of that in the semen,
and that the sperm fraction was not infectious to
peripheral blood lymphocytes in vitro33.

No clinical or immunological exclusion criteria
were proposed for access to the program, other
than the willingness to refrain from unprotected
intercourse, as the method was originally
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conceived as a risk-reduction strategy and there-
fore most necessary in those individuals who have
the highest foreseeable risk of transmission, such
as subjects with profound immune deficiency. In
fact, HAART, with its known effects on immuno-
logical and virological markers, was not available
in Italy until 1997. Indeed, all men included in
the first 6 years of the program were not taking
highly active antiretroviral medication. To date,
access to assistance is unrestricted, and this is rele-
vant for patients who do not need pharmaco-
logical control of viral replication, who are on
structured or other treatment interruptions, who
have poor adherence to therapy or who have failed
antiretroviral medication.

Similarly, until 1995, when polymerase chain
reaction (PCR) assays became available for deter-
mination of viral presence in the washed sperma-
tozoa aliquot, nearly 500 cycles of sperm washing
and intrauterine insemination (IUI) were con-
ducted. Hence, for a number of years, men with
potentially infectious semen were treated without
the ability to attest the efficacy of each washing
cycle prior to insemination. Yet, no case of sero-
conversion in the women was observed34.

Still, all couples who participate in the program
of assisted conception through sperm washing are
informed that there is a non-zero risk of infection,

which must be acknowledged. In order to assess
the results, women are requested to undergo HIV-
serological testing at 3-monthly intervals for a full
year after each assisted-conception cycle.

Since the above, several units in Europe (UK,
France, Spain, Germany, Switzerland, Sweden,
The Netherlands, Belgium, Denmark and Poland)
have started similar programs, and others plan to
start them in the future. To improve the state of
evidence regarding the safety and efficacy of sperm
washing followed by assisted reproductive tech-
nologies (ART), the pioneering centers in the field
founded CREAThE (Centres for Reproductive
Assistance Techniques to HIV couples in Europe),
a network comprising all centers currently provid-
ing reproductive assistance to couples with HIV
and other correlated sexually transmissible infec-
tions (i.e. hepatitis C virus (HCV), cytomegalo-
virus (CMV)).

CREAThE is an open network, and welcomes
the addition of new centers offering, or interested
in offering, ART services to couples in whom at
least one partner is affected by HIV. CREAThE is
highly representative of the realities of operating
in the field of assisted reproduction. It currently
includes 13 active members represented by clinical
centers from nine European countries. Recently,
the CREAThE centers pooled their treatment data

Final dilution: 4 × 106  Volume: 0.3–0.5 ml
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HIV-RNA
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Figure 26.3 The sperm washing procedure32
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which may increase the risk of HIV transmission,
be transmitted to the infant or compromise the
outcome of pregnancy.

As far as infectious screening is concerned,
women are requested to undergo a cervical swab
for identification of Chlamydia, Ureaplasma and
Mycoplasma infections, and a vaginal swab investi-
gating bacterial infections. Blood tests are per-
formed for HIV, hepatitis B virus (HBV), HCV,
syphilis, CMV and rubeola antibodies. The
gynecological screening includes a Papanicolaou
(PAP) test and hysterosalpingography to ascertain
tubal patency for women who are candidates for
IUI, or alternatively hysteroscopy for women who
are candidates for in vitro fertilization. The fertil-
ity evaluation is completed by hormonal dosings
of thyroid stimulating hormone (TSH), luteiniz-
ing hormone (LH), follicle stimulating hormone
(FSH) and 17β-estradiol during the menstrual
phase, and progesterone and prolactin between
the 22nd and 24th day of the cycle.

The man’s battery of infectious disease tests
includes performance of a urethral swab for
Chlamydia, Ureaplasma and Mycoplasma and a
sperm culture for bacteria. In addition to antibody
testing for HBV, HCV, syphilis and CMV, the
clinical evaluation includes HIV blood viremia
and, for HCV-positive men, HCV viremia, and
an evaluation of HIV-related health including
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into a joint analysis of safety and efficacy of semen
washing. Table 26.1 summarizes the results of this
analysis.

To date, over 5000 semen washing procedures,
followed by intrauterine insemination or in vitro
fertilization, have been carried out in Italy. No
seroconversion of the mother or birth of an
infected child has been reported in any of the
above centers.

These remarkable results for the treatment of
HIV-discordant couples, with what has been
proved to be a safe risk-reduction method, have
been followed by numerous communications
from notorious experts published in highly distin-
guished journals. All the above are in accord, not
only regarding the opportunity offered by assisted
conception methods to HIV-discordant couples,
but rather that denying assisted reproduction to
couples with HIV is, nowadays, an approach that
is unjustifiable from both a scientific and an
ethical point of view35–37.

ASSISTED CONCEPTION WITH SPERM
WASHING

Prior to admission to the program, couples must
undergo a detailed screening to exclude, or diag-
nose, infertility factors, and infectious diseases

Table 26.1 CREAThE (Centres for Reproductive Assistance Techniques to HIV couples in Europe) retrospective
analysis of semen washing and assisted reproductive technologies (ART) cycles performed before 31 December 2002
(unpublished data)

Live 
Couples (n) Cycles (n) Pregnancies (n) Miscarriages (n) births (n) Ongoing (n)

IUI fresh sperm 1373 3693 524 79 427 59
IUI frozen sperm 142 397 62 13 47 7  
IVF–ET/ICSI 254 361 117 17 42 27  
ET cryo 16 18 2 0 0 2  

Total 1785 4469 705 109 516 95  

IUI, intrauterine insemination; IVF–ET, in vitro fertilization–embryo transfer; ICSI, intracytoplasmic sperm injection
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measurements of CD4 and CD8 cell counts, and
history of antiretroviral treatment. The male
fertility evaluation is mainly based on the charac-
teristics of a baseline spermiogram performed
after sperm washing, although hormonal deter-
minations of testosterone, LH, FSH are also
performed.

Assisted conception treatment consists of
sperm washing, which can be followed either by
intrauterine transfer of washed spermatozoa or by
in vitro fertilization. The indication for resorting
to in vivo or in vitro fertilization should be
dictated by the couple’s fertility potential, as no
evidence is available indicating that in vitro fertil-
ization or intracytoplasmic sperm injection (ICSI)
could render assisted conception safer than by
intrauterine insemination, regardless of HAART.
Moreover, ICSI might increase the possibility of
transferring viral particles adhering to the external
acrosomal membrane within the oocyte’s cyto-
plasm, while this membrane is removed with
spontaneous sperm–egg interaction. Finally, the
choice of whether sperm washing should be cou-
pled with insemination or in vitro fertilization
(IVF) must be based on sound clinical evaluation,
but also on other factors, such as logistics, the
economic resources of the couple and their emo-
tional situation, bearing in mind that the offer of
an inaccessible program of assisted conception
renders spontaneous conception the only viable
option. In consideration of the epidemiology of
the HIV epidemic, a highly selective enrollment
procedure resulting in the offer of costly proce-
dures to a selected few38 may exclude the majority
of HIV-affected couples in search of a child.

In particular, the indications for the four ART
alternatives include:

Intrauterine insemination (IUI) in spontaneous
ovulation cycle : indicated in couples in whom both
partners are fertile; the woman is less than 35 years
old and presents no hormonal imbalance; and the
man’s seminal sample after the sperm washing
procedure has over 1.5 million motile spermato-
zoa/ml. The chances of conception are 15% per
cycle.

IUI with hormonal stimulation of multiple fol-
licular growth : recommended in couples who
present a clinical indication for its use; where the
woman is over 35 years old; when the couple has
undergone three spontaneous cycles with no preg-
nancy; when the couple lives far away from the
center; and when an increase in pregnancy
chances is desirable for logistic reasons.

IVF–ET: indicated in the presence of female
infertility, including occlusion of the Fallopian
tubes, or endometriosis. The man’s sample has to
have more than 1.5 million spermatozoa/ml. IVF
is also used in couples who have undergone
repeated inseminations with no pregnancy. In this
case as well, the seminal sample of the man must
have more than 1.5 million spermatozoa/ml after
washing. The chances of conception are 25% per
cycle.

IVF–ET/ICSI: indicated in cases of male infer-
tility represented by a reduction of the number of
motile spermatozoa to fewer than 1.5 million/ml;
by severe reduction in motility; or by conditions
characterized by immotile sperm.

FERTILITY IN HIV-DISCORDANT
COUPLES

Couples trying for a pregnancy can usually achieve
conception within a median of 5.2 months with
an average of two acts of intercourse per week,
while after 12 months of trying the likelihood of
fertilization falls to less than 7% per subsequent
year. In HIV-discordant couples, such sponta-
neous conception attempts are contraindicated
due to the implied risk of HIV transmission to the
woman.

In the general population, the approximate
rate of infertility, defined as an inability to con-
ceive within 1 year of spontaneous trials, is
approximately 10%. Comparable data cannot be
obtained in HIV-discordant couples because of
the risk of sexual transmission of HIV. In the first
years of the assisted conception program, couples
presented a significantly higher prevalence of
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infertility factors (Table 26.2), although the preva-
lence is gradually changing in parallel with the
shift in the HIV epidemic from intravenous drug
users to the heterosexual population. Nearly 85%
of men accessing the program between 1989 and
1995 were former intravenous drug users. In these
men the rate of genital tract infections was over
50%, possibly accounting for the 10% prevalence
of tubal damage in their female partners. At that
time, no antiretroviral medication was available,
and the clinical condition of the men was unsta-
ble. This highly charged situation could explain
the 20% of anovulatory cycles, probably due to
high levels of stress in the women.

In the current epidemiological picture, where
many men are infected heterosexually, most in sat-
isfactory clinical condition thanks to HAART, the
infertility factor distribution is increasingly similar
to that of the general population, with the excep-
tion of higher percentages of poor seminal counts.

No longitudinal study has unequivocally
shown that HIV infection per se leads to dysper-
mia, unless overt wasting or otherwise failing clin-
ical conditions are present. However, HAART has
the theoretical possibility of impacting on seminal
motility, as mitochondrial toxicity is one of the
leading adverse effects of nucleoside antiretrovirals
such as inhibitors of inverse transcriptase. Prelim-
inary evidence in this regard has shown a signifi-
cant reduction in the quantity of mitochondrial
RNA in the peripheral blood mononuclear cells of
men treated with HAART, suggesting that this
might impair sperm motility39, which would
reduce the in vivo pregnancy rate with either spon-
taneous conception or artificial insemination.
This effect is likely to be more pronounced in the
case of semen washing, as the procedure inevitably
selects only the proportion of highly motile
spermatozoa.

Therefore, couples in whom any act of inter-
course might result in infection, and who are
willing to try for a pregnancy on their own, should
be counseled on the need to conduct at least a
basic fertility evaluation and advised about the

protective effect of assisted conception with sperm
washing.

CONCLUSIONS

Sperm washing and highly active antiretroviral
treatment are the cornerstones in offering men
infected with HIV the possibility of responsible,
medically controlled procreation. While HAART
has an impact on infectious potential by reducing
blood, and potentially seminal, viral load, sperm
washing effectively reduces the infectiousness of
the semen.

In today’s reality, where people with HIV lead
longer and healthier lives thanks to long-term viral
suppression offered by HAART, long-term proj-
ects including parenthood become feasible to an
ever-larger proportion of infected individuals. In
this setting it is both ethically and medically justi-
fied to offer them the best viable options for med-
ically controlled conception, also bearing in mind
that withdrawing medically assisted reproduction
abandons couples to the poor choice between
childlessness and spontaneous attempts at
conception.
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Table 26.2 Frequency of infertility factors in HIV-
discordant couples undergoing sperm washing and
assisted reproductive technologies (ART) (author’s
data)

Infertility factor Prevalence (%)

Male genital tract infections 47

Female genital tract infections  29

< 1.5 million/ml motile spermatozoa  16.5

Hyperprolactinemia 14

Uni- or bilateral tubal damage/obstruction 12

Anovulatory cycles  10

Uterine cavity abnormalities 7

Endometriosis 1.5
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Artificial insemination using homologous
and donor semen

Willem Ombelet, Martine Nijs

INTRODUCTION

The first documented application of artificial
insemination was presented in London in the
1770s by John Hunter. A cloth merchant with
severe hypospadias was advised to collect semen in
a warmed syringe and inject the sample into the
vagina. Sims reported his findings of postcoital
tests and 55 inseminations in 1873. Only one
pregnancy occurred, but this could be explained
by the fact that he believed that ovulation
occurred during menstruation.

The rationale behind intrauterine insemina-
tion (IUI) with homologous sperm is to bypass the
cervical–mucus barrier and to increase the number
of motile spermatozoa with a high proportion of
normal forms at the site of fertilization1. A few
decades ago, homologous artificial insemination
was performed only in cases of physiological and
psychological dysfunction, such as retrograde ejac-
ulation, vaginismus, hypospadias and impotence.
With the routine use of postcoital tests, other
indications were added, such as hostile cervical
mucus and immunological causes with the pres-
ence of antispermatozoal antibodies.

The main reason for the renewed interest in
IUI is refinement of techniques for the prepara-
tion of washed motile spermatozoa associated with
the introduction of in vitro fertilization (IVF).
Washing procedures are necessary to remove

prostaglandins, infectious agents and antigenic
proteins. Another substantial advantage of these
techniques is the removal of non-motile sperma-
tozoa, leukocytes and immature germ cells. This
may enhance sperm quality by decreasing the
release of lymphokines and/or cytokines and also
by a reduction in the formation of free oxygen
radicals. The final result is improved fertilizing
capacity of the sperm sample in vitro and in vivo2.

Despite the extensive literature on the subject
of artificial homologous insemination, contro-
versy remains about the effectiveness of this very
popular treatment procedure, especially when
moderate or severe male subfertility is involved.
Contradictory results are observed because most
studies are retrospective and vary in (1) compari-
son of the study group (different groups of male
subfertility), (2) use or non-use of different ovar-
ian hyperstimulation regimens, (3) number of
inseminations per treatment cycle, (4) timing of
ovulation, (5) sites of insemination and (6) meth-
ods of sperm preparation.

Nevertheless, there is clear evidence in the lit-
erature that IUI can be offered as a first-line treat-
ment in most cases of unexplained, mild and
moderate male factor infertility, resulting in
acceptable pregnancy rates, before starting more
invasive and more expensive techniques of assisted
reproduction such as in vitro fertilization (IVF)
and intracytoplasmic sperm injection (ICSI)3–5.
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The effectiveness of IUI was also reported in a
large retrospective analysis of almost 10 000 IUI
cycles in which male factor subfertility was associ-
ated with a pregnancy rate of 8.2% per cycle in a
population with an average female age of 39
years6.

IUI is much easier to perform, less invasive and
less expensive than other methods of assisted
reproduction. Moreover, risks are minimal, pro-
vided that the incidence of multiple gestations can
be reduced to an acceptable level.

ARTIFICIAL INSEMINATION WITH
DONOR SEMEN

The first reported artificial insemination with
donor semen (AID) was performed by William
Pancoast in 1884 to treat a case of ‘postgonococ-
cal azoospermia’. Robert Dickinson of New York
City should be acknowledged for his contribution
towards making this technique acceptable, lawful
and legitimate. Despite the growing popularity
worldwide, different religions considered this
form of non-coital reproduction unacceptable.
Nowadays, AID is a successful technique of
assisted reproduction, but questions of emotional,
religious and legal issues are still important.

In this chapter, we briefly focus on the indica-
tions, selection of donors, screening of donors for
infectious and genetic diseases, procedure and
technical aspects and treatment evaluation.

Indications for AID

Until the introduction of ICSI, AID was the
most common treatment of infertility associated
with severe oligoasthenoteratozoospermia and
azoospermia. Other important indications for
AID are genetic disorders, repeated fertilization
failure or unsuccessful attempts with IVF. With
the introduction of ICSI in 19927, even severe
male subfertility could be treated successfully, and
the number of AID-treated cases dropped signifi-
cantly all over the world. Nowadays, AID is most

commonly used for lesbians and single women,
reaching over 50% of all insemination treatments
at least in countries where this is ethically and
legally permitted. On the other hand, it was
reported that although a majority of patients with
severe male subfertility could opt for ICSI, AID
was still an option for many couples for whom
these techniques were either not feasible or not
successful. A substantial proportion of patients
(33%) did not opt for ICSI8.

Selection of donors

Different countries have different regulations. A
consensus document for donor recruitment
remains difficult, but it should consist of at least
the following guidelines: (1) counseling must be
offered and potential donors must be informed
about the use of their gametes, the maximum
number of families into which children can be
born with their gametes, the legislation and the
rules of the center; (2) freely given informed con-
sent is mandatory; (3) the donor must indicate
whether he wants to be an anonymous (no infor-
mation between donor and recipient) or a non-
anonymous donor; and (4) reimbursement of
donors is possible but it should be limited so that
it does not become the primary reason for dona-
tion9. Governmental bodies such as the European
Parliament and Council or the US Food and Drug
Administration have produced written directives
that set standards of quality and safety for the
donation, procurement, testing, processing,
preservation, storage and distribution of human
reproductive cells.

Screening for donors

Psychological counseling

Psychological counseling must include the evalu-
ation of motivation, assessment of readiness, psy-
chiatric history, fulfillment of the child wish and
psychosociological implications of anonymous/
non-anonymous sperm donation.
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A normal medical history

It is recommended that normal healthy donors
without a history of a major (hereditary) disease
are recruited. Blood type and rhesus factor are
determined. Physical characteristics such as hair
and eye color, weight and size are registered.

Screening for infectious disease

All donors must be screened for risk factors and
clinical evidence of infectious disease. This screen-
ing requires a review of relevant medical records,
including a donor medical history interview and
physical examination. The screening must specifi-
cally address risk factors for, and evidence of, at
least: human immunodeficiency virus (HIV), hep-
atitis B and hepatitis C. Donations from anony-
mous semen donors must be quarantined until
donors are retested and determined eligible at least
6 months after the date of original donation.
Those samples in quarantine must be isolated
physically or by other effective means while await-
ing a decision on their acceptance or rejection.

Screening for genetic disease

A karyotype should always be performed. Donors
with major hereditary disease should be rejected,
and selective testing should also be performed for
recessive genetic diseases that are prevalent accord-
ing to ethnic origin, such as thalassemia or cystic
fibrosis.

Screening for sperm quality

Although the sperm quality of a potential donor
should be within the normal limits of motility,
concentration and morphology of the World
Health Organization (WHO) criteria for sperm
normality, the post-thaw quality is also important.
A loss of 30% in motility and viability should be
taken into account. Moreover, some sperm sam-
ples cannot tolerate any freeze–thaw procedure10.
Therefore, a test thawing of each frozen sample
should be performed to ensure good donor qual-
ity at the actual time of AID.

Technical aspects of AID

Only frozen and thawed donor semen quaran-
tined for at least 6 months can be used for AID.
Before and after quarantine, appropriate tests to
avoid the transmission of infectious diseases must
be carried out. Accurate records of all donor sam-
ples are mandatory, and the regulations linked to
the handling and storage of gametes must be
clearly defined.

Matching donor and recipient phenotypic
characteristics is advisable, if possible. The chil-
dren born from a single donor should be limited
to a low number (mostly ten children in a maxi-
mum of five families), not only to avoid the (very
low) risk of consanguinity as a consequence of
AID, but, more important, for psychological rea-
sons related to the donor.

Treatment evaluation

Each center must strictly record the outcome of all
AID cycles, and regional centralization of the data
concerning pregnancies should be performed. In
cases of anonymous donation, measures should be
installed to ensure non-disclosure of data and
records. In general, pregnancy outcome results
with AID are comparable to those of fresh cycles
with homologous semen. Factors influencing the
success rate with AID are discussed later in this
chapter.

ARTIFICIAL INSEMINATION WITH
HOMOLOGOUS SEMEN

Before IUI with homologous semen is applied in
daily practice, we must be convinced of the exact
value of the technique. Therefore, IUI has to be
weighed against expectant management, medical
and surgical treatment, timed coitus, IVF and
ICSI. This comparison should not only involve
success rates but also include a cost–benefit analy-
sis, and analysis of the complication rates of the
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various treatment options, invasiveness of the
techniques and patient compliance.

Effectiveness of IUI

Cervical factor subfertility

In a case of cervical factor subfertility, it seems log-
ical to perform IUI. Bypassing the hostile cervix
should increase the probability of conception. The
results of a meta-analysis of randomized con-
trolled trials comparing IUI with timed inter-
course for couples with cervical factor infertility
showed an improved probability of conception for
IUI (odds ratio (OR) with 95% confidence inter-
val (CI) 3.6, 2.0–6.5)11.

Unexplained subfertility

If an infertility work-up is unable to detect a plau-
sible explanation for couples with a history of sub-
fertility of at least 1 year, we use the term ‘unex-
plained infertility’. Because a good explanation for
the subfertility is lacking, the treatment is often
empirical. A meta-analysis comparing IUI and
timed intercourse in natural cycles showed no dif-
ference in results; therefore, IUI in natural cycles
seems to be ineffective in cases of unexplained
infertility. When controlled ovarian hyperstimula-
tion (COH) is used, IUI becomes effective, com-
pared with timed intercourse11. Peterson et al.12

found that three cycles of COH–IUI in couples
with unexplained infertility was just as effective as
one IVF cycle in achieving pregnancy, but IVF
was more expensive.

Male factor subfertility

When a male factor is found in couples with long-
standing infertility, expectant treatment seems to
be disappointing, with a spontaneous conception
rate of only 2% per cycle13. Therefore, this strat-
egy is not applicable in clinical practice. For IUI,
with or without COH, a pregnancy rate of
10–18% per cycle has been reported6,14. In a
Cochrane review, Cohlen et al.15 concluded that
IUI is superior to timed intercourse (TI), both in

natural cycles and in cycles with COH (natural
cycles–IUI vs. TI: OR 2.43, CI 1.54–3.83;
COH–IUI vs. TI: OR 2.14, CI 1.30–3.51).
According to this review, IUI in natural cycles
should be the treatment of choice in cases of mod-
erate to severe male subfertility, providing that an
inseminating motile count (IMC) of more than 1
million can be obtained after sperm preparation
and in the absence of a triple sperm defect
(according to WHO criteria).

Sperm quality and IUI results

In the selection of couples to be treated with IUI
or IVF/ICSI, it would be interesting to establish
cut-off values of semen parameters above which
IUI is a real alternative for IVF/ICSI in male sub-
fertility. According to the literature, the insemi-
nating motile count (IMC) and sperm morphol-
ogy are the most valuable sperm parameters for
predicting IUI outcome14,16–18. A trend towards
increasing conception rates with increasing IMC
was reported, but the cut-off value above which
IUI seems to be successful, however, varies14,18–22

between 0.3 and 20 × 106. A large retrospective
analysis in Genk in a selected group of patients
with normal ovarian response to clomiphene cit-
rate stimulation showed no significant difference
in cumulative ongoing pregnancy rate after three
IUI cycles between all patients, providing that the
IMC was more than 1 million16. Furthermore, in
cases with fewer than 1 million motile spermato-
zoa, IUI remained successful as a first-line option
provided that the sperm morphology score was
4% or more (cumulative ongoing pregnancy rate
of 21.9% after three IUI cycles).

In a meta-analysis of Van Waart et al.23, a
threshold of ≥ 5% normal forms using strict
criteria showed a significant improvement in
pregnancy rate. In a large number of studies, 5%
normal forms and 1 million motile spermatozoa
after sperm preparation are believed to be
potential cut-off values to select couples for IUI
treatment16,17,24–31. For total sperm motility
before sperm preparation, cut-off levels between
30 and 50% are reported14,29,31,32 . Two other
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parameters influencing the pregnancy rate after
IUI are the hypo-osmotic swelling (HOS) test
(> 50%, in a study by Tartagni et al.33) and sperm
DNA fragmentation (< 12%, in a study by Duran
et al.34).

Cost of ART-related services

Evidence related to the cost and effectiveness of
infertility treatment exists, but most studies have
focused on in vitro fertilization (IVF). The cost-
effectiveness of different interventions should be
considered when making decisions about treat-
ment. A number of studies have been performed
that focused on the cost-effectiveness of IUI when
compared with IVF3,4,12,35,36.

Published data comparing costs of IVF vs. IUI
indicate that the costs of IVF, gamete intrafallop-
ian transfer (GIFT) and zygote intrafallopian
transfer (ZIFT) are 4–7 times the cost of a single
superovulation/IUI cycle37–39. Using meta-analy-
sis, Peterson et al.12 concluded that the pregnancy
rate for three cycles of gonadotropins and IUI in a
population group of unexplained infertility was
superior to that with IVF or ZIFT and compara-
ble to that with GIFT. In a prospective random-
ized controlled trial, Goverde et al.3 concluded
that three cycles of IUI offer the same likelihood
of a successful pregnancy as does IVF. They con-
cluded that IUI is a more cost-effective approach,
not only for unexplained subfertility, but also for
moderate male factor subfertility.

This important message was confirmed in
another study performed in the UK4. In this study
the authors complemented existing clinical guide-
lines by including the cost-effectiveness of various
treatment options for infertility in the UK. A
series of decision-analytical models were devel-
oped to reflect current diagnostic and treatment
pathways for the different causes of infertility.
According to this study, stimulated IUI for unex-
plained and moderate male factor infertility is a
cost-effective approach. In a systematic review,
Garceau et al.5 also showed that initiating treat-
ment with IUI appears to be more cost-effective

than IVF in most cases of unexplained and mod-
erate male subfertility.

Risks and complications of IUI 
Severe ovarian hyperstimulation syndrome (OHSS)
may complicate all methods of treatment in which
gonadotropins are used; however, OHSS seems to
be rare after COH–IUI, compared with IVF40–43.
The incidence of pelvic inflammatory disease after
intrauterine catheterization and/or transvaginal
oocyte aspiration has been estimated to be 0.2%
for IVF41 and 0.01–0.2% for IUI24,40,43. The
major complication of assisted reproductive tech-
nologies (ART) remains, however, the high inci-
dence of multiple pregnancies, responsible for con-
siderable mortality, morbidity and costs44. In
COH–IUI cycles, the prediction of multiple ges-
tation is highly uncertain, especially when
gonadotropins are used, and this is despite careful
monitoring of the cycle with ultrasonography and
serum estradiol determinations. Careful monitor-
ing remains essential, and cancellation of the
insemination procedure, ‘escape IVF’ and follicu-
lar aspiration before IUI are reasonable options.
Transvaginal ultrasound-guided aspiration of
supernumerary ovarian follicles increases both the
efficacy and the safety of COH–IUI with
gonadotropins45,46. This method represents an
alternative for conversion of overstimulated cycles
to in vitro fertilization (‘escape IVF’). Natural-cycle
IUI, clomiphene citrate and a minimal-dose regi-
men with gonadotropins are valuable options to
prevent the unacceptably high multiple gestation
rates described after ovarian hyperstimulation.

A retrospective analysis of 619 065 pregnancies
and 661 065 births between 1993 and 2003 in
Flanders (Belgium) showed a multiple gestation
rate of 13.3% and 27.8% after artificial insemina-
tion and IVF, respectively. Although more than
50% of pregnancies after ART are associated with
non-IVF (COH with or without IUI), almost
two-thirds of multiple pregnancies after ART are
caused by IVF–ICSI. This may be explained by
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the fact that most centers in Flanders use
clomiphene citrate and natural cycles rather than
gonadotropins in IUI (Ombelet, unpublished
data; questionnaire of the Flemish Society of
Obstetrics and Gynecology, 2003).

To our knowledge, only three papers have
been published reporting the obstetric and perina-
tal outcome after IUI. According to Nuojua-Hut-
tunen et al.47, and using data obtained from the
Finnish Medical Birth Register (MBR), IUI treat-
ment did not increase obstetric or perinatal risks
compared with matched spontaneous or IVF
pregnancies. Wang et al.48 examined preterm birth
in 1015 IUI/AID singleton births compared
with 1019 IVF/ICSI and 1019 naturally con-
ceived births. They found that IUI/AID single-
tons were about 1.5 times more likely to be born
preterm than naturally conceived singletons,
whereas the IVF/ICSI group were 2.4 times more
likely to be born preterm than the naturally con-
ceived group. In a retrospective cohort study,
Gaudoin et al.49 described a poorer perinatal out-
come for singletons born to subfertile mothers
conceived through COH–IUI compared with
matched natural conceptions within the Scottish
national cohort. This was caused by a higher
incidence of premature and low birth-weight
infants. They suggested that intrinsic factors in
subfertile couples predispose them to having
smaller infants. We recently performed a study to
investigate differences in perinatal outcome of
singleton and twin pregnancies after controlled
ovarian hyperstimulation (COH), with or with-
out artificial insemination (AI), compared with
pregnancies after natural conception50.

We analyzed the data from the regional registry
of 661 065 births in Flanders (Belgium) during
the period 1993–2003. A total of 12 021 singleton
and 3108 twin births could be selected. Control
subjects were matched for maternal age, parity,
fetal sex and year of birth. We found a signifi-
cantly higher incidence of extreme prematurity
(< 32 weeks), very low birth weight (< 1500 g),
stillbirths and perinatal death for COH/AI single-
tons. Twin pregnancies resulting from COH/AI

showed a higher rate of neonatal mortality,
assisted ventilation and respiratory distress syn-
drome. According to our results, COH/IUI sin-
gleton and twin pregnancies are significantly
disadvantaged compared with naturally conceived
children, with a higher mortality rate and a higher
incidence of low birth weight and prematurity. We
also believe that infertility itself predisposes to a
worse perinatal outcome compared with naturally
conceived babies.

Couple compliance

Since IUI is a simple and non-invasive technique,
it can be performed without expensive infrastruc-
ture with a good success rate within three or four
cycles. It is a safe and easy treatment, with mini-
mal risks and monitoring. These factors are
responsible for a high couple compliance for IUI
compared with IVF. We previously described a
low drop-out rate of 19.6% in a series of 1100 IUI
cycles14. A much higher drop-out rate and long
time interval between treatment cycles for IVF
and ICSI has been described before37. Table 27.1
gives an overview of the pros and cons of IUI
compared with IVF/ICSI.

Treatment strategy in male subfertility:
opinion

Figure 27.1 shows the treatment strategy used at
the Genk Institute for Fertility Technology. In
most cases we start with clomiphene citrate ovar-
ian stimulation, although the cumulative ongoing
pregnancy rate is significantly lower compared
with follicle stimulating hormone (FSH) and/or
luteinizing hormone (LH) stimulation14, but with
the benefit of a low multiple pregnancy rate (less
than 7%). Although the cumulative ongoing
pregnancy rate after three IUI cycles is compara-
ble to that of only one IVF cycle (25%), more
than 90% of our couples agree to follow our pro-
tocol, being aware of the better success rate per
cycle after IVF. Excellent counseling is mandatory
and crucial.
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Table 27.1 Overview of the pros and cons of intrauterine insemination (IUI) compared with in vitro fertilization (IVF)
and intracytoplasmic sperm injection (ICSI). IMC, inseminating motile count; OHSS, ovarian hyperstimulation
syndrome; PID, pelvic inflammatory disease; LBW, low birth weight (< 2500 g). Reprinted from an article in
Reproductive Biomedicine Online by Ombelet et al. with permission from Reproductive Healthcare Ltd51

Pros Cons

IUI

Minimal equipment necessary ⇓ Success rate per cycle
Easy method ⇓ Success if IMC < 1 million
Less invasive ⇓ Success if morphology < 5%
Less expensive ⇑ Risk for LBW, prematurity
Good couple compliance ⇒ low drop-out rate (risk for antisperm antibodies)
Low risk for OHSS, PID
Moderate multiple pregnancy rate 

IVF ± ICSI

Minimal transmission of infection (IVF) Invasive
High success rate per cycle ⇑ Risk for LBW, prematurity

High risk for OHSS, PID
High multiple pregnancy rate
⇑ Risk for genetic disorders
Lower couple compliance ⇒ high drop-out rate  
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IMC
< 1 million

morphology < 4%

IMC
< 1 million

morphology ≥ 4%

Washing
procedure

IVF

< 30% or no fertilization

< 30% or no fertilization

ICSI IVF

IUI 3–4×

ICSI

Tubal factor

Washing
procedure

No tubal factor

IMC
> 1 million

Male factor subfertility
Teratozoospermia
Oligozoospermia

Asthenozoospermia

IMC
< 1 million

morphology < 4%

IMC
< 1 million

morphology ≥ 4%

IMC
> 1 million

Figure 27.1 Opinion: proposed algorithm of male subfertility treatment at the Genk Institute for Fertility Technology. IMC,
inseminating motile count; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection; IUI, intrauterine insemination. Reprinted
from an article in Reproductive Biomedicine Online by Ombelet et al. with permission from Reproductive Healthcare Ltd52
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Factors influencing IUI success

Female factors

The duration of subfertility53, primary or second-
ary subfertility, endometriosis and the use or non-
use of ovarian hyperstimulation are important fac-
tors that might influence the success rate of IUI
significantly54. Other variables might be the site of
insemination, the use of antioxidants, factors
influencing the intratubal environment and fac-
tors influencing embryo implantation (Figure
27.2)55. Below the age of 40 years, female age was
not predictive of conception rate per cycle after
artificial insemination with husband’s semen
(AIH) treatment14.

Site of insemination Artificial insemination can
be done intravaginally, intracervically (ICI) or

pericervically using a cap, or be intrauterine (IUI),
transcervical intrafallopian (IFI) or directly
intraperitoneal (IPI). Most studies consider IUI to
be an easy and better way of treatment. In a donor
insemination program, Hurd et al.56 reported a
significantly better cycle fecundity rate for IUI
compared with ICI or IFI. More sperm was found
in the peritoneal cavity after IUI when compared
with ICI57. Studies comparing pregnancy out-
comes after IUI versus cervical cap insemination58

and transuterotubal insemination59 also favored
the intrauterine method. In a large randomized
controlled trial, it was shown that among infertile
couples, treatment with induction of superovula-
tion and intrauterine insemination was three
times as likely to result in pregnancy as was intra-
cervical insemination, and twice as likely to result
in pregnancy as was treatment with either

Variable parameters

Female age
Duration of subfertility

Primary versus secondary subfertility

Fixed parameters

Other

One or two inseminations per cycle
Number of IUI treatment cycles

Female

Site of insemination
Ovarian hyperstimulation
Exact timing of IUI
Use of antioxidants
Factors affecting intratubal environment
Factors affecting embryo implantation
Catheter type

Male

Method of sperm preparation
Addition of substances in sperm
  preparation
Split ejaculate
Fallopian sperm perfusion
Effect of abstinence period
Immunological male factor

Figure 27.2 Factors influencing the success rate in intrauterine insemination (IUI)
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superovulation and intracervical insemination or
intrauterine insemination alone60.

Factors influencing oocyte quality and number of
oocytes

Natural cycle versus controlled ovarian hyperstimula-
tion (COH) The rationale behind the use of
ovarian hyperstimulation in artificial insemination
is the increase of the number of oocytes available
for fertilization, and to correct subtle unpre-
dictable ovulatory dysfunction61. Other advan-
tages of superovulation with human menopausal
gonadotropins are the enhanced opportunities for
oocyte capture, fertilization and implantation.

On the other hand, in a controlled study,
Cohlen et al.62 concluded that in male subfertility
cases ovarian stimulation improved the success
rate only in moderate cases (IMC > 10 million).
Comparing the effects of COH on pregnancy rate
after IUI, human menopausal gonadotropin
(hMG) stimulation results in a significantly higher
monthly fecundability than that with clomi-
phene citrate treatment43. A retrospective study of
1100 IUI procedures in 412 couples showed a
pregnancy rate of 17.7% per cycle after hMG
stimulation compared with 10% per cycle after
clomiphene citrate stimulation, but at the expense
of a higher multiple pregnancy rate. This statisti-
cal difference was not influenced by the indication
for IUI63. Considering the risk for multiple preg-
nancies and ovarian hyperstimulation syndrome
(OHSS), a mild COH regimen should be used.
Cohlen et al.15 recommend IUI in natural cycles as
the treatment of first choice in severe semen
defects (IMC > 1 million, no triple semen defect).

Exact timing of IUI Exact timing is probably cru-
cial in IUI treatment cycles. On the other hand,
conflicting data are reported in the literature on
which methodology is to be used. Combined ultra-
sound and hormonal monitoring with human
chorionic gonadotropin (hCG) induction proba-
bly allows the most exact timing but is relatively
expensive and time-consuming. Urinary LH-timed
IUI is commonly used, but has the disadvantage

that the LH surge can last for up to 2 days before
ovulation in some patients. Therefore, its use
results in the inaccurate timing of ovulation and
insemination64. A prospective, randomized cross-
over study of Zreik et al.65 could not demonstrate
an increased pregnancy rate when ultrasound mon-
itoring and hCG were used, compared with uri-
nary LH-timed inseminations. In another study,
no benefit was found in waiting for the sponta-
neous LH surge before administering hCG66.

To conclude, it seems that being aware of the
importance of exact timing is essential in IUI,
independent of the method being used.

Perifollicular vascularity of the follicles Chiu and
colleagues67 were the first to report a positive cor-
relation between perifollicular blood flow and
pregnancy rate from IVF–embryo transfer (ET)
using the power Doppler angiogram. Bhal et al.68

used Doppler imaging to identify those IUI cycles
with high-grade perifollicular vascularity, and
hence good oxygenation of the follicle with the
maturing oocyte. The results again showed a sig-
nificant correlation between perifollicular blood
flow and pregnancy rate (57%) occurring in the
group where all follicles had good blood flow, and
significantly lower pregnancy rates where there
was poor blood flow (11%). Significantly more
multiple pregnancies developed when all the folli-
cles exhibited good blood flow at the time of
insemination. Monofollicular IUI cycles with
poor blood flow are canceled by Bhal et al.69 and
Gregory et al.70, since they resulted in no preg-
nancies in their studies70.

The use of antioxidants Supplementation of cul-
ture media with reactive oxygen species (ROS)
scavengers prevents the negative effects of oocyte
aging in relation to in vitro fertilization, (less
cellular fragmentation and development of
concepti until the blastocyst stage71). Reactive
oxygen species generation was also shown to be
negatively associated with both the outcome of
the sperm–oocyte fusion assay and fertility in
vivo72. Until now, no study has investigated the
possible role of antioxidants, for example in
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culture media or as a dietary supplement, on suc-
cess rates in IUI cycles.

Factors affecting embryo implantation

Endometrial thickness/polyps A trilaminar image
rather than the exact endometrial thickness and/or
Doppler measurement of the spiral and uterine
arteries provides a favorable prediction of
pregnancy in IUI73,74. Treatment should not be
canceled because of inadequate endometrial thick-
ness75. The use of ethinylestradiol in clomiphene-
stimulated cycles76 looks promising, but requires
confirmation. If polyps are present, hysteroscopic
polypectomy before IUI is an effective measure to
enhance pregnancy results77.

Which catheter to use In IVF procedures, many
studies have examined the influence of type of
catheter and ease of transfer in predicting success
after embryo transfer. Ultrasound-guided soft-
catheter embryo transfer might improve preg-
nancy rates in IVF78,79, although a number of
studies did not find any influence on outcome
comparing different catheters80–82. Lavie et al.83

compared results after IUI using two different
catheters. Although one catheter was significantly
less traumatic (verified by ultrasound), only a
trend towards an increase in the chance of con-
ception was found. According to the results of
another prospective randomized study comparing
two different catheters, catheter type does not
affect the outcome after IUI84.

Male factors

Laboratory factors: do we need to prepare sperm sam-
ples for IUI? The ejaculate is composed of sper-
matozoa of different qualities and maturities sus-
pended in the secretions of the epididymis, testis,
prostate, seminal vesicles and bulbourethral
glands. Cells from the urinary tract and prostate,
leukocytes and ROS are also present in the raw
semen sample. Preparation and washing will
remove ROS and also prostaglandins. These
prostaglandins have to be removed since they will
cause severe uterine cramps when a raw semen

sample is used for IUI85. The preparation will con-
centrate morphologically normal and motile sper-
matozoa, essential for good results in IUI. Most
popular are the swim-up procedures, density gra-
dient centrifugation and the use of Sephadex

columns.
Density gradient centrifugation results in con-

centrating significantly more spermatozoa that
have normal chromatin packaging, reduced levels
of chromatin and nuclear DNA anomalies and
enhanced rates of nuclear maturity86–88. Conflict-
ing data are found on the superiority of any one
preparation technique in terms of fecundity89,90.
This can be explained by the fact that almost all
methods of sperm washing and preparation sur-
pass the low threshold number of motile sperma-
tozoa (> 1 × 106) needed for conception in vivo,
with no added benefit of additional sperm.
According to a Cochrane review91, there is insuffi-
cient evidence to recommend any specific prepa-
ration technique. Large, high-quality, randomized
controlled trials, comparing the effectiveness of a
gradient and/or swim-up and/or wash and cen-
trifugation technique on clinical outcome are
lacking. Results from studies comparing semen
parameters may suggest a preference for the gradi-
ent technique, but firm conclusions cannot be
drawn, and the limitations should be taken into
consideration.

Laboratory factors: addition of substances during
sperm preparation Whether the addition of sub-
stances such as pentoxifylline, kallikrein, follicular
fluid, etc. may improve the results remains unclear
and certainly unproven. On the other hand, it is
important to recognize that sperm preparation
methods may induce damage to spermatozoa by
increasing ROS generation by the spermatozoa,
and by removing the scavengers from the seminal
plasma. Pentoxifylline, a motility stimulator, can
also act as a ROS scavenger by reducing the gen-
eration of superoxide anion by spermatozoa92, and
may have a clinical role in the treatment of
patients susceptible to ROS-induced damage
(those with genital infections and smokers). More
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studies are needed to investigate whether treating
spermatozoa with solutions containing antioxi-
dants during sperm preparation can improve preg-
nancy rates with IUI in selected cases. Two dou-
ble-blind randomized studies evaluated the effect
of platelet-activating factor (PAF) exposure on
sperm during semen processing for IUI93,94. They
demonstrated a significantly higher pregnancy
rate for the PAF-treated group in a subpopulation
of couples without male factor subfertility.

Use of vaginal misoprostol In a prospective,
placebo-controlled, randomized and double-blind
study, Brown et al.95 reported an improved preg-
nancy rate when the prostaglandin E1 analog
misoprostol (400 µg) was placed vaginally at the
time of IUI. This finding was confirmed in
another prospective study using 200 µg of miso-
prostol96. The rationale behind this observation
might be that some seminal constituents (perhaps
prostaglandins) have a positive effect on fertility,
and due to the sperm preparation these substances
are eliminated from the inseminate.

Split ejaculate The split ejaculate technique con-
centrates the most viable and motile spermatozoa
in the first part of the ejaculate. Several clinicians
use this fraction in IUI, although results with IUI
using washed spermatozoa are significantly
better97.

Fallopian tube sperm perfusion (large volume of
sperm suspension) In Fallopian tube sperm perfu-
sion (FSP), a large volume of sperm suspension is
inseminated in an intrauterine procedure, with
excellent results in cases of idiopathic infertil-
ity98,99 and in a donor insemination program100.
Since semen quality after a freezing–thawing pro-
cedure is comparable to that of a subfertile
spermiogram, one might expect good results with
FSP in male factor subfertility patients. However,
we still wait for confirmation on this matter. A
meta-analysis done by Trout and Kemmann101

showed that FSP is only beneficial in cases of
unexplained infertility after COH with hMG.
Cantineau et al.102 conducted a systematic review

based on a Cochrane review. They found that FSP
gives rise to higher pregnancy rates in couples with
unexplained subfertility. For other indications,
FSP has not been proved more effective, com-
pared with IUI. On the other hand, Biacchiardi et
al.103 performed a randomized, prospective, cross-
over study and found that after COH, FSP is less
effective than IUI in couples with unexplained
infertility.

The effect of the abstinence period Prolonged
abstinence time increases ejaculate volume, sperm
count, sperm concentration and the total number
of motile spermatozoa104,105, although the effect
on sperm concentration is only small for oligo-
zoospermic men106. In a prospective study we per-
formed in Genk, abstinence did not influence pH,
viability, morphology, total or grade A motility, or
sperm DNA fragmentation. A short (24-hour)
abstinence period negatively influenced chromatin
quality107. It seems that looking for the optimal
time of abstinence is not very important in IUI
programs, and is probably valuable only in
selected male subfertility cases.

Immunological male subfertility The clinical sig-
nificance of antisperm antibodies in male subfer-
tility remains unclear108,109, and the importance of
circulating antisperm antibodies is probably
low110,111. However, most studies demonstrate a
clear association between sperm surface antibodies
and the fertility potential of the male112–114.

In 1997 we published a prospective study
comparing the effectiveness of the first-line IUI
approach versus IVF for male immunological sub-
fertility16. The objective of this prospective study
was to compare success rates after two different
treatment protocols, COH–IUI versus IVF. Both
IUI and IVF yielded unexpectedly high pregnancy
rates in this selected group of patients with
long-standing subfertility due to sperm surface
antibodies. Since cost–benefit analysis comparing
COH–IUI with IVF may favor a course of four
IUI cycles, we concluded that IUI could be used
as first-line therapy in male immunological
subfertility. Although most fertility centers use
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IVF/ICSI in cases of immunological male subfer-
tility115,116, a well-organized prospective study is
mandatory to examine the real value of IUI for
this specific indication.

Other factors: number of inseminations Theoreti-
cally, improved chances for conception may be
expected when two consecutive inseminations are
performed, since ovulation does not occur in a
synchronized pattern but rather in waves of
release after hCG administration117. Another
appeal of double IUI (DIUI) is the attrition phe-
nomenon, by which IUI bypasses the cervical
mucus. In the natural cycle the cervical mucus
acts as a reservoir for sperm at mid-cycle, and a
single IUI (SIUI) might miss later-released
cohorts of oocytes. Ransom et al.118 could not
demonstrate an increase in pregnancy rates after
DIUI in a prospective randomized trial using
hMG stimulation for ovarian hyperstimulation.
This study was contradictory to results previously
reported119. These authors described a major
increase in cycle fecundity when a DIUI (18 and
42 hours after hCG) was performed. Ng et al.120,
however, found no difference in pregnancy out-
come between SIUI and DIUI.

The GIFT center organized a randomized
prospective cross-over study to compare the preg-
nancy rates between single versus double IUI
cycles using two different regimens of ovarian
stimulation. In this study, 113 subfertile couples
were followed during 203 IUI cycles. In 156
cycles (76.5%), a male factor was involved.
Increasing the frequency of insemination pro-
vided significantly better cycle fecundity after
superovulation with clomiphene citrate–hMG–
hCG (0.30 vs. 0.13, p < 0.05), but not after ovar-
ian stimulation with clomiphene citrate–hCG
(0.13 vs. 0.12)63. In a Cochrane review based on
the results of two trials, double intrauterine
insemination showed no significant benefit63 over
SIUI in the treatment of subfertile couples with
partner’s semen121. The authors admitted that
there are no meaningful data to offer advice on
the basis of this review. According to this report, a

large randomized controlled trial of SIUI versus
DIUI is mandatory.

Other factors: number of IUI treatment cycles A
significant decline in cycle fecundity after the
third or fourth IUI cycle was reported in several
studies122–128. The remaining couples do not seem
to benefit from this method of treatment when
compared with other methods of assisted
reproduction.

CONCLUSIONS

IUI should be promoted as the best first-line
treatment in most cases of subfertility, provided
that at least one tube is patent and an inseminat-
ing motile count after sperm preparation of more
than 1 million can be obtained. In this selected
group of patients, it is unwise to start with assisted
reproductive techniques such as IVF and ICSI,
since these techniques are more invasive, more
expensive and more associated with risk for
genetic disorders. Promoting IVF and ICSI to
result in pregnancy ‘as quickly as possible’ ignores
the advantages of IUI completely.
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Intracytoplasmic sperm injection: current
status of the technique and outcome

André Van Steirteghem

INTRODUCTION

Since the birth of Louise Brown in 19781, in vitro
fertilization (IVF) has proved to be an efficient
treatment to alleviate female factor infertility
(tubal infertility and endometriosis) and unex-
plained infertility. When IVF was applied in cou-
ples with male infertility, it became apparent for
all groups that the results were much less efficient.
The normal fertilization rate of inseminated
oocytes was significantly lower, resulting in the
formation of many fewer embryos, which meant
that embryos were not available for transfer in a
substantial number of cycles2.

Therefore, at the end of the 1980s, several pro-
cedures of assisted fertilization were developed and
applied in couples where conventional IVF could
not be used. The initial assisted fertilization proce-
dures, partial zona dissection (PZD) and subzonal
insemination (SUZI), gave some positive results,
but overall experience with PZD and SUZI was
that the percentage of normal fertilization was low
and inconsistent, and the percentages of pregnan-
cies and deliveries were too low to consider PZD
and SUZI for routine clinical application. In July
1992, our group reported the first pregnancies and

deliveries following the replacement of embryos
generated after intracytoplasmic sperm injection
(ICSI), an assisted fertilization procedure whereby
a single spermatozoon is microinjected into the
oocyte3. The initial observations with ICSI
demonstrated that fertilization was significantly
better after ICSI than after SUZI, and more
embryos for transfer were obtained4. As a conse-
quence of these findings, since July 1992, only
ICSI has been applied in our center when assisted
fertilization has been indicated5. Subsequently, the
number of centers worldwide offering ICSI has
increased tremendously, as has the number of
treatment cycles per year6. ICSI has been used
successfully worldwide to treat infertility due to
severe oligoasthenoteratozoospermia, or azoosper-
mia caused by impaired testicular function or
obstructed excretory ducts7,8.

The first part of this chapter reviews the cur-
rent practice of ICSI, emphasizing indications, the
ICSI procedure and the outcome parameters (fer-
tilization and embryo cleavage as well as preg-
nancy and delivery). The second part reviews the
pregnancy outcome and children’s health after
ICSI in relation to other forms of assisted repro-
ductive technology.
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CURRENT PRACTICE OF
INTRACYTOPLASMIC SPERM INJECTION

Indications for ICSI

ICSI has clearly overshadowed the use of modified
IVF procedures (including high insemination
concentration) for the treatment of severe male
factor infertility. ICSI requires only one spermato-
zoon with a functional genome and centrosome
for the fertilization of each oocyte. Indications for
ICSI are not restricted to impaired morphology of
the spermatozoa, but also include low sperm
counts and impaired kinetic quality of the sperm
cells. ICSI can also be used with spermatozoa
from the epididymis or testis when there is an
obstruction in the excretory ducts. Azoospermia
caused by testicular failure can be treated by ICSI
if enough spermatozoa can be retrieved in testicu-
lar tissue samples. Table 28.1 gives an overview of
the indications for ICSI9,10. To avoid contamin-
ation with extraneous DNA such as sperm DNA,
ICSI is used as the insemination procedure in
preimplantation genetic diagnosis, especially
when polymerase chain reaction is the diagnostic
procedure. Before its first clinical application, the
ICSI procedure was evaluated and approved by
the Ethics Committee of the Medical Campus of
the Vrije Universiteit Brussel. Before starting treat-
ment, couples were informed about the novel
aspects of the treatment, the available data on
ICSI treatment and the so far unknown possible
later risks. Patients were asked to have prenatal
diagnosis, and to participate in a prospective
follow-up study of the children born11.

ICSI procedure and results

Ovarian stimulation and oocyte retrieval for ICSI
is similar to that for conventional IVF. In the
majority of cases, the combination of a
gonadotropin-releasing hormone (GnRH) ago-
nist/antagonist and urinary or recombinant
gonadotropins is used. Ovulation induction is
usually done using urinary human chorionic

gonadotropin (hCG). Reviewing a large number
of cycles, the following outcome can be expected.
Approximately 12 cumulus–oocyte complexes
(COCs) are retrieved. Cumulus oophorus and
corona radiata cells are removed by mechanical
and enzymatic procedures. Microscopic evalua-
tion reveals, on average, that 95% of COCs con-
tain oocytes with an intact zona pellucida; 82% of
COCs have metaphase II oocytes with one polar
body, 10% of COCs contain germinal vesicle-
stage oocytes and 3% metaphase I oocytes. ICSI is
carried out only on metaphase II oocytes12.

For the ICSI procedure, the oocyte is immobi-
lized using a holding pipette; an injection pipette
with an internal diameter of 6 µm is used to aspi-
rate a single spermatozoon. These micropipettes

Table 28.1 Indications for intracytoplasmic sperm
injection (ICSI)

Ejaculated spermatozoa

Oligozoospermia
Asthenozoospermia (caveat for 100% immotile
spermatozoa)

Teratozoospermia (≤ 4% normal morphology using
strict criteria – caveat for globozoospermia)

High titers of antisperm antibodies
Repeated fertilization failure after conventional in vitro
fertilization

Autoconserved frozen sperm from cancer patients in
remission

Ejaculatory disorders (e.g. electroejaculation,
retrograde ejaculation)

Epididymal spermatozoa

Congenital bilateral absence of the vas deferens
(CBAVD)

Young’s syndrome
Failed vasoepididymostomy
Failed vasovasostomy
Obstruction of both ejaculatory ducts

Testicular spermatozoa

All indications for epididymal sperm
Failure of epididymal sperm recovery because of
fibrosis

Azoospermia caused by testicular failure (maturation
arrest, germ-cell aplasia)

Necrozoospermia
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are commercially available and can also be made
in the laboratory. Before aspiration, the sperm is
immobilized in polyvinylpyrrolidone. A morpho-
logically normal sperm is aspirated into the injec-
tion needle, tail first. Immobilization of the sperm
can also be achieved by crushing the tail with the
injection pipette. The injection pipette is passed
through the zona pellucida and the membrane of
the oocyte into the cytoplasm in a position suffi-
ciently distant from the first polar body.

After ICSI with ejaculated sperm, more than
two-thirds of injected oocytes become normally
fertilized. The fertilization rate with surgically
retrieved sperm in non-obstructive azoospermia is
less than with ejaculated sperm but still
> 50%13–14. Further development of the normally
fertilized oocytes after ICSI has been evaluated in
a similar fashion to that for IVF. More than 80%
of normally fertilized oocytes develop further to
embryos of sufficient morphological quality to be
replaced. For all types of sperm, the percentage of
embryos replaced or frozen is between 60 and
65% of the normally fertilized oocytes. In the case
of non-obstructive azoospermia, normal fertiliza-
tion is compromised15. Also in non-obstructive
azoospermia, testicular tissue can be damaged
after repeated surgery16.

Absence of fertilization occurs after ICSI when
only a few oocytes are available, only totally
immotile sperm are present, all sperm have no
acrosome and/or all oocytes have abnormal mor-
phology and are damaged by the injection itself.
Fertilization occurs mostly in a subsequent
cycle17–19. According to the published reports
from IVF/ICSI registries, in a substantial propor-
tion of assisted reproductive technology cycles,
ICSI is applied as the procedure of fertilization. It
has become apparent that, worldwide, a number
of groups have abandoned conventional IVF, and
use ICSI as a standard procedure even when sperm
parameters are normal7,20. As indicated in Table
28.2, extracted from the European registry on IVF
and ICSI7, there are about the same number of
oocyte retrievals per started cycle in the ICSI
group, more embryo transfers per oocyte retrieval

and a similar number of pregnancies per embryo
transfer. The fact that most patients reach oocyte
retrieval in the ICSI group may reflect the unim-
paired fertility of the female partner. There are
fewer unexpected fertilization failures in the ICSI
group, but if embryos are obtained, ICSI embryos
generate a similar percentage of pregnancies to
that with IVF embryos21.

A meta-analysis of sibling oocytes studied in
patients with moderate oligoasthenoterato-
zoospermia (OAT) revealed that the odds of fertil-
ization after ICSI are 3.9-fold greater than after
IVF. The number needed to treat (NNT) in order
to prevent one complete fertilization failure after
IVF could be three, indicating that three ICSI
procedures would have to be performed instead of
conventional IVF in couples with moderate OAT,
to prevent one complete fertilization failure22. A
large randomized controlled trial (RCT) from the
UK of 435 treatment cycles in 415 couples with
non-male factor subfertility (IVF, n = 224; ICSI,
n = 211) showed that the implantation rate was
higher in the IVF group than in the ICSI group
(95/318 (30%) vs. 72/325 (22%); relative risk
(RR) 1.35 (95% confidence interval (CI)
1.04–7.6)). The pregnancy rate per cycle started
was also higher after IVF (72 (33%) versus 53
(26%); RR 1.17 (0.97–1.35)). The authors con-
cluded that ICSI offers no advantage over IVF in
terms of clinical outcome in cases of non-male

Table 28.2 In vitro fertilization (IVF) and intracyto-
plasmic sperm injection (ICSI) results in Europe in
20017

IVF ICSI

Treatment cycles (n) 120 946 114 378

Aspirations (n) 107 823 103 538

Aspirations/cycle started (%) 89.1 90.5

Embryo transfers (n) 93 482 95 919

Embryo transfers/aspirations (%) 86.7 92.6

Pregnancies/embryo transfers (%) 29.0 28.3
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factor subfertility. They support the current prac-
tice that ICSI should be reserved only for severe
male factor problems20,23. It has been suggested
that ICSI should be the treatment of choice in all
assisted reproduction cycles. If this were to be
introduced without further studies, such a policy
could have a serious impact on laboratory time, on
medical resources and, above all perhaps, on over-
all safety because of bypassing the natural selection
mechanisms of the gametes and because of the
invasiveness of the technique itself 24.

OUTCOME AND CHILDREN’S HEALTH

For all forms of assisted reproductive technologies
(ART), the most important outcome parameter is
the health of the children born after ART, and
especially the birth of a healthy singleton25. Even
after several decades of ART practice, one has to
realize that it is impossible to give an answer with
regard to risks for pregnancy and birth complica-
tions for ovarian stimulation in view of timed
intercourse and intrauterine insemination. Only
in IVF and ICSI have enough data been collected
to provide a valid estimation of the risks. Even
then, there are limitations in the design of IVF
and ICSI follow-up studies which make it impos-
sible to estimate whether it is the ART procedure
or the underlying infertility of the treated couples
that influences the oucome26. Several aspects of
ART outcome are reviewed here: pregnancy com-
plications, major malformations and possible rea-
sons for an adverse outcome as well as the increase
of multiple ART pregnancies.

Pregnancy complications

The perinatal outcomes of singletons born after
IVF have recently been assessed in a meta-analy-
sis27. For the period 1978–2002, the study com-
pared a cohort of 12 283 IVF and ICSI singletons
with a control cohort of 1.9 million spontaneously
conceived singletons, matched for maternal age
and parity. In comparison with spontaneous

conceptions, IVF and ICSI pregnancies were asso-
ciated with significantly higher odds of each of the
perinatal outcome parameters studied: perinatal
mortality, preterm delivery, low birth weight, very
low birth weight and small for gestational age. In
the ART singletons, the prevalence was higher for
early preterm delivery, spontaneous preterm deliv-
ery, placenta previa, gestational diabetes, pre-
eclampsia and neonatal intensive care admission.
IVF patients must be counseled about these
adverse perinatal outcomes, and obstetricians
should manage these pregnancies as high-risk.

A systematic review by Helmerhorst et al. of
the perinatal outcomes of singletons and twins
after ART confirmed the data for singletons of the
above meta-analysis28. The systematic review com-
prised 25 studies (17 with matched and eight with
non-matched controls) published between 1985
and 2002. For singletons, the review indicated a
significant increased relative risk for very preterm
(< 32 weeks) and preterm (< 37 weeks) deliveries.
The relative risks were also increased for very low
birth weight (< 1500 g), low birth weight
(< 2500 g), small for gestational age, Cesarean sec-
tion, admission to the neonatal intensive care unit
and perinatal mortality. Matched and non-
matched studies gave similar results. For matched
and non-matched studies of twin gestations, the
above-mentioned outcome parameters were simi-
lar between ART and control pregnancies. Perina-
tal mortality was lower in assisted-conception
twins compared with natural conception twins.

Major malformations

The question whether there is an increased risk for
major congenital malformations after IVF or ICSI
was recently reviewed in two meta-analyses29,30.
The meta-analysis by Hansen et al.29 indicated an
overall increase after IVF and ICSI. This was also
the case when only singletons, IVF children or
ICSI children were analyzed separately. The
pooled odds ratio risk for major birth defects was
1.32 (95% CI 1.20–1.45). A meta-analysis by Lie
et al.31 compared major malformations in 5935
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ICSI children with those in 13 086 conventional
IVF children. The relative risk for a major malfor-
mation after ICSI was 1.2 (95% CI 0.97–1.28).
The meta-analysis by Rimm et al.30 confirmed the
higher risk of major malformations in IVF and
ICSI children in comparison with spontaneously
conceived children. There was no significant
difference in the risk when IVF and ICSI were
compared.

A multicentric cohort study32 of the physical
health of 5-year-old children conceived after ICSI
(n = 540), IVF (n = 538) or natural conception
(n = 437) indicated that in comparison with natu-
ral conception, the odds ratio for major malfor-
mations was 2.77 (95% CI 1.41–5.46) for ICSI
and 1.80 (95% CI 0.85–3.81) for IVF children.
Sociodemographic factors did not affect these
results. The higher rate observed in the ICSI
group was partially due to an excess in the (boys’)
urogenital system. In addition, IVF and ICSI chil-
dren were more likely than naturally conceived
children to have had a significant childhood ill-
ness, to have had a surgical operation, to require
medical therapy and to be admitted to hospital. It
will be important to continue monitoring these
children. As reported by Ludwig33, there are major
gaps in valid data to assess major malformations
after the different ART procedures as compared
with spontaneously conceived children from

fertile couples. This is the case for ovarian stimu-
lation and intrauterine insemination. The major
limitations of studies of major malformation rates
include the absence of a control cohort, the use of
historical controls with unclear definitions and the
data collection in the control and study groups, as
well as in the definitions of the term ‘major mal-
formation’34.

Possible causes of adverse outcome

As indicated by Ludwig35, factors involved at dif-
ferent steps of the ART treatment may lead to an
increased risk of adverse outcome (Figure 28.1).

The genetics of the male and female partner
may influence the outcome. It has been well estab-
lished that there are more constitutional abnormal
karyotypes in infertile males and females. Several
studies have also indicated that abnormal sperm
have more chromosomal abnormalities. In a
cohort of 1298 ICSI parents seen for genetic
counseling, it was concluded that there was an
increased genetic risk for 557 of these children12.
This increased risk was due to maternal or pater-
nal age, chromosomal aberrations, monogenic or
multifactorial disease and consanguinity. Slightly
fewer than 5% of infertile males and 1.5% of
tested females had an abnormal karyotype.

Patients

Genetics of
male partner

Ovarian stimulation only

Intrauterine insemination cycles

Genetics of
female partner

Ovarian
stimulation

Gamete
retrieval and
preparation

Gamete
manipulation
(e.g. polar body
biopsy, ICSI)

In vitro culture
of gametes and
embryos

Manipulation of embryos
(e.g. blastomere biopsy,
assisted hatching)

Embryo transfer
(asynchronous
endometrium)

Figure 28.1 Possible influences during different steps of the treatment course in ovarian stimulation and assisted reproduction
treatments. ICSI, intracytoplasmic sperm injection. From reference 35, with permission
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With regard to fetal karyotypes after ART,
there are only systematic data available for ICSI36.
Results for 1586 fetal karyotypes indicated an
increased risk related to chromosomal anomalies
in the parents. The majority of cases (17/22) were
paternally inherited. There were significantly
more de novo anomalies (1.6%), but the absolute
risk was low. More anomalies were observed when
the sperm concentration was < 20 × 106 sperm/ml
and when sperm motility was impaired.

Although the ICSI procedure is much more
invasive than conventional IVF, there is no differ-
ence in outcome between ICSI and IVF29–31,37.
This contrasts with observations of abnormalities
in the fertilization process after ICSI as compared
with IVF in rhesus monkeys38.

In theory, all manipulations of gametes and
embryos such as gamete preparation and manipu-
lation, in vitro culture, blastomere biopsy and
assisted hatching could influence the constitution
of embryos and ultimately the health of fetuses
and children. Efforts should be pursued to estab-
lish multinational registries to collect data on the
offspring, as has been done by the European Soci-
ety for Human Reproduction and Embryology
(ESHRE) Consortium on Preimplantation
Genetic Diagnosis39. Strict quality management in
the IVF laboratory (such as strict temperature
control) is indicated because of its influence on
outcome.

In the recent literature, case reports and
case–control studies have been published on the
occurrence of imprinting disorders in ART chil-
dren. There are cases of Angelman’s syndrome40

and Beckwith–Wiedeman syndrome41,42. The
absolute risk for these imprinting disorders in
ART remains low, and so far the reason for an
increased risk of imprinting errors remains
unknown.

As outlined by Buck Louis et al.26, a major
drawback of all outcome studies is that the control
group is fertile and the study group is infertile. It
is therefore indicated that a comparison should be
made between ART conceptions and spontaneous
conceptions in a subfertile population. With

regard to pregnancy complications, a study from
the UK43 indicated that there is an increased inci-
dence of abruptio placentae, pre-eclampsia and
Cesarean section in couples with idiopathic infer-
tility, compared with fertile couples, whether con-
ception is spontaneous or after infertility treat-
ment. Similar observations were made in the USA,
Denmark and Sweden44–47. The question remains
unanswered why the risks are increased: is it due
to in vitro culture conditions or to infertility status
per se ? To assess the contribution of in vitro han-
dling, risk assessment for malformations could be
done comparing ovarian stimulation alone or in
combination with intrauterine insemination.

Multiple pregnancies after ART

There is increasing evidence that the major out-
come risk after all forms of ART is the occurrence
of multiple pregnancies and births. This is the case
for ovulation induction, ovarian hyperstimulation
with or without intrauterine insemination and
IVF or ICSI48. For IVF–ICSI, the number of chil-
dren born has been estimated to be about two mil-
lion. This positive observation is overshadowed by
the fact that at least half of these children are not
from singleton pregnancies. The occurrence of
multiple IVF–ICSI pregnancies and births is of
course due to the replacement of more than one
embryo. There is extensive evidence that multiple
pregnancies and births generate more problems
not only during pregnancy and delivery but also
later in life (see literature in reference 48). There-
fore, the prevention of multiple ART gestations
should be considered a top priority for all infertil-
ity treatments. It is obvious that the practice of
single embryo transfer may be the answer to this
epidemic of multiple births.
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Sperm retrieval techniques for
intracytoplasmic sperm injection

Valérie Vernaeve, Herman Tournaye

INTRODUCTION

Since its introduction in 1992, intracytoplasmic
sperm injection (ICSI) has dramatically changed
the treatment of severe male infertility1. This tech-
nique was initially introduced as a treatment for
severe oligoasthenoteratozoospermia (OAT).
Later, it also became a treatment option for those
patients with azoospermia due to an obstruction
of the vas deferens where surgery had failed or was
not indicated. Both epididymal and testicular
sperm were used with success2–4. Thereafter, tes-
ticular sperm from patients with severe testicular
failure was also used with success5–8.

According to the World Health Organization
(WHO) manual, the diagnosis of azoospermia is
made after standard evaluation of at least two
semen samples9. In 454 men with azoospermia on
their first semen analysis, 23 were found to be
oligozoospermic in their second semen analysis10.
Even men with repeated absence of spermatozoa
in their semen analysis performed according to
these standard guidelines may still have some sper-
matozoa in their ejaculates, which can only be
observed after extended preparation, including
centrifugation of the semen at 1000g for at least
15 min. Ron-El et al.11 reported that in 49 patients
with azoospermia, 17 patients (35%) had sperma-
tozoa in their ejaculates that could be used for
ICSI. It is therefore important to perform an

extended semen preparation before embarking on
testicular recovery techniques, especially in
patients with non-obstructive azoospermia
(NOA).

Azoospermia is present in about 8% of males
with a fertility problem10. It is caused by genital
tract obstruction, deficient spermatogenesis or
hypogonadotropic hypogonadism. The last cate-
gory is extremely rare: in a study comprising 3555
men with a male factor causing subfertility or
infertility, only two cases were observed10.
Although not completely correct, the terms
obstructive azoospermia (OA) and NOA are fre-
quently used, because azoospermia secondary to
hypogonadotropic hypogonadism is so rare. A
study carried out in 102 men with azoospermia
showed that 46% had primary testicular failure
with no evidence of obstruction at clinical work-
up, 13% had primary testicular failure because of
47,XXY Klinefelter’s syndrome and 14% had OA
with evidence of obstruction and normal sper-
matogenesis at testicular biopsy, while 27% had
no clinical signs of obstruction according to the
classical work-up, including vasography; however,
these men showed normal spermatogenesis12.
These results show that combining clinical find-
ings with histopathology of the testes is the only
way of making a proper diagnosis.

In OA, complete spermatogenesis, i.e. normal
spermatogenesis or hypospermatogenesis, is found
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Figure 29.1 Management of azoospermia. FSH, follicle stimulating hormone; SRT, sperm recovery technique; ICSI,
intracytoplasmic sperm injection; AID, artificial insemination with donor sperm

at histology13. In NOA, testicular histology may
show maturation arrest with or without focal sper-
matogenesis, germ-cell aplasia (Sertoli cell-only
syndrome) with or without focal spermatogenesis,
or tubular sclerosis and atrophy.

The therapeutic approach to infertility because
of azoospermia is shown in Figure 29.1.

SURGICAL SPERM RETRIEVAL IN
PATIENTS WITH OBSTRUCTIVE
AZOOSPERMIA

In obstructive azoospermia, the epididymis is the
preferred site for sperm retrieval. Motile epididy-
mal sperm show very low levels of DNA damage,
and can be retrieved in sufficient numbers to
ensure cryopreservation14. There are no differ-
ences in outcome after ICSI using either fresh or
frozen–thawed epididymal spermatozoa15. Differ-
ent techniques are available to retrieve epididymal
sperm. The main techniques are microsurgical
epididymal sperm aspiration (MESA) and
percutaneous epididymal sperm aspiration
(PESA), of which the latter has to be preferred.
However, when the cause or the site of suspected
obstruction is unknown, a scrotal exploration is

recommended. This procedure is of diagnostic
value and offers an opportunity to perform recon-
structive surgery such as vasovasostomy or epi-
didymovasostomy16. If reconstruction is not feasi-
ble, MESA can still be performed during the
exploration, and high numbers of retrieved epi-
didymal spermatozoa can be frozen for later use.
PESA has to be performed when microsurgical
reconstruction is not possible or not indicated.
This procedure is less invasive than MESA and
can be performed repeatedly under local anesthe-
sia17–19. Theoretically, PESA may cause more epi-
didymal damage and fibrosis than MESA, but this
issue is not relevant where reconstruction is not
possible. The quantity of spermatozoa recovered
may be lower than with MESA, and at least 20%
of attempts are unsuccessful and may require
MESA or testicular sperm retrieval20,21. In cases
with obstructive azoospermia, testicular sperm can
easily be obtained with testicular fine-needle aspi-
ration (FNA), which has a high success rate of
sperm retrieval in men with normal spermatogen-
esis22. Nevertheless, even in cases of obstructive
azoospermia, testicular sperm extraction (TESE)
may be preferred over FNA whenever cryopreser-
vation is an option and epididymal sperm has not
been obtained. If testicular aspiration is performed
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with a needle with a larger diameter, tissue cylin-
ders may be obtained, which facilitate cryopreser-
vation23,24. Unfortunately, these alternative meth-
ods are less patient-friendly than fine-needle
aspiration and require loco-regional anesthesia.

SURGICAL SPERM RETRIEVAL IN
PATIENTS WITH NON-OBSTRUCTIVE
AZOOSPERMIA

Can we predict successful sperm
retrieval?

As TESE is successful only in about 50% of
patients with NOA, it is very important to deter-
mine those factors that may predict a successful
recovery procedure25. ICSI using testicular sper-
matozoa from azoospermic patients involves treat-
ment for both partners, i.e. the husband under-
goes surgery for testicular sperm recovery and his
wife undergoes ovarian stimulation and possibly
oocyte retrieval. An unsuccessful sperm recovery
procedure therefore has important emotional and
financial implications. Objective counseling based
on predictive factors may offer realistic expecta-
tions for both the couple and the physician.

Tournaye et al.25 investigated different poten-
tial predictive parameters, i.e. the presence of at
least one single spermatozoon in at least one pre-
liminary semen analysis, maximum testicular vol-
ume, serum follicle stimulating hormone (FSH)
and the presence of spermatozoa on histology of a
randomly taken testicular biopsy. They found that
none of these examined parameters could be used
to predict the outcome of a TESE procedure. The
findings from semen analysis turned out to be the
weakest predictor, and the presence of spermato-
zoa on histology to be the only parameter that had
a limited clinical value in predicting sperm recov-
ery during TESE. A study performed by Ezeh et
al.26 corroborated these findings by establishing
that the age of the men, body mass index, lutein-
izing hormone (LH), FSH or testicular volume
could not be used to predict successful TESE.

They also found that the presence of spermatids at
testicular histopathology was the best predictor.
Other studies, too, corroborate these findings27–30.
The predictive value of serum inhibin B, a direct
product of the Sertoli cells, has been investi-
gated31. This hormone also failed, alone or in
combination with serum FSH, to predict the pres-
ence of sperm in men with NOA.

Brandell et al.32 investigated the predictive
power of genetic markers. They reported a limited
series of patients in whom the presence of
azoospermia factor b (AZFb) microdeletions of
the Y chromosome indicated unsuccessful TESE.
Unfortunately, only about 5% of NOA patients
show Yq microdeletions, and mostly in the AZFc
region. Amer et al.33 reported that the detection of
round spermatids in semen by May–Grün-
wald–Giemsa stain had a predictive power for suc-
cessful testicular sperm retrieval. Other authors
have also suggested that seminal plasma levels of
antimullerian hormone, as well as telomerase
assays of testicular tissue, may predict the presence
of spermatids in cases of Sertoli cell-only syn-
drome34–36. Even the ratio of second (2D) to
fourth digit (4D) length as a predictor for success-
ful sperm retrieval has been reported37. The con-
clusion of this study was that in NOA there was a
significantly lower 2D/4D ratio on the left side in
men who had had successful retrieval than in
those in whom retrieval had been unsuccessful.
Thus, with some of the currently available para-
meters, the probability or rate of successful sperm
retrieval may be predicted to some extent, but not
accurately enough for an individual patient.

Testicular sperm extraction by open
biopsy or percutaneous fine-needle
aspiration?

In the case of NOA (included in frequently
encountered subpopulations such as non-mosaic
Klinefelter’s patients and patients with a history of
cryptorchidism), sperm will be recovered in about
half of the patients by open TESE25,38,39. Taking
open biopsies, however, may have severe adverse
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effects, including hematoma, inflammation and
devascularization40–42. Consequently, less invasive
recovery techniques such as FNA have also been
carried out in patients with defective spermatoge-
nesis. In 1996, Lewin et al.43 reported a delivery
following ICSI with spermatozoa recovered by
FNA in a man with hypergonadotropic azoosper-
mia that showed maturation arrest. A prospective
open study in 85 couples further confirmed the
feasibility of this technique, with a sperm recovery
rate in 58.5% of attempts44. A high predictive
value of the first FNA for sperm recovery at the
subsequent attempt was reported by the same
group45. Two other groups also showed the relia-
bility of this technique in patients with NOA18,46.
However, other groups have failed to corroborate
these results. A controlled study by Friedler et al.47

demonstrated that sperm retrieval by FNA is a less
efficient method than TESE in NOA, with a
sperm retrieval rate of 11% achieved by FNA vs.
43% by TESE. Two other controlled studies also
reported a significantly lower recovery rate by
retrieval with multiple needle biopsies compared
with open biopsies48,49. Differences in the defini-
tion of NOA, i.e. defined on a clinical basis only,
without histopathology, the subselection of
patients or the inclusion of patients with hypo-
spermatogenesis may account for these contra-
dictory findings.

Multiple testicular biopsies or a single
testicular biopsy?

Based on the assumption that a multifocal distri-
bution of spermatogenesis throughout the entire
testis is present in patients with NOA, some
authors advocate taking only a single biopsy to
control the adverse effects on testicular func-
tion50,51. The absence of spermatozoa in one single
testicular biopsy, however, does not preclude the
presence of some spermatozoa in the rest of the
testes52. Therefore, multiple biopsies may be rec-
ommended for achieving high recovery rates6,53.
Hauser et al.54 showed that in about 46% of NOA

patients, spermatozoa could only be recovered by
multiple biopsies.

Microsurgical or conventional testicular
sperm extraction?

In order to minimize testicular damage, enhance
the sperm recovery rate and diminish the need for
an extensive search for spermatozoa in the labora-
tory, the use of an operating microscope or optical
loupe magnification has been proposed55–57. The
results of these techniques, in terms of recovery
and complication rate, are encouraging in cases
where enlarged spermatozoa-containing tubules
can be identified, i.e. when a Sertoli cell-only pat-
tern predominates throughout the testis55,57,58.
However, it is not evident whether these tech-
niques will improve recovery rates when enlarged
tubules are not present, such as in cases with mat-
uration arrest. More prospective randomized stud-
ies, in well-defined populations of NOA patients,
should be recommended before proposing this
strategy as a gold standard.

How many TESE procedures?

In the literature, information regarding the out-
come of repetitive TESE procedures is scarce.
Schlegel and Su40 recommended that TESE
should be repeated at an interval of ≥ 6 months,
because the chances of retrieving sperm went up
to 80% compared with 25% when TESE was
repeated after a shorter interval. Amer et al.53 also
found a higher sperm recovery rate (94.7%) if the
sperm recovery procedure was performed at ≥ 3
months, compared with 75% if performed at < 3
months. Another publication evaluated the out-
come of 2–5 repetitive TESE procedures. They
concluded that the outcome of repeated TESE
cycles, up to the fourth trial, justifies the proce-
dure, as pregnancies occurred in each trial up to
the fourth but no pregnancies occurred in the fifth
trial59.
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ICSI OUTCOME AFTER THE USE OF
TESTICULAR SPERM

In patients with obstructive azoospermia, fertiliza-
tion rate and pregnancy outcome after the use of
epididymal sperm compare favorably with those
of ICSI using ejaculated sperm60. Furthermore,
pregnancy rates after ICSI using testicular sperma-
tozoa from patients with normal spermatogenesis
have been shown to be comparable to those
obtained after ICSI using epididymal spermato-
zoa61,62. ICSI outcome after using frozen–thawed
epididymal spermatozoa is comparable in many
reports to that after using freshly retrieved
spermatozoa15,62–66.

As for epididymal spermatozoa, the outcome
after ICSI with either fresh or frozen–thawed tes-
ticular spermatozoa is comparable as well67,68. In
one small study, however, the outcome after using
frozen–thawed testicular sperm was significantly
lower69. We may therefore conclude that in men
with OA, the choice between fresh or frozen epi-
didymal or testicular sperm will be based on con-
venience rather than on conclusive medical
grounds.

Several publications about the outcome of
ICSI using testicular sperm in men with NOA
have been published. Many studies, mostly deal-
ing with small series, have reported acceptable fer-
tilization and pregnancy rates in patients in whom
azoospermia results from primary testicular fail-
ure8,44,51,70–77. Other studies have found acceptable
pregnancy rates, but lower fertilization rates
compared with OA78–81. Ubaldi et al.83 found
acceptable fertilization and pregnancy rates in
NOA compared with OA or ejaculated sperm, but
found a significant decrease in implantation rate
in NOA patients. Ghazzawi et al.84 found both
high fertilization and pregnancy rates, but a high
abortion rate, resulting in a low live-birth rate
among NOA couples.

Other authors too have reported lower fertil-
ization and/or pregnancy rates in this patient pop-
ulation85–92. A recent meta-analysis showed a sig-
nificantly improved fertilization rate (relative risk

(RR) 1.18, 95% confidence interval (CI)
1.13–1.23) and clinical pregnancy rate (RR 1.36,
95% CI 1.10–1.69) in men with OA as compared
with NOA, with a non-significant increase in
ongoing pregnancy rate62. This meta-analysis did
not find any difference in either implantation rate
or miscarriage rate between the two groups. These
differences among the published reports can eas-
ily be explained given the heterogeneity of the
patient population examined. In many of these
reports, patient selection was performed after a
preliminary biopsy44,73–75,77,79,84,85,89. In some
series, a large group of patients with NOA
showed hypospermatogenesis at testicular histol-
ogy44,72–75,83, and some of these publications dealt
with small case-series7,8,70,85,86,88,89. The definition
of NOA is often unclear and based only on clini-
cal parameters, while no proper histological diag-
nosis is present78,81,87,90.

A large study, not included in the meta-analy-
sis of Nicopoullos et al.62, analyzed the outcome of
a consecutive series of 306 cycles in 235 patients
with a well-defined (clinically and histologically)
NOA93. The control group comprised 605 cycles
performed in 360 azoospermic men with normal
spermatogenesis. In this larger series, a signifi-
cantly lower fertilization rate was observed, 48.5%
vs. 59.7%, in men with NOA compared with men
with OA. Both the clinical implantation rate and
the clinical pregnancy rate per cycle were signifi-
cantly lower in the NOA group compared with
the OA group: 8.6% vs. 12.5% and 15.4% vs.
24%, respectively. If this series had been included
in the meta-analysis, the conclusion would proba-
bly have been different, given that this study out-
numbers the other series included. Furthermore,
the meta-analysis considers different papers relat-
ing to the same patient series (repeated publica-
tions from the same group on extended patient
series).

In order to counsel patients more adequately,
Osmanagaoglu et al.94 calculated life-table statis-
tics in couples undergoing ICSI with testicular
sperm from azoospermic men with NOA. It was
observed that after three cycles, the expected
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chance of fathering a child was 31% in the NOA
group compared with 48% in the OA group.
Again, these data corroborate the finding that
NOA patients perform less well than OA patients
after ICSI.

Initially, mainly fresh testicular sperm was used
in patients with NOA undergoing ICSI. Freezing
testicular sperm may theoretically render multiple
biopsies unnecessary. As TESE will not be success-
ful in all NOA patients, a preliminary testicular
biopsy with freezing of the tissue for later use may
avoid pointless ovarian stimulation of the female
partner in many NOA couples. However, insuffi-
cient data are available in the literature that
focuses on this particular subgroup of azoospermic
patients95–99. A recent study evaluated the out-
come of 97 ICSI cycles scheduled with
frozen–thawed testicular sperm in 69 histol-
ogically defined NOA patients100. Results were
comparable to those of ICSI with fresh testic-
ular sperm: clinical pregnancy rates per embryo
transfer of 25% and 17.9%, respectively, in cycles
using frozen–thawed and fresh testicular sperm.
The implantation rate per replaced embryo was
11.3%, compared with 8.6% using fresh testicular
sperm. The observed tendency towards better
results with frozen–thawed spermatozoa may be
explained by patient selection: the frozen–thawed
group represents a subgroup of patients for whom
the quality of testicular biopsies was sufficient to
allow cryopreservation.

However, this approach involving preliminary
freezing of testicular samples has an important dis-
advantage when all tissue samples with at least one
spermatozoon observed are frozen. In approxi-
mately 20% of such patients, no spermatozoa can
be recovered for ICSI. Yet, a successful back-up
fresh retrieval can be performed in most of these
couples. Patients should be informed about the
advantages and disadvantages of performing a pre-
liminary biopsy followed by cryopreservation
whenever spermatozoa are successfully recovered,
especially when the numbers of spermatozoa are
limited.

PREGNANCIES AND CHILDREN
OBTAINED AFTER TESE–ICSI 

A possible explanation for the observed lower fer-
tilization and pregnancy rates in patients with
severe testicular failure may be the use of imma-
ture gametes. As a result, there have been concerns
regarding possible adverse effects on children born
after TESE–ICSI, especially in NOA. The sper-
matozoa from NOA men are known to show
higher chromosomal aneuploidy rates101–104. Fur-
thermore, the aneuploidy frequency in embryos
obtained from NOA as well as OA is very high,
53% vs. 60%, respectively105. It is also assumed
that genomic imprinting may be incomplete or
deficient106. As a result, the use of testicular sper-
matozoa from men with NOA has been banned in
The Netherlands.

So far, few publications have focused on the
obstetric and neonatal outcome of children born
after ICSI using testicular sperm, and registries on
the outcome of ICSI pregnancies obtained with
testicular sperm do not differentiate between OA
and NOA. We therefore examined the outcome of
70 pregnancies and neonatal data concerning 61
children born after ICSI using testicular sperm
from men with clinically and histologically
defined NOA107. The results were compared with
those of 204 pregnancies and 196 children born
after TESE–ICSI in OA men. There were no sta-
tistically significant differences with respect to the
outcome of pregnancy between the two groups
studied. No differences were observed between the
two groups regarding the birth weight of the chil-
dren or the early perinatal mortality rate. Major
malformations were present in 4% of the live-born
children obtained with testicular sperm of NOA
men, compared with 3% in the children of OA
men.

These rates are comparable to the rates
observed in ICSI children after the use of ejacu-
lated sperm, using the same methodology and
definitions as in a further study, where a 3.4%
major malformation rate was found108. Other
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groups did not report an increased malformation
rate after the use of testicular sperm,
either79,109,110. In these studies, however, the sub-
groups of testicular sperm were small, and unfor-
tunately, no distinction was made between
obstructive and non-obstructive azoospermia.
Only the report by Palermo et al.79 also made this
distinction, although it is not clear whether this
was based on histopathology, which is an impor-
tant prerequisite for categorizing the type of
azoospermia111. So far, from these limited data, we
may conclude that the results in terms of preg-
nancy and child outcome are rather reassuring.
However, since the published studies include only
a small number of patients, further study is cer-
tainly recommended.

ADVERSE EFFECTS OF TESTICULAR
SPERM EXTRACTIONS

Spermatogenesis is a process that takes about 74
days, and it is highly sensitive to toxic effects and
minor changes in temperature. Inflammatory
changes in the testis following testicular surgery
may thus have an adverse effect. According to
Schlegel and Su40, 82% of patients who have had
testicular biopsy show intratesticular abnormali-
ties on scrotal ultrasound, suggesting persistent
hematoma and/or inflammation even as long as 3
months after TESE. The majority of these ultra-
sound abnormalities are resolved within 6 months
after TESE, leaving linear scars or calcifica-
tions40–42. There is little evidence that multiple,
blind testicular needle aspirations carry any less
risk of testicular injury than an open biopsy with
identification of testicular vessels. The use of
microsurgical sperm retrieval procedures may fur-
ther minimize the risk of inadvertent vascular
injury to the testis57,112. This, however, needs to be
examined.

Another concern is the occurrence of antigenic
stimulation after testis biopsy. Hjort et al.113 found
the presence of antisperm antibodies in 31% of
patients who had undergone a previous testicular

biopsy 10 days to 5 weeks before analysis of their
sera. However, Komori et al.114 evaluated the pres-
ence of antisperm antibodies before and 1 year
after TESE in patients with non-obstructive
azoospermia and found no incidence of new anti-
sperm antibody formation.

One investigation assessed serum concentra-
tions of testosterone after multiple testicular biop-
sies in 15 patients. A significant decrease in the
testosterone value was observed up until 6 months
after surgery. The decline in testosterone was, to a
certain extent, found to be reversible within the
first year of follow-up, but not entirely115. How-
ever, two other studies did not reveal this decline
in testosterone level. Komori et al.114 assayed the
serum testosterone concentrations before opera-
tion and at 1, 6 and 12 months after conventional
multiple TESE or microdissection TESE in NOA
patients. They found no significant postoperative
decrease in serum total and free testosterone con-
centrations in all patients in both groups. A study
by Schill et al.42 evaluated the pre- and postopera-
tive values of basal testosterone, up until 18
months after surgery. Their study found no statis-
tically significant difference between testosterone
values before and after testicular biopsies. These
data suggest that it is unlikely that testicular
biopsy has any longer-term negative effect on
blood testosterone levels.
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Hyaluronic acid binding by sperm: andrology
evaluation of male fertility and sperm
selection for intracytoplasmic sperm injection

Gabor Huszar, Attila Jakab, Ciler Celik-Ozenci, G Leyla Sati

CYTOPLASMIC RETENTION AND OTHER
BIOCHEMICAL MARKERS OF SPERM
CELLULAR MATURITY

The primary interest of our laboratory has been
the development of objective biochemical markers
of human sperm maturity and function, which
would predict male fertility independently from
the traditional semen criteria of sperm concentra-
tion and motility. In measurements of sperm crea-
tine-N-phosphotransferase or creatine kinase

Figure 30.1 Left panel: Mature (a) and diminished-maturity sperm with cytoplasmic retention (b–e) after creatine kinase (CK)
immunostaining. Right panel: CK-immunostained sperm–hemizona complex. Observe that only the clear-headed mature
spermatozoa without cytoplasmic retention are able to bind. See also Color plate 4 on page xxvi
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(CK), we found significantly higher sperm CK
contents in men with diminished fertility1,2. The
sperm CK immunostaining patterns indicated
(Figure 30.1a) that the high sperm CK activity was
a direct consequence of increased cytoplasmic pro-
tein and CK concentrations in the spermatozoon3.
This suggested that we had identified a sperm
developmental defect in the last phase of spermio-
genesis when the surplus cytoplasm (unnecessary
for mature sperm) is normally extruded and left in
the adluminal area as ‘residual bodies’4.
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In addition to the CK-B isoform, we found
another adenosine triphosphate (ATP)-containing
protein, which was proportional to the incidence
of mature sperm, characterized by lack of cyto-
plasmic retention5. We have identified this devel-
opmentally regulated protein as the 70-kDa testis-
expressed chaperone protein, which in man is
called HspA26.

We have further shown that mature and
diminished-maturity sperm are different with
respect to HspA2 levels, as expressed by concen-
trations of sperm CK and HspA2 (% HspA2/
(HspA2 + CK-B)), morphological and morpho-
metric attributes, zona pellucida-binding prop-
erties and fertility7,8. Furthermore, we have estab-
lished that in spermiogenesis, simultaneously with
cytoplasmic extrusion and the commencement of
HspA2 synthesis, the sperm plasma membrane
also undergoes maturation-related remodeling.
This remodeling step facilitates formation of the
sites for zona pellucida binding and, very impor-
tant from the point of view of andrology testing
and selection of sperm for intracytoplasmic sperm
injection (ICSI), for hyaluronic acid binding in
mature sperm9. Finally, we demonstrated that all
sperm maturational events related to the decline of
CK activity and increase in HspA2 expression are
completed by the time that the sperm enter the
caput epididymis10.

SPERM MATURITY AND FERTILITY

The predictive value of sperm HspA2 levels in the
assessment of male fertility was tested in two
blinded studies of couples undergoing in vitro fer-
tilization (IVF). In the first, we classified 84 hus-
bands from two different IVF centers (with no
information on their semen parameters or repro-
ductive histories) based only on their sperm
HspA2 ratios into ‘high likelihood’ (> 10%
HspA2 ratio) and ‘low likelihood’ (< 10% HspA2
ratio) for fertility groups8. All pregnancies
occurred in the ‘high likelihood’ group. No

pregnancy occurred in the ‘low likelihood’ group.
In the ‘high likelihood’ group, if at least one
oocyte was fertilized, the predictive rate of the
HspA2 ratio for pregnancy was very high at
30.4% per cycle. An additional important utility
of the HspA2 ratio became apparent: nine of the
22 ‘low likelihood’ men were normospermic but
had diminished fertility. Thus, the HspA2 ratio
provided, for the first time, a diagnostic tool for
unexplained male infertility (infertile men with
normal semen)7. In a recent second study, we re-
examined the utility of HspA2 ratios in 194
couples treated at Yale. The receiver operating
characteristic (ROC) curve analysis indicated a
100% predictive value for failure to achieve preg-
nancy below the 10.4% HspA2 threshold. Similar
to the 1992 study, nine of the 15 men with < 10%
HspA2 ratio and pregnancy failure were normo-
spermic11.

To identify the steps of the fertilization process
at which the low-HspA2 immature sperm are defi-
cient, we explored human sperm–oocyte binding.
With the study of sperm–hemizona complexes, we
established that only the clear-headed (low CK)
mature sperm were able to bind to the zona (Fig-
ure 30.1b)7. Sperm with retained cytoplasm were
deficient in the oocyte-binding site, the formation
of which may occur with plasma membrane
remodeling simultaneously with cytoplasmic
extrusion9.

From the perspective of male infertility, it is
important that synthesis of the HSP70 family of
proteins is developmentally regulated and that
they appear during meiotic prophase as a compo-
nent of the synaptonemal complexes12. An appar-
ent function of HSP70-2 in mice is maintaining
the synaptonemal complex and assisting chromo-
some crossing-over during meiosis and spermato-
cyte development. Accordingly, the targeted dis-
ruption of the hsp70-2 gene causes arrested sperm
maturation and azoospermia13. These events could
be related to faulty meiotic recombination in sper-
matocytes, to disruption of the meiotic cell-cycle
regulatory machinery or perhaps to triggering of
the apoptotic machinery in spermatocytes, or even
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in spermatids or ejaculated immature sperm.
Regarding human sperm, our laboratory was the
first to demonstrate the expression pattern of the
HspA2 protein in the human testis and sperm,
and to correlate the expression level of HspA2 to
sperm function6. Figure 30.2 clearly demonstrates
the two-wave expression of HspA2, first in
spermatocytes related to meiosis, and then at the
time of terminal spermiogenesis in elongated
spermatids.

In general, chaperone proteins facilitate the
assembly and intracellular transport of proteins.
Indeed, the second wave of HspA2 expression is
simultaneous with major sperm protein move-
ments underlying cytoplasmic extrusion and

remodeling of the human sperm plasma
membrane. We believe that retention of the cyto-
plasm, and the lack of zona-binding sites in imma-
ture sperm, are likely related to the diminished
expression of HspA2, and also to diminished
DNA integrity as a consequence of the impaired
delivery of DNA-repair enzymes during and fol-
lowing meiosis2–6.

GENETIC ASPECTS OF DIMINISHED
SPERM MATURITY

Assuming that HspA2 is a component of the
synaptonemal complex in man as well as in
rodents, we hypothesized that the frequency of
chromosomal aneuploidies will be higher in
immature versus mature sperm14. We have exam-
ined this question in sperm arising from semen
and from 80% Percoll pellets (enhanced in mature
sperm) of the same ejaculate in ten oligozoosper-
mic men. Immature sperm with retained cyto-
plasm, which signifies spermiogenetic arrest, were
identified by immunocytochemistry. We have
evaluated with fluorescence in situ hybridization
(FISH) approximately 7000 sperm nuclei in each
of the 20 fractions (142 086 sperm in all) using
centromeric probes for the X, Y and 17 chromo-
somes. The proportions of immature sperm (as
detected by cytoplasmic retention) were
45.4 ± 3.4% vs. 26.6 ± 2.2% in the two groups
(median 48.2% vs. 25%, p < 0.001; n = 300 sperm
evaluated per fraction, 6000 sperm in all). There
was also a concomitant decline in total disomy,
total diploidy and total aneuploidy frequencies
with respect to the tested chromosomes in the
80% Percoll versus semen sperm fractions (0.17
vs. 0.54%, 0.14 vs. 0.26% and 0.31 vs. 0.81%,
respectively; p < 0.001 in all comparisons). The
mean decline in aneuploidies was 2.7-fold.
Regarding our hypothesis that aneuploidies are
related to sperm immaturity, there was a close cor-
relation between the incidence of immature sperm
with cytoplasmic retention and disomies (r = 0.7
with all chromosomes, and r = 0.76 in case of the

Figure 30.2 Human testicular biopsy tissues immunostained
with HspA2 antiserum. Sections represent lower (upper panel)
and high (lower panel) magnifications to illustrate the tubular
structure, and staining pattern of the adluminal area. HspA2
expression begins in meiotic spermatocytes, but is predom-
inant during terminal spermiogenesis in elongated spermatids
and spermatozoa. See also Color plate 5 on page xxvii
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Y disomy; p < 0.001 in both), indicating that dis-
omies originate primarily in immature sperm.
Thus, the idea that the common factor underlying
sperm immaturity and aneuploidies is the dimin-
ished expression of HspA2 appears to be valid14.
However, there was no relationship with diploi-
dies (r < 0.1). Thus, in agreement with the ideas
presented by Egozcue et al., chromosomal
diploidy is likely to arise by diverse cellular
mechanisms15.

SPERM HEAD SHAPE AND SPERM
MATURITY

The relationship between abnormal sperm mor-
phology and chromosomal aberrations has been of
long-term interest16,17. Although there are data
supporting this association, studies prior to our
recent work regarding this relationship were based
on the frequency of abnormal or aneuploid sperm
in semen samples, but not on the examination of
the same individual sperm for both attributes. The
study of the direct relationship between sperm
shape and numerical chromosomal aneuploidies
was made possible because we determined that
sperm preserve their shape after undergoing the
decondensation and denaturation steps that are a
prerequisite for performing FISH18. 

In a subsequent project, we examined the
potential relationship between numerical chromo-
somal aberrations and sperm shape, as well as the
applicability of such data to sperm selection for
ICSI19. In order to accomplish this goal, we stud-
ied the post-FISH status of sperm whether hap-
loid, disomic or diploid, and also evaluated the
shape and dimensions of the same spermatozoa by
their corresponding phase-contrast microscopy
images in a selected sperm population. (The
selected sperm population had much higher pro-
portions of disomic and diploid spermatozoa than
occur physiologically.)

First, using objective shape measurements, we
evaluated 1286 individual sperm from 15 men:
900 haploid, 256 disomic and 130 diploid sperm,

using centromeric FISH probes for the X, Y, 10,
11 and 17 chromosomes. We studied normal, dis-
omic and diploid genotypes in sperm images
utilizing three-color FISH (17, X and Y) and two-
color FISH for the 10 and 11 chromosomes (60
sperm from each man; 30 sperm with X, Y,
17 chromosomes, and 30 sperm with 10, 11
chromosomes).

In another approach, we sorted the 900 non-
aneuploid sperm and classified them into ‘small
head’, ‘intermediate head’ and ‘large head’ groups.
Further, we sorted the 256 aneuploid and 130
diploid sperm according to the head size parame-
ter ranges established in the non-aneuploid sperm,
and determined the frequencies of disomies and
diploidies within the three head-size groups.

Aneuploidies and diploidies were present
within all three groups. The frequency of chromo-
somal aberrations correlated positively with sperm
head size, as size reflects cytoplasmic retention and
immaturity. The frequency of chromosomal aneu-
ploidies was also related to the other sperm head
parameters, including head area, perimeter and
long and short axes, indicating that the study of
any of the four sperm head parameters is relevant
to the relationship between sperm shape and dis-
omies or diploidies. The mean percentages of dis-
omies in small, intermediate and large sperm head
categories were 27 ± 2%, 23 ± 1% and 50 ± 2%,
respectively. Moreover, the mean percentages of
diploidies in the three sperm head categories were
3 ± 1%, 8 ± 1% and 89 ± 2%, respectively.

When we asked the question, ‘How many of
the disomic or diploid sperm will fall within the
lowest third of the 900 non-aneuploid sperm, the
‘most normal’ sperm category?’, we found that
sperm of any head size or shape may have chro-
mosomal aberrations. Furthermore, about 27% of
sperm with disomy and 3% with diploidy of the
386 sperm selected for this analysis were among
the 300 sperm within the most normal third of
the study population, whether we considered one
or any of the four basic morphometric parameters.

In another analysis, we classified the same 1286
sperm according to their shape characteristics
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as normal (n = 367), intermediate (n = 368),
abnormal (n = 504) and amorphous (n = 47). Dis-
omic and diploid sperm were present in all four
groups with an increasing frequency of 18%,
18%, 41% and 98%, respectively, in line with the
severity of the sperm shape abnormality, which
was most apparent in the abnormal and amor-
phous sperm shape categories19.

Finally, we classified the 1286 spermatozoa
according to the Kruger strict morphology
method as normal and abnormal. The normal
strict morphology scores of the haploid (n = 900),
disomic (n = 256) and diploid (n = 130) sperm
were 24%, 10% and 1%, respectively. These val-
ues are also in accordance with the morphometric
results, which indicate that the haploid, disomic
and diploid sperm are different from each other,
not only in genetic or morphometric aspects but
also in morphology. We have also evaluated our
sperm shape classification with the Kruger
method, in order to compare objective morpho-
metry based on the biochemical marker approach
with strict morphology. We found good agree-
ment: the Kruger normal scores in the symmet-
rical, asymmetrical, irregular and amorphous
groups were 26%, 3%, 1% and 0%, respectively.
However, it was also clear that there were aneu-
ploid sperm in the normal group, demonstrating
that the strict morphology evaluation is not dis-
criminatory with respect to the identification of
haploid spermatozoa.

Using all three shape-directed approaches, our
results support a relationship between abnormal
sperm shape and disomies/diploidies, as the com-
bined rates of disomy and diploidy increased
within each morphological category from small
head size to large head size, from normal to amor-
phous and from Kruger normal to abnormal,
reflecting the direction of declining sperm matu-
rity. Moreover, with the exception of the amor-
phous class, all classes (normal, intermediate and
even abnormal) showed similar disomy frequen-
cies. Thus, these data further confirmed that shape
assessment is an unreliable method for the selec-
tion of non-aneuploid sperm.

We can conclude that: (1) there is an overall
relationship between sperm shape abnormalities
and frequencies of chromosomal aneuploidies in
spermatozoa; this relationship is likely based on
the common upstream events of diminished mat-
uration that affect both meiotic events and cyto-
plasmic extrusion during late spermiogenesis; (2)
shape characteristics are not predictive for ploidy
in individual spermatozoa; and (3) thus, visual
shape assessment, i.e. choosing the ‘best-looking’
sperm, is an unreliable method for ICSI selection
of normal spermatozoa.

SPERM MATURITY TESTING BY
HYALURONIC ACID BINDING 

Concurrently with the sperm maturation studies,
we investigated the effects of hyaluronic acid (HA)
or hyaluronan, which is a linear repeating polymer
of disaccharides, on human sperm function. HA in
the medium increased the velocity, retention of
motility and viability of freshly ejaculated, as well
as cryopreserved–thawed, human spermatozoa20,21.
The enhancement of sperm motility and velocity
occurred as a direct response to HA, as indicated
by two observations: (1) there was an instanta-
neous increase in sperm tail cross-beat frequency
and sperm velocity upon HA exposure; (2) when
we transferred the HA-exposed sperm after density
gradient centrifugation to a regular medium, the
motility and velocity properties returned to those
of the control sperm. We concluded that HA
effects on sperm are receptor-mediated. Indeed,
the presence of the HA receptor in human sperm
has been established by three laboratories22–24.

Recognizing the association between the pres-
ence of plasma-membrane HA receptors and the
various upstream features of sperm maturity, we
were interested to develop the sperm HA-binding
assay to a clinical andrology test, as well as a device
for the selection of mature sperm for ICSI25. We
hypothesized that (1) mature sperm would selec-
tively bind to solid-state HA; this assumption has
recently been proved by studies using the various
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cytoplasmic and nuclear biochemical markers:
HA-bound sperm are devoid of cytoplasmic reten-
tion and caspase-3, which signifies an ongoing
apoptotic process26; (2) diminished-maturity sper-
matozoa, having low HspA2 ratios, chromosomal
aberrations and lack of spermatogenetic mem-
brane remodeling, will not bind to solid-state HA,
and thus HA binding would facilitate the selection
of individual mature sperm with low levels of
chromosomal aneuploidies.

Our current ideas on sperm maturation in men
are summarized in Figure 30.3. In seeking the
underlying mechanism for diminished zona bind-
ing by immature sperm, we have established that
in spermiogenesis, simultaneously with cytoplas-
mic extrusion and the commencement of HspA2
synthesis, the sperm plasma membrane also
undergoes a maturation-related remodeling that
promotes formation of the zona-binding and HA-
binding sites. Thus, in immature sperm with
cytoplasmic retention, there are low densities of
zona-binding sites and also of HA receptors6,7,20,25.

Based on the concepts of Figure 30.3, we have
examined three issues:

• Whether, via the HA receptors, sperm would per-
manently bind to solid-state hyaluronic acid.
Indeed, sperm bind to HA. There are three
sperm populations: (1) sperm that bind per-
manently to HA; (2) sperm that exhibit no
binding; (3) a small proportion of sperm
(< 5%) that initially bind to HA but are soon
released, and then rebind. We interpreted these
three patterns as mature sperm with a high
density of HA receptors, immature sperm with
deficient maturity and plasma membrane
remodeling, and sperm of intermediate matu-
rity with a low density of HA receptors.

• The diagnostic utility of sperm binding to HA
was tested in a chamber device that is coated with
HA in order to examine what proportion of
mature sperm exhibit HA binding (Figure 30.4).
It is of note that the HA-binding assay has
been approved by the Food and Drug Admin-
istration (FDA) for andrology testing.

We found that sperm HA-binding has diagnostic
utility. We evaluated the percentage binding of
sperm to HA-coated slides in 56 men. With
respect to binding, we classified the sperm popu-
lations as follows: > 85% (n = 32), excellent bind-
ing: these men do not require intervention; bind-
ing between 65 and 85% (n = 14), intermediate:
these couples may benefit from intrauterine
insemination (IUI); diminished sperm-binding
properties, < 60–65% (n = 10): these men should
be retested, and if the low binding score is con-
firmed, they should be treated with IVF or ICSI.
In line with our previous findings, binding scores
were largely independent of sperm concentrations.
Among men within the < 20 million sperm/ml
concentration range (n = 18 of 56 men), we iden-
tified three excellent, seven moderate and eight
diminished HA-binders.

SELECTION OF SPERM WITH LOW
ANEUPLOIDY FREQUENCIES FOR ICSI

The third issue:

• Whether, due to the relationship between sperm
maturity and the meiotic process, sperm with low
levels of chromosomal aberrations would prefer-
entially bind to HA

is addressed in the experiments described below.
The development of this novel sperm selection

method using HA binding, in line with concepts
presented in Figure 30.3, is based on the recogni-
tion that, during spermatogenesis, formation of
the zona pellucida-binding and HA-binding sites
is commonly regulated. Indeed, we have found a
close correlation (r = 0.73, p < 0.001; n = 54)
between sperm-binding scores either to HA or to
the zona of bisected human oocytes27. Thus, HA-
selected mature sperm have frequencies of chro-
mosomal aberrations comparable with those of
sperm selected by the zona pellucida in conven-
tional fertilization. This relationship is based on
the dual role of the HspA2 chaperone, which
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supports meiosis as a component of the synap-
tonemal complex, and facilitates plasma mem-
brane remodeling as well as the formation of the
zona pellucida- and hyaluronic acid (HA)-binding
sites during spermiogenesis6.

The increased rate of chromosomal aberrations
and other potential consequences of using imma-
ture sperm for ICSI are of major concern. Based
on the association between sperm maturation and
plasma membrane remodeling, we formulated the
hypothesis that the presence of the HA receptor in
mature but not in immature sperm, and a respec-
tive device with an HA-coated surface, will facili-
tate the selection of single, mature sperm with
high DNA integrity and a low frequency of chro-
mosomal aneuploidies for ICSI. The HA-selected
mature sperm, in addition to having low levels of
meiotic errors, are also devoid of cytoplasmic
retention, persistent histones, the apoptotic
process and DNA fragmentation, factors that

would adversely affect the paternal contribution of
sperm to the zygote9,14,25,28–30. The five-fold
decline of sex-chromosome disomies is consistent
with the increase of chromosomal aberrations in
ICSI children conceived with visually selected
sperm. Since HA is a normally occurring compo-
nent of the female reproductive tract, there should
be no ethical concerns31–34.

In these experiments, we used sperm-selection
platforms, Falcon Petri dishes that have spots of
immobilized bacterial hyaluronic acid that were
prepared using proprietary coating technology
(Biocoat Inc., Fort Washington, PA). The
sperm–hyaluronic acid binding-assay slides are
based on Cell-VU disposable glass sperm-count-
ing chambers that are treated with a bilaminar
hyaluronan coating. The coating consists of
hyaluronan grafted to a base-coat, cross-linked
with a polyfunctional isocyanate. Total coating
depth is less than a micrometer.

RB

HspA2 expression

Plasma membrane remodeling
(Zona-binding site)

Normal maturation

Abnormal head shape

Chromosomal
aneuploidies

Cytoplasmic
retention DNA degeneration

Deficient zona biniding

Diminished fertility in
conventional fertilization

Diminished maturation

HspA2

↑LP

Cytoplasmic extrusion

Figure 30.3 A model of normal and diminished maturation of human sperm. In normal sperm, maturation HspA2 is expressed
in the synaptonemal complex of spermatocytes, supporting meiosis. HspA2 is likely also involved in the processes of late
spermiogenesis, such as cytoplasmic extrusion (represented by loss of the residual body, RB), plasma membrane remodeling and
formation of the zona pellucida- and hyaluronic acid-binding sites (change from blue to red membrane and stubs). Diminished-
maturity sperm lack HspA2 expression, which causes meiotic defects and a higher rate of retention of creatine kinase (CK) and
other cytoplasmic enzymes, increased levels of lipid peroxidation (LP) and consequent DNA fragmentation, abnormal sperm
morphology and deficiency in zona and hyaluronic acid binding. See also Color plate 6 on page xxvii
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We have tested the efficiency of sperm selec-
tion with respect to elimination of sperm with
chromosomal aneuploidies and diploidies35.
Washed sperm of 34 moderately oligospermic
men were studied. After incubation for 15 min,
the HA-attached sperm were collected using an
ICSI micropipette. Both HA-selected and unse-
lected sperm were subjected to FISH, using cen-
tromeric probes for the X, Y and 17 chromo-
somes. The control sperm population comprised
the unselected sperm. Aliquots of the initial unse-
lected sperm suspension and HA-bound sperm
were examined after FISH. Data were analyzed by
χ2 analysis.

In experiments 1 and 2, washed sperm were
prepared by dilution of semen with 3–5 volumes
of human tubal fluid 0.5% BSA (HTF; Irvine Sci-
entific Co., Irvine, CA). The diluted semen was
centrifuged at 1200 g for 15 min, at room temper-
ature. The sperm pellet was resuspended in 0.5 ml
HTF to approximately 30 million sperm/ml. In
the second experiment, the sperm suspension was
also subjected to centrifugation on a discon-
tinuous 45%/90% ISolate gradient.

With the use of the Falcon Petri dishes with an
immobilized HA spot, a drop of sperm suspension
was placed close to the edge of the HA spot, and
the sperm were allowed to migrate spontaneously.
The mature sperm that had completed plasma
membrane remodeling bound to the HA, while
immature sperm with diminished HA receptor
concentrations moved freely over the HA (Figure
30.4). The HA-bound sperm also exhibited vigor-
ous beating with increased tail cross-beat fre-
quency20,21. After 15 min (twice the maximum
binding period)25, the bound sperm were collected
with the ICSI micropipette, fixed with
methanol–acetic acid and subjected to FISH. The
control for the selection experiments was always
the respective unselected sperm suspension, also
treated with FISH (Figure 30.5).

In experiment 3, 5–10-µl drops of sperm sus-
pension were placed on HA-coated glass slides.
After a 5-min HA-binding period, the slide was
placed at a slight angle and the unbound sperm

were eliminated by slowly applying and removing
drops of HTF until no free sperm were visible.
The HA-bound sperm were removed one-by-one
by micropipette and placed in a hydrophobic pen-
circled area wetted with HTF, fixed and subjected
to FISH.

From the semen fraction of each man we ana-
lyzed a mean of 4770 sperm, or 162 210 sperm in
the 34 men. In the HA-bound and micropipette-
collected sperm fractions, due to the burdens of
the task, we studied fewer sperm. In the first
experiment, we evaluated 7530 sperm (range
224–1142 per man) and in the second experi-
ment, 9720 sperm (range 373–1955 sperm per
man). In the third experiment of individually
selected sperm, we evaluated 24 420 sperm (range
1086–3973 per man).

For the HA-bound sperm (495–2079 per man,
41 670 in all) versus unselected sperm (4770
sperm per man, or 162 210 in all), the chromoso-
mal disomy frequencies, with the three probes
studied, were reduced to 0.16 from 0.52%,
diploidy to 0.09 from 0.51% and sex-chromo-
some disomy to 0.05 from 0.27% (a 5.4-fold
reduction, vs. four-fold respective increase in ICSI
offspring).

Our HA–sperm selection method provides a
technique for reducing the genetic impact of ICSI
fertilization at the traditional evolutionary level by
introducing only mature spermatozoa that would
have been part of the physiological fertilization
pool. In light of our data and of the adverse ICSI
consequences reviewed, it is of interest to define
the expected advantages of HA-mediated sperm
selection in improving ICSI outcome:

• In sperm selected by HA binding, the frequen-
cies of chromosomal disomies and diploidies
are in the normal range, independent of the
aneuploidy frequencies of the initial semen. In
this respect, the sperm selection properties of
HA are similar to those of the zona pellucida.

• Mature sperm selected by virtue of HA bind-
ing are also viable, and devoid of persistent his-
tones and apoptosis, as evidenced by aniline
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blue staining and the absence of active caspase-
3, respectively25,26. Thus, the paternal contri-
bution of HA-selected sperm will be improved,
and we would expect a lower rate of miscar-
riages following ICSI with HA-selected sperm.

• HA-selected mature sperm do not exhibit
DNA fragmentation, as tested by the comet
assay and DNA-nick translation30,36. This
should alleviate concerns related to the poten-
tial deterioration of individual development
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Figure 30.5 Disomy (dis) and diploidy (dipl) frequencies in semen and hyaluronic acid (HA)-selected sperm fractions in the three
experiments

Figure 30.4 Sperm movement patterns on the hyaluronic acid-coated spots used for sperm selection. Mature sperm are bound,
and diminished-maturity sperm remain motile. Sperm are stained with cyber green DNA stain (Molecular Probes, Eugene, OR) that
permeates viable sperm. See Color plate 7 on page xxviii
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and the increase in cancer rates following ICSI
fertilization.

• HA-selection of sperm will allow lesser expo-
sure to toxic polyvinylpyrrolidone.
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In vitro maturation of spermatozoa

Rosália Sá, Mário Sousa, Nieves Cremades, Cláudia Alves, Joaquina Silva, Alberto Barros

SPERMIOGENESIS IN VITRO: ANIMAL
STUDIES

The development of methods for the in vitro study
of mammalian spermatogenesis faces problems
due to tissue specificities that are difficult to attain
under culture conditions. These problems arise
because spermatogenesis depends strongly on the
compartmentalization of cellular associations, for
example topographic arrangements that deter-
mine spatial and temporal relationships between
gene expression and specific signal molecules.
Even if stable somatic cell populations such as per-
itubular cells, Leydig cells and Sertoli cells, and
stem/progenitor germ cells such as mitotic divid-
ing spermatogonia, can be maintained, this is very
difficult to achieve with differentiated germ cells
such as meiosis-driven spermatocytes and sper-
matids. Hence, at present, the major goal of
somatic cell–germ cell coculture systems is to
establish a minimum of conditions that can artifi-
cially keep alive a more or less functional epithe-
lium for a reasonable period of time (2–3 weeks).

These objectives are directed not only towards
producing gametes in vitro for those cases where
no spermatids are found, but also towards
enabling a more controlled study of the mecha-
nism of action of toxins, hormones and signal
molecules on the seminiferous epithelium. These
in vitro systems may allow the development of

more efficient culture media, and may serve as a
unique model to facilitate the isolation of highly
purified cell populations in order to study gene
expression and signal pathways of stage-specific
germ cells. Finally, these systems may also provide
an alternative tool for developing gene therapy
strategies that could bypass the need for animal
experimentation or preliminary in vivo clinical tri-
als. This is especially important for those patients
showing maturation arrest due to a genetic cause,
in whom gene transfer in vitro could be used to
overcome the defect and thus to produce in vitro
gametes for treatment.

Amphibians, insects and fishes

Amphibians and insects show a single spermato-
genic cell lineage of interconnected cells confined
to a germ-line cyst. Although they contain Sertoli-
like nurse cells, the development of germ cells is
not dependent on contact with Sertoli cells. These
specificities enable cysts to evolve individually,
which explains why they can be maintained in cul-
ture so efficiently. In fact, culture of cell suspen-
sions in media supplemented with follicle stimu-
lating hormone (FSH) has shown that, in Xenopus,
the newt and Drosophila, spermatogonia and pri-
mary spermatocytes can divide, complete meiosis
and then evolve into elongated spermatids,
although not into spermatozoa. In the animal
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kingdom, the complete in vitro differentiation
from spermatogonia to spermatozoa has only been
achieved in the eel, after 21 days of culture in the
presence of testosterone1.

Rodents

In contrast, restoration of the spermatogenic cycle
in vitro remains to be successfully achieved in
mammals. This can be explained by the existence
of very complex mixtures of germ cells at different
stages, and of complex intercellular relationships
between Sertoli cells, basement lamina and germ
cells, with germ cell development appearing also
to be dependent on numerous hormones, growth
factors and interleukins secreted by intraepithelial
cells, and by cells located in the surrounding con-
nective tissue2–21.

In rodents, seminiferous tubule fragments,
which preserve Sertoli cell and germ cell contacts,
can be maintained viable for several months if cul-
tured under conditions of 32°C, 5% CO2 in air,
pH 7.2, in the presence of vitamins, amino acids,
sodium pyruvate and 10% fetal calf serum. How-
ever, after 3 weeks, only Sertoli cells remained
alive, spermatogonia and spermatocytes degener-
ated and no round spermatids were ever formed in
vitro22. Later experiments, using in vitro culture of
rat seminiferous tubule segments, then showed
that late-pachytene spermatocytes could end
meiosis I in 2–4 days and form secondary sperma-
tocytes. Secondary spermatocytes then ended
meiosis II in 2–3 further days, giving origin to
round spermatids. As these experiments were con-
ducted in the absence of hormones, it was sug-
gested that late-pachytene spermatocytes have all
the information required for both meiotic divi-
sions and early spermiogenesis23. These experi-
ments were further expanded to show that prelep-
totene spermatocytes could evolve after 3 days
into zygotene spermatocytes, and these into late-
pachytene spermatocytes after 7 more days in
organ culture. They also confirmed the need for
about 7 days to develop from the late-pachytene
stage to the round spermatid stage. Curiously, it

was shown that meiosis I and meiosis II could be
spontaneously accelerated, thus originating round
spermatids in only 2 days of culture. Unfortu-
nately, the process of round spermatid maturation
into elongating spermatids, which took 4 days,
ended in the production of highly abnormal
cells24.

By using mouse premeiotic germ cells cocul-
tured on Sertoli cell-like feeder layers, it was
shown that it was even possible to obtain round
spermatids from spermatogonia in about 10–12
days, although this pace of spermatogenesis was
very accelerated. However, these haploid germ
cells then became arrested25. Also, using rodent
germ cell suspensions, preleptotene spermatocytes
were shown to evolve to the zygotene stage in
about 3 days, the latter into late-pachytene sper-
matocytes in 7 days and these into round sper-
matids in 2–7 days, thus completing the two mei-
otic divisions in vitro in about 12–17 days.
However, round spermatids were also unable to
differentiate into normal elongating spermatids.
The ability of spermatocytes to differentiate into
round spermatids in vitro was suggested to be due
to primary spermatocytes receiving the informa-
tion needed for completion of the meiotic divi-
sions at the mid- and late-pachytene stages, at
which time RNA transcription is activated and
formation of the chromatoid body is begun. Fur-
ther studies then showed, using organ culture
without hormonal supplementation and with only
0.2% fetal calf serum, an accelerated process (21
days) of proliferation and differentiation from the
spermatogonia up to the round spermatid stage.
Unfortunately, these round spermatids also
remained arrested26. The in vitro culture of mouse
premeiotic germ cells using cell suspensions and a
complex medium containing growth factors, FSH
and testosterone was also shown to enable the pro-
duction of round spermatids after 7–10 days.
These were microinjected into oocytes, and fertile
normal offspring were obtained, thus suggesting
that round spermatids produced in vitro from nor-
mal seminiferous tubules keep all their normal
developmental potential27.
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Overall, experiments with rodent spermatoge-
nesis in vitro revealed that most of the cells degen-
erate rapidly in the first 2 days, especially if con-
tacts with Sertoli cells are lost, with successful
preparation of Sertoli–spermatogenic cell cocul-
tures depending on minimal cell-junction disrup-
tion during enzymatic dissociation, cell-plating at
maximum density, supplementation with hor-
mones (FSH and testosterone), growth factors and
vitamins, frequent replenishment of the culture
medium and simultaneous removal of metabolic
waste products.

The action of hormones

Spermatogenesis is a hormone-sensitive process,
with FSH being especially critical for the initia-
tion of spermatogenesis and both FSH and testos-
terone being needed to support germ cell differen-
tiation. FSH and testosterone exert direct and
indirect actions on Sertoli cells. Acting on Sertoli
cells, FSH causes cyclic adenosine monophos-
phate (cAMP) accumulation (cAMP crosses gap
junctions and activates germ-cell gene transcrip-
tion), protein kinase activation, production of lac-
tate (essential for spermatocyte RNA synthesis),
synthesis of transferrin and androgen-binding
protein (essential to mediate testosterone action
on germ cells) and RNA and protein synthesis,
including the expression of stem cell factor (SCF).
On spermatocytogenesis, FSH was suggested to
play a determinant role in preventing cell degen-
eration, to stimulate spermatogonia proliferation
(through binding of SCF to c-Kit receptor in A
spermatogonia) and spermatogonia conversion to
preleptotene spermatocytes and to modulate mei-
otic divisions. Regarding its actions on spermio-
genesis, contradictory roles have been ascribed to
FSH, with some authors observing a stimulatory
action on round spermatid differentiation28,29,
and others demonstrating that it inhibits the
spermiogenic process30.

Under luteinizing hormone (LH) influence,
testosterone is secreted by Leydig cells and binds
to intracellular cytoplasmic androgen receptors of

Sertoli cells. These then translocate to the nucleus
and stimulate transcription. Testosterone is
50–100 times more concentrated in the testis than
in serum, with lower or intermittent levels inhibit-
ing spermatogenesis. The effectiveness of testos-
terone also declines with time, which explains the
need for supraphysiological levels to maintain
spermatogenesis. However, there is no absolute
need for the presence of high levels of testosterone
to stimulate spermiogenesis. This was demon-
strated by using knock-out mice with absent LH
receptors. In this situation, LH is unable to stim-
ulate Leydig cells, causing a very low level of
intratesticular testosterone. These animals showed
the presence of conserved spermatogenesis, but
quantitative analysis demonstrated that if
spermiogenesis proceeds qualitatively it is
decreased quantitatively31. Thus, if spermatogene-
sis can be maintained in the presence of low
testosterone levels, higher concentrations of
testosterone are needed to sustain quantitative
spermatogenesis, possibly by the induction of high
levels of androgen receptors or growth factors.
These observations also explain how low levels of
testosterone appear to be sufficient to stimulate
the proliferation of spermatogonia and meiosis,
although inducing round spermatid apoptosis and
spermiogenesis decline32. However, the addition
of normal testosterone concentrations failed to
restore a normal germ cell number in those cases
where spermiogenesis was inhibited due to absent
or low testosterone levels, which suggests a need
for other factors in stimulating quantitative sper-
matogenesis33. Like FSH, testosterone has been
implicated in germ cell survival, the induction of
spermatogonia proliferation, spermatocyte differ-
entiation and meiosis. The main action of testos-
terone is, however, to induce and control round
spermatid maturation and conversion to elon-
gated spermatids34–38.

Both FSH and testosterone thus act synergisti-
cally, and most of their actions also appear to be
mediated by intermediates secreted by androgen-
sensitive extratesticular tissues, local steroids or
other paracrine factors produced in response to
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pituitary hormones. Paracrine effects have been
described for diverse growth factors, cytokines,
vasoactive peptides, hormones, endogenous opi-
oid peptides and neuropeptides5,7,8,11,18.

SPERMIOGENESIS IN VITRO:
EXPERIMENTAL STUDIES IN THE
HUMAN

Initial trials

The use of human adult whole testicular tissue or
whole testicular tissue cell suspensions for the
study of spermatogenesis in vitro raises the prob-
lem that it is impossible to assure a complete
absence of spermatids in such samples. To study
whether the human spermatogenic cycle can be
restored in vitro, it is thus necessary to avoid any
possible contamination by a hidden focus of elon-
gating or elongated spermatids. For this, experi-
ments must be carried out with round spermatids
or mixtures of round spermatids, diploid germ
cells and Sertoli cells, after careful isolation of each
cell type39–41.

In some patients with spermacytogenesis and
absent spermiogenesis, a few round spermatids
might escape meiotic arrest and be isolated.
Because of the rather disappointing results with
round spermatid injection, in vitro culture of
round spermatids was initiated in an effort to try
to overcome the poor clinical outcomes obtained
with the use of such immature haploid germ cells.
The correct identification of round spermatids is
technically difficult, and an inappropriate option
could have a detrimental effect on the outcome of
round spermatid injection. Although guidelines
have emerged on how to recognize correctly and
test these cells, flagellar growth by in vitro culture
of round spermatids could help further in the
correct identification of live and viable round
spermatids41–48.

In cocultures of Sertoli cells with primary sper-
matocytes, round spermatids and elongating sper-
matids, at 32°C in media supplemented with

serum, no meiosis resumption or elongating sper-
matid maturation was observed at up to 4 days.
This temperature was chosen based on mouse
experiments that had demonstrated an inhibition
of protein synthesis when male germ cells were
submitted to temperatures higher than
32–34°C49. In contrast, about 22% of cultured
isolated round spermatids grew flagella in 1–2
days. However, these late round spermatids
became arrested, and were incapable of inducing
normal embryo development50–52. This type of
experiment was also clinically applied in the
absence of serum supplementation and at 37°C,
but no beneficial effects could be obtained;
besides a small improvement noticed in the fertil-
ization rate after round spermatid microinjection,
none of the in vitro cultured round spermatids
developed a flagellum after 3 days of culture53.

Vero cell monolayers

In order to try to improve the above-reported
results, it was hypothesized that round spermatids
could be better matured using Vero cell cocul-
tures, as these cells secrete interleukins, growth
factors and detoxicating substances54. By using
cocultures on Vero cell monolayers at 37°C, iso-
lated human round spermatids were able to
mature into late spermatids and spermatozoa in
about 5 days39, although this was far more rapid
than the expected physiological pace of in vivo
spermiogenesis that takes about 16–22 days55,56.
Although most of the mature gametes displayed
abnormal nuclei and were not used for clinical
treatments, these were the very first experiments
in mammals that demonstrated it might be possi-
ble to attain the complete spermatid differentia-
tion process in vitro, from the round spermatid to
the spermatozoon stage, using Vero cell cocultures
in the absence of hormonal supplementation.

In these experiments, testicular samples from
three patients with normal karyotypes and secre-
tory azoospermia (SAZ) were used. The testicular
diagnostic biopsy (TDB) showed two cases with
complete maturation arrest at the primary
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spermatocyte stage (cMA) and one case with
incomplete MA (iMA: presence of at least one
seminiferous tubule section containing spermio-
genesis up to the late spermatid or spermatozoa
stage). At the open-treatment testicular biopsy
(testicular sperm extraction, TESE), samples with
cMA showed a few early round spermatids (Sa1:
without flagellum, at the Golgi phase) escaping
meiotic block (cases 1, 2), whereas the sample
with iMA enabled the recovery of spermatozoa
(case 3). Round spermatids were isolated from all
these cases by micromanipulation and in vitro cul-
tured on Vero cell monolayers. Spermiogenesis
was achieved in 5 days only in case 1 (1/3, 33%),
thus demonstrating that round spermatids escap-
ing from meiotic block can contain normal
spermiogenic potential. In contrast, the failure of
round spermatid maturation in case 3 (with con-
served spermiogenesis) suggests that the culture
medium was not optimized for germ cell differen-
tiation in vitro, or that SAZ samples show differ-
ent genetic causes, with some cases of meiosis
arrest eliciting normal spermatid development and
some cases with decreased spermiogenesis not elic-
iting such a differentiation process.

Overall, only 18% of early round spermatids
(Sa1) were capable of extruding a flagellum (Sa2),
11% attained the early elongating stage (Sb2) and
the early elongated stage (Sd1), and 2% differen-
tiated into late elongated spermatids (Sd2) or
spermatozoa (Sz), although with morphological
head defects. Analysis of spermatid differentiation
and arrest rates in relation to the previous sper-
matid stage demonstrated that most Sa1 (82%
aSa1) and Sd1 (86% aSd1) became arrested. On
the other hand, maturation arrest was rather low
at the other transition stages, with 36% of arrested
Sa2 (aSa2) and 0% of arrested Sb2 (aSb2). Thus,
most of the Sa2 evolved into Sb2 (64%) and all
Sb2 differentiated into Sd1 (Table 31.1, Figure
31.1).

These results suggest that the most critical
steps in spermiogenesis are extrusion of the flag-
ellum, at the transition from Sa1 to Sa2, and the
final maturation step of spermiogenesis where

Table 31.1 Spermatid maturation and arrest on Vero
cell monolayers (n)

Case 1 Case 2 Case 3 Total

Spermatid maturation

Sa1 37 10 15 62

Sa2 11 0 0 11

Sb2 7 0 0 7

Sd1 7 0 0 7

Sd2/Sz 1 0 0 1

Spermatid arrest

Total aSa1 26 10 15 51

aSa1 26 6 7 39

aSb1 0 4 8 12

aSa2 4   4

aSb2 0   0

aSd1 6  6

Sa1, early round spermatids; Sa2, late round spermatids
(with flagellum); Sb2, early elongating spermatids; Sd1,
early elongated spermatids; Sd2, late elongated
spermatids; Sz, spermatozoa; a, arrested
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nuclear elongation and condensation occur as Sd1
are transformed into Sd2/Sz. This was further
proved by the observation that cytoplasm elonga-
tion, and nuclear elongation and condensation,
occurred in the absence of flagellum extrusion
(24% Sb1). The low rate of in vitro maturation of
round spermatids into late elongated sper-
matids/spermatozoa (2%) might thus be attrib-
uted to failure of the culture medium in allowing
efficient transition of Sa1 into Sa2 (82% aSa1)
and of Sd1 into Sd2/Sz (86% aSd1), or to impor-
tant genetic disturbances harbored by the majority
of Sa1 from secretory azoospermia cases that ham-
pered further development.

Vero cell-enriched conditioned medium

Although Vero cells were successfully employed in
human embryo culture, with embryo transfer
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never causing transmission of any disease to the
children born57,58, cell monolayers should be
avoided due to concerns about the exploitation of
animal or human feeder layers with cells to be
used in clinical treatments. Experiments were
therein expanded using Vero cell-enriched condi-
tioned medium (CM). This comprised the super-
natant fluid covering Vero cell monolayers after 2
days of culture, thus containing all paracrine fac-
tors secreted by the cell monolayers. In these
experiments, early round spermatids (Sa1: with-
out flagellum) were isolated from cases with con-
served and disrupted spermatogenesis and cul-
tured, and spermatids matured in vitro were
microinjected into donated oocytes, to study their
developmental potential. Testicular samples from
12 patients with normal karyotypes were used,
seven cases with secretory azoospermia (SAZ) and
five cases with obstructive azoospermia (OAZ).
The diagnostic histopathological testicular biopsy
(TDB) showed two cases of incomplete Sertoli
cell-only syndrome (iSO: at least one seminiferous
tubule section showing round spermatids), one
case of complete maturation arrest (cMA: arrest at
meiosis I) and four cases with hypospermatogene-
sis (HP) in SAZ, whereas all OAZ cases had con-
served spermiogenesis. At the treatment testicular
biopsy (testicular sperm extraction, TESE), all
samples enabled the recovery of spermatozoa, with
the exception of one iSO case that showed a focus

of spermacytogenesis with a few Sa1 escaping mei-
otic arrest40.

All patient samples showed the maturation of
Sa1 into Sa2 (late round spermatids: with flagel-
lum) and Sb2 (early elongating spermatids), but
the number of cases with successful differentiation
into early elongated spermatids (67% Sd1) and
late elongated spermatids/spermatozoa (58%
Sd2/Sz) progressively decreased (Table 31.2). In
comparison with Vero cell monolayers39, the rela-
tively better results obtained with CM (33% vs.
58%; p > 0.05) may be related to the lower num-
ber of cases studied on feeder layers and to the
predominance of complete spermiogenesis in CM
cases, which gives a better genetic background to
round spermatids. As complete spermiogenesis in
vitro was achieved in 7/12 (58%) of the samples,
it might be concluded that round spermatids iso-
lated from cases with complete spermiogenesis
and from one case with absent spermiogenesis
(differentiation of Sd2 after 9 days of culture) had
a similar spermiogenic potential. This suggests
that although not all round spermatids will be able
to differentiate in vitro and not all patient samples
will present round spermatids with differentiation
potential, it is worthwhile culturing immature
haploid germ cells to study whether they can dif-
ferentiate in vitro in patients with spermiogenesis
failure. Because most SAZ (11/12, 92%) and all
OAZ (5/11, 45%) cases presented complete
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Figure 31.1 Vero cell monolayers. Percentage distribution of spermatid maturation and arrest relative to the initial number of
early round spermatids (left) or number of spermatids present in the previous spermiogenic stage (right). See Table 31.1 for
spermatid maturation stages
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spermiogenesis, the high rate of early round sper-
matid differentiation arrest, especially in cases
with obstructive azoospermia (40%) and hypo-
spermatogenesis (50%), seems not to be related to
the presence of important background genetic dis-
turbances of Sa1 but rather is dependent on limi-
tations of the culture system and culture medium.

Under culture, Sa1 extruded a flagellum and
transformed into Sb2 after 2–3 days, Sb2 matured
into Sd1 in 3–4 further days and Sd1 differenti-
ated into Sd2 in 2 more days. This gave a total
duration of in vitro spermiogenesis of 7–9 days,
which is an improvement regarding the more
accelerated in vitro maturation process (5 days)
observed with Vero cell monolayers39, as it
approaches the physiological in vivo process of
human spermiogenesis that lasts for about 16–22
days55,56.

Overall, 25% of Sa1 were capable of extruding
a flagellum and attaining the Sb2 stage, 11%
differentiated into Sd1 and 5% matured into Sd2
(Table 31.3, Figure 31.2). Although OAZ cases
showed a much better in vitro differentiation effi-
ciency, differences were not significant (9% in
OAZ vs. 4% in SAZ; p > 0.05). These results
confirm those obtained with Vero cell monolayers
(11% Sb2, 11% Sd1, 2% Sd2)39, although CM

seems to allow better early and late spermiogenesis
maturation rates. Analysis of spermatid arrest rates
in relation to the previous cell stage gave a similar
picture. Transition from Sa1 into Sb2 was the
main step of differentiation arrest (75% of arrest
at the Sa1 stage, aSa1), with transition from Sb2
to Sd1 (58% of arrest at the Sb2 stage, aSb2) and
from Sd1 to Sd2 (48% of arrest at the Sd1 stage,
aSd1) being less affected. Although no significant
differences were found between obstructive and
non-obstructive azoospermia, OAZ cases showed
a lower rate of Sd1 arrest (29% in OAZ vs. 56%
in SAZ; p > 0.05). In comparison, Vero cell mono-
layers showed a similar rate of Sa1 arrest (82% vs.
75% aSa1), better progression from Sa2 into Sb2
(36% vs. 0% aSa2), a worse maturation rate of
Sb2 into Sd1 (0% vs. 58% aSb2) and better
differentiation from Sd1 into Sd2 (86% vs. 48%
aSd1)39. Results in CM thus confirm that the
most critical stages in spermiogenesis are extrusion
of the flagellum, at the transition from Sa1 to Sa2,
and the final nuclear elongation and condensation
maturation step during Sd1 and Sd2 formation.
This was further proved by the observation that
cytoplasm elongation and nuclear elongation and
condensation were able to occur in the absence of
flagellum extrusion (Sb1). In fact, of the 178/238

Table 31.2 Patients with successful spermatid maturation in Vero cell-enriched conditioned medium (n (%)). See
Table 31.1 for spermatid maturation stages

Sa1 Sb2 Sd1 Sd2 Failures

OAZ 5 5 3 (60) 3 (60) 2 (40)  

HP 4 4 3 (75) 2 (50) 2 (50)  

MA 1 1 1 (100) 1 (100) 0  

SO 2 2 1 (50) 1 (50) 1 (50)  

MA + SO 3 3 2 (67) 2 (67) 1 (33)  

SAZ 7 7 5 (71) 4 (57) 3 (43)

Total 12 12 8 (67) 7 (58) 5 (42)

OAZ, obstructive azoospermia; HP, hypospermatogenesis; MA, maturation arrest; SO, Sertoli cell-only syndrome; SAZ,
secretory azoospermia
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aSa1, 83 (35%) remained as aSa1, whereas 95
(40%) evolved into Sb1.

All in vitro differentiated late spermatids (Sd2)
and arrested early-elongating spermatids (aSb2)
were used in experimental oocyte microinjections
in order to evaluate their developmental potential
(Table 31.4). For this, 24 donated excess oocytes
were used, 12 mature meiosis II (MII) oocytes,
and 12 immature meiosis I (MI) oocytes that
spontaneously matured to the MII stage in less
than 6 h40. No significant differences were found
between microinjection cycles using Sd2 or aSb2.
Despite the lower fertilization rate (41%), the
embryo cleavage (78%), high-quality embryo
morphology (71%) and blastocyst formation
(60%) rates appeared normal, thus suggesting that
in vitro-matured spermatids are capable of sustain-
ing normal embryo development, at least when
using round spermatids retrieved from testicular
samples with conserved spermatogenesis40. Data
on embryo development did not include the
developmental potential of unipronuclear zygotes
(one pronucleus and two polar bodies). If these
had been used, the fertilization rate would be near

normal (64%). Although unipronuclear zygotes
may be euploid (due to karyosyngamy) or haploid
(due to oocyte activation with failure of male
pronucleus formation), clinical microinjection
cycles using round spermatids from patients with
conserved spermiogenesis have suggested that
unipronuclear zygotes might result from
karyosyngamy, as they have enabled term preg-
nancies and the birth of normal children48.

Hormonal supplementation

To analyze further the spermiogenic potential of
round spermatids, studies based on Vero cell
monolayers and Vero cell-enriched conditioned
medium were expanded to 61 patients with secre-
tory azoospermia. In these experiments, the effect
of coculturing round spermatids with diploid
germ cells and Sertoli cells (autologous coculture
system) was studied. For this, cells were isolated
by micromanipulation and then mixed in culture
microdrops (Figure 31.3): 10–30 spermatogonia
A (SGA: fusiform shape), 200 primary spermato-

Table 31.3 Spermatid maturation and arrest in Vero cell-enriched conditioned medium (n). See Table 31.1 for
spermatid maturation stages

OAZ HP MA + SO SAZ Total

Cases 5 4 3 7 12

Spermatid maturation

Sa1 54 94 90 184 238  
Sb2 17 25 18 43 60  
Sd1 7 9 9 18 25  
Sd2/Sz 5 4 4 8 13  

Spermatid arrest

aSa1 37 69 72 141 178  
aSb2 10 16 9 25 35  
aSd1 2 5 5 10 12  

OAZ, obstructive azoospermia; HP, hypospermatogenesis; MA, maturation arrest; SO, Sertoli cell-only syndrome; SAZ,
secretory azoospermia
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cytes (ST1: 19–24 µm in diameter), 10–20 sec-
ondary spermatocytes, when available (ST2:
polarized cytoplasm and nucleus, 14 µm in diam-
eter), variable amounts of early round spermatids,
when available (Sa1: 8–10 µm in diameter), and
30–80 Sertoli cells (SC: cytoplasm filled with
dense lipid droplets and lysosomes, nucleus with
a raised border and a large nucleolus). To confirm
the purity of the cell populations, isolated germ

cells were analyzed by fluorescence in situ
hybridization (FISH) using DNA fluores-
cent probes to the centromeric regions of
chromosomes X, Y and 18 (Figure 31.4). The
potential beneficial effect of supplementing the
culture medium with hormones was also assessed,
using 25 U/l recombinant follicle stimulating
hormone (rFSH) or rFSH and 1 µmol/l testos-
terone (T). The developmental potential of sper-
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Figure 31.2 Vero cell-enriched conditioned medium. Percentage distribution of spermatid maturation and arrest relative to the
initial number of early round spermatids (left) or number of spermatids present in the previous spermiogenic stage (right). See Table
31.1 for spermatid maturation stages. OAZ, obstructive azoospermia; SAZ, secretory azoospermia
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matids obtained after maturation in vitro was
studied by microinjection into donated surplus
MII oocytes, with the chromosome constitution
of the embryos being thereafter analyzed by
FISH41.

Male population

In these experiments, 61 testicular samples from
patients with normal karyotypes and secretory
azoospermia were used (Figure 31.5)41. The testic-
ular diagnostic biopsy (TDB) showed nine cases
with Sertoli cell-only syndrome (15% SO), 23
cases with maturation arrest (38% MA) and 29
cases with hypospermatogenesis (48% HP). At
TESE, all HP samples enabled the recovery of late
elongated spermatids (Sd2) and spermatozoa (Sz);
three SO cases had conserved spermiogenesis
(Sd2/Sz), two SO samples enabled the recovery of
early round spermatids (Sa1) and four SO cases

Figure 31.3 Cocultures. Morphology of isolated Sertoli cells
(SC), spermatogonia A (SGA), primary spermatocytes (ST1),
secondary spermatocytes (ST2) and early round spermatids
(Sa1)

ST1

Sa1

ST2

SGASC
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had only diploid germ cells (DGCs); eight MA
cases had Sd2/Sz, 11 MA samples had Sa1 and
four MA cases had DGCs. Sertoli cells, DGCs

and Sa1 retrieved from cases showing Sd2/Sz at
TESE were used as controls (29 HP, eight MA and
three SO cases). DGCs and Sa1 retrieved from
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Figure 31.5 Cocultures. Percentage distribution of patients in terms of histopathology at testicular diagnostic biopsy (TDB) and
type of cells found at treatment biopsy (testicular sperm extraction, TESE). SO, Sertoli cell-only syndrome; MA, maturation arrest;
HP, hypospermatogenesis; DGC, diploid germ cells; Sa1, early round spermatids; Sd2/Sz, late elongated spermatids/spermatazoa
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Figure 31.4 Cocultures. Fluorescence in situ hybridization (FISH) analysis of spermatogonia A (SGA), primary spermatocytes
(ST1), secondary spermatocytes (ST2) and early round spermatids (Sa1). 18 = violet, X = yellow, Y = red. See also Color plate 8
on page xxviii
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Table 31.5 Spermatid maturation and arrest in cocultures (n). See Table 31.1 for spermatid maturation stages

Controls Cases

CM FSH FSH + T  CM FSH FSH + T

Cases 11 13 16  8 4 9
Mean culture days 12 6 7  10 11 8  
range 5–20 3–9 4–11  8–12  6–12  

Spermatid maturation

Sa1 203 273 286  201 59 194  
Sa2 32 71 110  15 9 62  
Sb2 19 54 91  11 6 44  
Sd1 11 6 35  3 1 25  
Sd2 2 0 22  0 0 16 

Spermatid arrest 

Total aSa1 171 202 176  186 50 132  
aSa1 126 126 65  156 39 57  
aSb1 45 76 111  30 11 75  
aSa2 13 17 19  4 3 18  
aSb2 8 48 56  8 5 19  
aSd1 9 6 13  3 1 9

CM, conditioned medium; FSH, follicle stimulating hormone; T, testosterone
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cases with absent spermiogenesis at TESE were
used as case studies (six SO and 15 MA cases).

Pace of spermiogenesis

Under in vitro culture, early round spermatids
(Sa1) extruded a flagellum (Sa2) after 1–2 days,
Sa2 transformed into early elongating spermatids
(Sb2) in 2–3 days, Sb2 matured into early elon-
gated spermatids (Sd1) in 3–4 further days and
Sd1 differentiated into late elongated spermatids
(Sd2) in 2–3 more days. The total duration of in
vitro spermiogenesis was thus about 8–12 days41,
which is an improvement regarding the more
accelerated in vitro maturation process observed
with Vero cell monolayers (5 days)39 or with Vero
cell-enriched conditioned medium (7–9 days)40,
approaching the physiological in vivo process of
human spermiogenesis that lasts for about 16–22
days55,56.

Regarding the mean culture days needed to
reach the early spermatid elongated stage (Table

31.5), no significant differences were observed
between control and case groups within each cul-
ture medium (non-supplemented medium, CM:
p = 0.554; FSH: p = 0.512; FSH + T: p = 0.635). In
contrast, comparisons between different culture
media within the control and case groups revealed
significant differences. In controls, no significant
differences were found for CM/FSH (p = 0.153)
and FSH/FSH + T (p = 0.545), but significant dif-
ferences were found for CM/FSH + T (p = 0.019).
In cases, no significant differences were found for
CM/FSH (p = 0.821), FSH/FSH + T (p = 0.395)
and CM/FSH + T (p = 0.447).

Rates of spermatid maturation and arrest by
testicular phenotype

In controls (conserved spermiogenesis, with
Sd2/Sz at TESE), the rates of patients whose tes-
ticular samples enabled successful in vitro matura-
tion of spermatids showed that the spermiogenic
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Comparisons between controls and cases within
the same culture medium

Comparisons between controls (Sd2/Sz at TESE)
and cases (DGCs/Sa1 at TESE) within the same
culture medium regarding rates of spermatid mat-
uration and arrest in relation to the number of
early round spermatids (Table 31.5, Figure 31.7)
revealed that in CM, controls achieved signifi-
cantly higher maturation rates of Sa2 (p = 0.009)
and Sd1 (p = 0.031), with no significant differ-
ences for Sb2 (p = 0.136) and Sd2 (p = 0.158). On
the other hand, no significant differences were
found in medium supplemented with FSH, for
the transition from Sa1 to Sa2 (early spermiogen-
esis; p = 0.080), Sa2 to Sb2 (mid-spermiogenesis;
p = 0.082), Sb2 to Sd1 (late spermiogenesis;
p = 0.0807) or Sd1 to Sd2 (term spermiogenesis;
p > 1). In medium supplemented with FSH + T,
controls presented significantly higher maturation
rates of Sb2 (p = 0.029), with no differences found
for Sa2 (p = 0.145), Sd1 (p = 0.833) and Sd2
(p = 0.825). In contrast, comparisons with cells
present in the previous spermiogenic stage (Table
31.5, Figure 31.8) showed that the rates of Sd1 in
CM and of Sb2 in FSH + T were in fact not
decreased in cases, and that the rates of Sd1 were
increased in FSH + T. In comparison with previ-
ous studies using Vero cell-enriched conditioned
medium (HP: 27% Sb2, 10% Sd1, 4% Sd2;
OAZ: 31% Sb2, 13% Sd1, 9% Sd2)40, the present
in vitro maturation rates were lower, being rescued
only to similar or higher levels when the medium
was supplemented with FSH + T41.

Comparisons between different media within the
same patient group

Comparisons between the different culture media
(CM, FSH, FSH + T) in relation to the number of
Sa1 present at the beginning of the cultures
(Table 31.5, Figure 31.7), showed, in controls,
significantly (p < 0.000) higher maturation rates of
Sa2 and Sb2 with FSH and especially with
FSH + T, and of Sd1 and Sd2 with FSH + T. These
results indicate that in samples with conserved
spermiogenesis (control group), early spermiogen-
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potential of early round spermatids appeared to be
higher in HP than in SO/MA, that the best mat-
uration results were obtained with CM + FSH + T
and that FSH inhibited late spermatid differentia-
tion (Table 31.6, Figure 31.6). However, even in
CM + FSH + T, only 25% of SO/MA patients and
38% of HP patients reached the Sd2 stage. In
comparison, Vero cell-enriched conditioned
medium allowed better results, as 60% of OAZ
(n = 5), 50% of HP (n = 4), 67% of SO/MA (n = 3)
and 57% of SAZ (n = 7) cases elicited the in vitro
differentiation of Sa1 into Sd240. Although no sig-
nificant differences were found related to the pres-
ent rates41, the above tendencies need some spe-
cific comments: (1) better rates of spermatid
differentiation are obtained with essential
paracrine factors secreted by Vero cells than with
hormone supplementation; (2) the present series
is much larger (61 vs. 12 cases) and thus more
consistent with reality; (3) round spermatids from
different azoospermic patients do not exhibit sim-
ilar spermiogenic differentiation potential, even
when retrieved from patients with the same testic-
ular phenotype. For this reason, the rates of mat-
uration appear to be quite variable due to the indi-
vidual nature of the process, and thus are not
consistent and reprodutible.

In cases (absent spermiogenesis, with DGCs or
Sa1 at TESE), the rates of patients whose testicu-
lar samples enabled successful in vitro maturation
of spermatids (Table 31.6, Figure 31.6) suggest
that early round spermatids exhibit a lower differ-
entiation potential in non-supplemented media
regarding controls, that early round spermatids
appear to be more resistant to FSH actions regard-
ing controls in relation to early (Sa1 into Sa2) and
mid- (Sa2 into Sb2) spermiogenesis and that
testosterone is especially capable of stimulating
term spermiogenesis (Sd1 into Sd2) in compari-
son with controls. Although no significant differ-
ences were found with regard to control cases,
results indicate that early round spermatids
retrieved from cases with absent spermiogenesis
are inhibited by FSH or need higher, pharma-
cological FSH concentrations.
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esis (Sa1–Sa2: flagellum extrusion) and
midspermiogenesis (Sa2–Sb2) are stimulated by
FSH and potentiated by testosterone, whereas late
spermiogenesis (Sb2–Sd1) and term spermiogene-
sis (Sd1–Sd2) tend to be inhibited by FSH and
highly stimulated by testosterone, thus suggesting
that FSH and testosterone show a synergic action
in the early steps and an antagonistic action at the
late stages of spermiogenesis. In relation to the in
vitro maturation potential of early round sper-
matids in cases, no significant differences were
found for the transition Sa1–Sa2 (p = 0.069),
Sa2–Sb2 (p = 0.199), Sb2–Sd1 (p = 0.912) or
Sd1–Sd2/Sz (p > 1) in the presence of FSH. On
the other hand, all spermatid maturation steps
were significantly stimulated (p < 0.000) by
FSH + T. These results show that in testicular
samples with absent spermiogenesis, early

spermiogenesis (Sa1–Sa2: flagellum extrusion)
and midspermiogenesis (Sa2–Sb2) tend to be
stimulated by FSH and highly potentiated by
testosterone, whereas late spermiogenesis
(Sb2–Sd1) and term spermiogenesis (Sd1–Sd2)
are highly stimulated by testosterone. This testos-
terone effect was so strong that the yield of
spermiogenesis in FSH + T attained the same level
for all spermiogenic stages as that observed in con-
trols41, as well as in cases with OAZ40. If results
demonstrate that FSH and testosterone show a
synergic action in the early steps of spermiogene-
sis and an antagonistic action at the late stages of
spermiogenesis, in either controls or cases, they
also suggest that Sa1 from cases appear to be more
resistant to FSH and that in vitro spermiogenesis
might benefit from higher, pharmacological FSH
concentrations.
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Figure 31.6 Cocultures. Percentage distribution of patients whose testicular tissue samples enabled successful in vitro
maturation of early round spermatids. SO, Sertoli cell-only syndrome; MA, maturation arrest; HP, hypospermatogenesis; CM,
conditioned medium; FSH, follicle stimulating hormone; T, testosterone. See Table 31.1 for spermatid maturation stages
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A different picture was found when data were
analyzed regarding rates of spermatid in vitro mat-
uration in relation to the number of cells present
in the previous stage (Table 31.5, Figure 31.8). In
controls, Sa2 were stimulated by FSH and poten-
tiated by testosterone, Sb2 only tended to be stim-
ulated by FSH and were highly stimulated by
testosterone, Sd1 were inhibited by FSH and par-
tially rescued by testosterone, and differentiation

of Sd2 tended to be inhibited by FSH but was
highly stimulated by testosterone. In contrast, in
cases, the transition from Sa1 to Sa2 tended to be
stimulated by FSH but was potentiated by testos-
terone, conversion from Sa2 to Sb2 was not
affected by hormones, maturation from Sb2 to
Sd1 tended to be inhibited by FSH and was stim-
ulated by testosterone, and differentiation of Sd1
into Sd2 tended to be inhibited by FSH and was
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highly stimulated by testosterone. Data thus sug-
gest that FSH stimulates early spermiogenesis in
controls and cases (with Sa1 from cases being
more resistant to FSH action), stimulates
midspermiogenesis in controls but not in cases,
and inhibits late and term spermiogenesis in both
controls and cases. Correspondingly, testosterone
potentiates FSH action on early spermiogenesis in

controls and cases, potentiates FSH in
midspermiogenesis only in controls, and stimu-
lates late and especially term spermiogenesis in
controls and cases41.

Analysis of spermatid arrest rates confirmed
the previous observations (Table 31.5, Figure
31.7)41. In controls, the large majority of Sa1
became arrested (aSa1), with aSa1 rates being
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significantly decreased with FSH (p = 0.007 com-
pared with CM) and FSH + T (p = 0.000 com-
pared with CM; p = 0.002 compared with FSH).
Maturation arrest at Sa2 (aSa2) was not affected
by hormones (p = 0.937, FSH/CM; p = 0.916,
FSH + T/CM; p = 0.841, FSH + T/FSH). How-
ever, comparisons with the number of cells present
in the previous spermiogenic stage demonstrated
that in fact aSa2 rates tended to be decreased by
FSH and were significantly decreased by testos-
terone (Figure 31.8). Arrest at Sb2 (aSb2) was
significantly increased under both hormone
supplementations (p = 0.000, FSH/CM and
FSH + T/CM; p = 0.544, FSH + T/FSH), but this
effect was caused by FSH, as shown by compar-
isons with the number of cells present in the pre-
vious spermiogenic stage (Figure 31.8). Finally,
although no significant differences were found
between media in relation to the rates of arrest at
Sd1 (aSd1: p = 0.167, FSH/CM; p = 0.953,
FSH + T/CM; p = 0.126, FSH + T/FSH), compar-
isons with the number of cells present in the pre-
vious spermatid stage demonstrated that aSd1
rates were significantly decreased by testosterone
(Figure 31.8). In cases, the large majority of the
Sa1 also became arrested, with rates of aSa1 tend-
ing to be decreased by FSH and being signifi-
cantly decreased by testosterone (p = 0.069,
FSH/CM; p = 0.000, FSH + T/CM; p = 0.012,
FSH + T/FSH). Although maturation arrest at Sa2
showed a tendency to be increased by FSH and
appeared to be significantly increased by
testosterone (p = 0.197, FSH/CM; p = 0.002,
FSH + T/CM; p = 0.307, FSH + T/FSH), this was
only due to the presence of a higher number of
cells in the previous spermatid stage (Figure 31.8).
The same was observed regarding arrest at Sb2
(p = 0.164, FSH/CM; p = 0.022, FSH + T/CM;
p = 0.762, FSH + T/FSH), although in reality
testosterone decreased the rates of aSb2 (Figure
31.8). Finally, although FSH and testosterone
tended to increase the rates of Sd1 arrest (aSd1: p
= 0.912, FSH/CM; p = 0.069, FSH + T/CM;
p = 0.309, FSH + T/FSH), aSd1 rates were signifi-
cantly decreased by testosterone (Figure 31.8).

In conclusion, experimental data on spermio-
genesis in vitro using isolated early round sper-
matids showed that: (1) early spermiogenesis,
characterized by the maturation of early round
spermatids to late round spermatids (Sa1 to Sa2,
flagellum extrusion), and midspermiogenesis,
characterized by the maturation of late round
spermatids to early elongating spermatids (Sa2 to
Sb2), are stimulated by FSH and potentiated by
testosterone, in controls (conserved spermiogene-
sis) and cases (absent spermiogenesis), although
Sa1 and Sa2 from cases exhibit FSH resistance; (2)
late spermiogenesis, characterized by the transi-
tion of elongating spermatids to early elongated
spermatids (Sb2 to Sd1), and especially term
spermiogenesis, characterized by the maturation
of early elongated spermatids to late elongated
spermatids and spermatozoa (Sd1 to Sd2/Sz), are
highly stimulated by testosterone and inhibited by
FSH.

In comparison with results obtained with Vero
cell-enriched conditioned medium40, spermatid
arrest at all stages was decreased with FSH + T,
eliciting figures similar to OAZ cases. These
results thus suggest that the most critical steps in
spermiogenesis are extrusion of the flagellum, at
the transition from Sa1 to Sa2, and the final mat-
uration step of spermiogenesis, where nuclear
elongation and condensation are observed during
Sd1 and Sd2/Sz formation. This was further con-
firmed (Table 31.5) by the fact that in controls, of
all aSa1, 62% in CM, 46% in FSH and 23% in
FSH + T remained as aSa1 (cases: 78% in CM,
66% in FSH and 29% in FSH + T), whereas 22%
in CM, 28% in FSH and 39% in FSH + T (cases:
15% in CM, 19% in FSH and 39% in FSH + T)
developed cytoplasm elongation and nuclear con-
densation and elongation (Sb1). This suggests that
both hormones act to promote cytoplasm elonga-
tion and nuclear elongation and condensation
even in the absence of flagellum extrusion.
Notwithstanding, even in the presence of FSH +
T, the rate of in vitro maturation from early round
spermatids to late elongated spermatids/spermato-
zoa remained low (8%). This can probably be
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attributed to insufficiencies of the culture medium
that did not allow efficient early spermiogenesis
(Sa1–Sa2: 62–68% aSa1), although late spermio-
genesis (Sb2–Sd1: 43–62% aSb2) and term
spermiogenesis (Sd1–Sd2/Sz: 36–37% aSd1) were
also affected.

Microinjection outcome

Whenever excess donated oocytes were available,
in vitro differentiated spermatids were used for
experimental microinjections to evaluate their
developmental potential (Table 31.7)41. After
microinjection of morphologically normal sper-
matids, most of the oocytes did not fertilize (63%
Sa1/Sa2; 67% Sb2/Sd1) or formed unipronuclear
zygotes (38% Sa1/Sa2; 25% Sb2/Sd1), whereas
the rates of normal fertilization (2PN2PB: two
pronuclei and two polar bodies) were very low
(0% Sa1/Sa2; 6% Sb2/Sd1). On the other hand,
the rates of embryo cleavage (93–100%), high-
quality embryos (78–93%) and morula formation
(22–46%) were quite regular. FISH analysis was
performed in 12/23 (52%) of the embryos, 7/9
(78%) from Sa1/Sa2 and 5/14 (36%) from

Sb2/Sd1 microinjection. In the case of Sa1/Sa2,
all seven embryos were from 1PN2PB zygotes.
The cytogenetic data showed that 6/7 (86%) of
the embryos were mosaic aneuploid (most of the
blastomeres were aneuploid), whereas 1/7 (14%)
were mosaic euploid (64% of the blastomeres
euploid and 36% of the blastomeres aneuploid).
Of the two morulae analyzed, 1/2 (50%) was the
mosaic euploid case. In the case of Sb2/Sd1, five
embryos were analyzed. One embryo was derived
from a 2PN2PB zygote, but it was haploid at
FISH. Four embryos were derived from 1PN2PB
zygotes, of which two were mosaic aneuploid or
chaotic, whereas the other two were morulae with
euploid mosaicism (79% euploid and 21% aneu-
ploid; 69% euploid and 31% aneuploid). Thus,
with Sb2/Sd1, 2/5 (40%) of the embryos were
euploid (morulae). These results thus suggest that:
(1) unipronuclear zygotes derived from in vitro-
matured spermatids are almost always diploid, (2)
in vitro-matured round spermatids give a low
fertilization and embryo developmental potential,
with only 14% of embryos being euploid, and (3)
in vitro matured elongating and elongated sper-

Table 31.7 Spermatid microinjection outcome after maturation in cocultures (n (%))

Sa1 Sa2 Sa1 + Sa2 Sb2 + Sd1 Sb1 abnSd2

Cases 6 2 8 8 9 5

MII injected 23 3 26 50 27 14
Degenerated 2 (9) 0 2 (8) 2 (4) 3 (11) 3 (31)
Intact 21 3 24 48 24 11

non-fertilized (0PN1PB) 15 (71) 0 15 (63) 32 (67) 22 (92) 8 (73)
activated (0PN2PB) 0 0 0 1 (2) 0 0
abnormal fertilization (1PN2PB) 6 (29) 3 (100) 9 (38) 12 (25) 0 2 (18)
normal fertilization (2PN2PB) 0 0 0 3 (6) 2 (8) 1 (9)

Embryo cleavage 6 (100) 3 (100) 9 (100) 14 (93) 2 (100) 3 (100)
Grade A/B embryos 4 (67) 3 (100) 7 (78) 13 (93) 2 (100) 1 (33)
Morulae 1 (17) 1 (33) 2 (22) 6 (46) 0 0

Sa1, early round spermatids; Sa2, late round spermatids (with flagellum); Sb2, early elongating spermatids; Sd1, early
elongated spermatids; Sb1, abnormally matured early elongating spermatids (without flagellum); abnSd2, late elongated
spermatids with abnormal head morphology; MII, meiosis II (mature) oocytes; PN, pronuclei; PB, polar bodies
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matids elicit low fertilization rates but show nor-
mal rates (40%) of euploid embryo development.

Abnormally matured spermatids were also
microinjected to study their developmental poten-
tial (Table 31.7)41. Elongating spermatids without
a flagellum (Sb1) gave high rates of non-fertiliza-
tion (92%), but could induce 8% of 2PN2PB
zygotes. These cleaved normally, although they
did not reach the morula stage, and FISH analysis
revealed that one was haploid and the other
mosaic aneuploid. Although we cannot be sure
about the normality of the nucleus, it is tentative
to speculate that the absence of a normal flagellum
somehow hampers normal fertilization and
embryo development due to the presence of a dis-
rupted male centrosome. The developmental
potential of spermatids that had reached the late
elongated stage but displayed abnormal head mor-
phology was also studied. These experiments were
very important, because the last step of spermio-
genesis in vitro was the one with the worst results
and in which most of the cells developed struc-
tural defects. The rate of non-fertilization (73%)
was very high, with corresponding low rates of
1PN2PB zygotes (18%) and 2PN2PB zygotes
(9%), although similar to those obtained with
morphologically normal Sb2/Sd1. In comparison
with normal elongating/elongated spermatids, the
rate of embryo cleavage was also similar (100%),
the rate of high-quality grade embryos was lower
(33%) and no morulae were obtained. FISH
analysis of the single embryo obtained from a
2PN2PB zygote revealed a chaotic chromosome
constitution. These results are quite disappoint-
ing, and clearly demonstrate that the in vitro
culture medium still does not offer the best condi-
tions to allow proper early round spermatid matu-
ration up to the terminal stage of spermiogenesis.

Methodological problems

Experiments with isolated round spermatids
revealed that the optimized culture conditions
have not yet been met39–41. In fact, most cases

were unable to progress through complete
spermiogenesis in vitro, which suggests that the
process is still not entirely reproducible and seems
to vary individually from patient to patient. The
absence of late elongated spermatid differentiation
from early round spermatids isolated from cases
with conserved spermatogenesis also points to
important deficiencies of the in vitro culture
medium, whose consequences still remain to be
ascertained. Possible causes could be the need for
specific factors secreted by connective-tissue cells
that surround the seminiferous epithelium, loss of
the basal lamina, the rupture of cell connections
during cell dissociation, loss of compartmentaliza-
tion into apical and basal systems as determined
by Sertoli cells in vivo and absence of renewal of
the culture medium.

Growth factors and hormones

The antiapoptotic action of FSH and the FSH-
inhibiting action on spermiogenesis, as well as the
antiapoptotic action of testosterone and the
testosterone-stimulating action on spermiogene-
sis, were already known from animal stud-
ies28,32,33,38,59,60. Under organ culture and in the
absence of serum and testosterone, the rates of
apoptosis in human seminiferous tubules also
appeared to be increased61,62, with the addition of
FSH being able to stimulate spermatogonia prolif-
eration and increase the number of spermatocytes,
the rate of meiosis and the number of round sper-
matids59. Similarly, in experiments conducted
with testicular tissue cell suspensions, which
included Sertoli cells and all types of germ cells,
testosterone was shown to inhibit Sertoli cell
apoptosis, potentiate the stimulatory action of
FSH on premeiotic germ cells and stimulate
spermiogenesis, whereas FSH inhibited spermatid
differentiation63–70. These antagonistic actions of
FSH and testosterone in spermiogenesis were fur-
ther studied in later experiments. FSH was shown
to stimulate early (early round spermatids into late
round spermatids) and mid- (late round sper-
matids into early elongating spermatids) spermio-
genesis, and inhibit late (elongating spermatids
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into early elongated spermatids) and especially
term (early elongated spermatids into late elon-
gated spermatids/spermatozoa) spermiogenesis.
On the other hand, testosterone was demon-
strated to potentiate the effects of FSH in early
and midspermiogenesis, and stimulate the final
spermiogenic maturation steps41.

Regarding future improvement of the in vitro
maturation medium, experiments have demon-
strated that several human-specific growth factors
might be added to cultures to decrease the rate of
apoptosis and increase the genetic potential of in
vitro matured spermatids. The experimental
results have also suggested that the culture
medium might be improved by using sequential
media. Thus, high pharmacological FSH
(500 U/l) and low testosterone (1 µmol/l) concen-
trations should be used in the first 2–4 days of cul-
ture to favor early round spermatid maturation
into late round spermatids, and then replaced by
low/absent FSH and high testosterone (10 µmol/l)
concentrations to elicit in vitro maturation to
elongating and elongated spermatids. This is espe-
cially true for clinical cases with absent spermio-
genesis in the original testicular biopsy, whose
early round spermatids appear to be highly insen-
sitive to FSH. In this sense, it would also be
worthwhile studying FSH receptor gene muta-
tions, mRNA transcription and protein transla-
tion in these testicular samples, including isolated
Sertoli cells and early germ cells, as cell insensitiv-
ity might also be due to absent or abnormal FSH
receptors41,71.

Sertoli cell–germ cell contacts

Cell contacts are essential for inhibiting apoptosis,
inducing proliferation of spermatogonia, germ-
cell gene expression and the sharing of gene prod-
ucts such as mRNAs encoded by the sex chromo-
somes5,7,8,11,72. Cell junctions and intercellular
bridges depend on the presence of FSH and
testosterone, on several growth factors and on
high densities of cells. Furthermore, FSH, as
potentiated by testosterone, renders Sertoli cells
competent to bind round spermatids11,38.

Although Sertoli cell and diploid germ cell con-
nections are partially reacquired during in vitro
cocultures, these appear to be absent between
Sertoli cells and round spermatids despite the
presence of FSH and testosterone71. This might
explain why, in the above experiments, most
round spermatids and differentiated elongating
and elongated spermatids remained arrested or
showed an absence of tails, short tails or abnormal
head configurations39–41.

Paracrine factors, cell densities and medium
renewal

Although investigations conducted with dissoci-
ated and isolated cells assure that no elongating or
elongated spermatids are hidden in the testicular
tissue samples39–41, this type of culture system has
an absence of critical limiting factors, such as spe-
cific paracrine factors (minimized by the presence
of Sertoli cells in cocultures, which under FSH
and testosterone stimulation secrete growth fac-
tors critical for germ cell survival and differentia-
tion), renewal of the culture medium (the study of
individual cell fates needs microdrops) and high
cell densities (due to inherent difficulties in the
long-duration micromanipulation method used
for cell isolation). To overcome this problem, new
methods should first be developed to purify Ser-
toli cells, diploid germ cells and early round sper-
matids to give high purity and concentration71.

Chromosome aberrations

In patients with obstructive azoospermia, con-
served spermatogenesis and normal karyotypes,
the rates of late spermatid/spermatozoa aneu-
ploidy were found to be normal, whereas in cases
with disrupted spermiogenesis these rates
appeared to be increased73–76. Cases with abnor-
mal karyotypes frequently show meiotic arrest due
to errors of homolog pairing and segregation,
although spermatids escaping from meiotic block
might display a normal chromosomal constitution
through a positive mechanism of selection77,78.
Abnormal synapsis and chromosomal segregation
could also be key determinants of impaired
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spermiogenesis in vitro 5,11,62. However, experi-
mental data have suggested that early round sper-
matids from patients with secretory azoospermia
do not harbor an increased rate of chromosome
aberrations41 and that spermatid development in
vitro seems not to be related to aneuploidy71,
which was confirmed by microinjection experi-
ments with in vitro differentiated spermatids
showing that about 40% of morulae were
euploid41.

Apoptosis and methylation errors

Apoptosis has been implicated as a key regulator
of normal spermatogenesis, adapting the number
of germ cells to the number of Sertoli cells avail-
able79. In this mechanism, Sertoli cells secrete Fas
ligand (FasL) that binds to the Fas receptor (FasR)
on germ cells, triggering the activation of initiator
procaspase-2, -8 and -1080,81. Germ cells may also
enter apoptosis via endogenous stimuli that act
through mitochondria injury and activation of
initiator procaspase-9. Both extrinsic and intrin-
sic apoptotic pathways then end on a common
activation of effector procaspase-3, -6 and -7,
which trigger DNA fragmentation and cell
death82,83. The action of caspases appears to be
modulated by several Bcl-2 gene products, both
proapoptotic (Bax) and antiapoptotic (Bcl-2),
which display preferential germ cell-stage targets.
Bax seems to be restricted to spermatogonia and
preleptotene spermatocytes, and is responsible
for the normal degeneration of premeiotic germ
cells associated with adult ages. In contrast, Bcl-2
and Bcl-xL antagonize the action of Bax. The
same occurs with Bcl-w, which predominates in
spermatogonia11,62.

In animals, in vivo, classical signs of apoptosis
were described in premeiotic germ cells but not in
Sertoli cells, whereas both cell types exhibited evi-
dent degeneration during in vitro cultures6,84. In
humans, in cases of pathology or during in vitro
cultures, the absence of specific growth factors,
hormones and nutrients also activates the
FasL–FasR system, up-regulates Bax and decreases
Bcl-2 levels, thus triggering the apoptosis of germ

cells78,85–87. Sertoli cell phagocytosis is then
responsible for the clearance of apoptotic germ
cells, as shown in vivo after the injection of
apoptotic cells into the seminiferous tubules of
rodents88 and in vitro during cocultures71,78.

In azoospermic patients showing increased lev-
els of apoptosis, DNA fragmentation was found in
the nuclei of spermatids and sperm, whereas
annexin-V labeling was negative in round sper-
matids but positive in sperm65,67,70,87. Although
caspases were indicated as inoperant in elongated
spermatids and sperm11,62, other results demon-
strated that caspase-3 activity is present in the
sperm midpiece of ejaculated sperm, being quan-
titatively correlated with decreased sperm motility
and teratozoospermia89. Experimental studies
using isolated germ cells also suggested that cocul-
tures in vitro appear to be mainly limited by germ
cell apoptosis39–41,71. In fact, premeiotic germ cells
not only exhibited the classical morphological
signs of apoptosis but also showed caspase-3 acti-
vation in nuclei. Similarly, in vitro-formed sper-
matids arrested in development, or abnormally
matured, displayed caspase-3-like activity in the
cytoplasm, nucleus, acrosome and/or midpiece. In
these studies, FasR, caspase-8, -9 and -3, Bcl-2
and Bax were shown to be expressed in all germ-
cell stages71.

Studies have also demonstrated that in vitro-
cultured mouse testicular spermatids show abnor-
mal DNA methylation and abnormal chromatin
remodeling11,62. Because genomic imprinting
errors in the male germ line of patients with severe
oligozoospermia were described, spermatids from
azoospermic patients might also carry a substantial
risk for transmitting severe methylation defects90.
Spermatids from testicular samples showing Y
chromosome deletions91–93, CFTR (cystic fibrosis
transmembrane conductance regulator gene)
mutations94,95 and chromosomal aberrations77,78

have also been observed to display low in vitro
spermiogenic potential40,78.

However, because developmentally arrested
cells are unable to mature normally and abnormal
spermatid maturation can be easily diagnosed, it is
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possible that in vitro-differentiated spermatids
with normal morphology are viable and show a
normal genetic constitution39–41. This also applies
to genomic imprinting, which has been shown to
be fully established by the time mouse round sper-
matids are formed96. That the maturation of germ
cells into late elongated spermatids and sperm
with normal morphology may reflect a correct
genetic constitution of the gametes is also sup-
ported by clinical studies in which normal viable
pregnancies, without fetal abnormalities, were
obtained after selection of male haploid gametes
with strict normal morphology from testicular
biopsies44,47,48,97,98.

CLINICAL TRIALS

Experimental efforts to develop adequate in vitro
culture systems capable of sustaining in vitro
spermiogenesis culminated on 21 May 2000, with
the first term delivery of two normal healthy male
twins (2.8 kg, 3 kg), after Cesarean section at 37
weeks of gestation. In this particular case, the male
patient had secretory azoospermia, a normal kary-
otype and a diagnostic testicular biopsy showing
maturation arrest. At TESE, a focus of conserved
spermiogenesis was retrieved, but only morpho-
logically abnormal late elongated spermatids
could be found after extensive search. Microinjec-
tion was performed using these gametes, but of
the five MII oocytes available, only one grade-B
embryo was obtained and transferred, without an
ensuing pregnancy. A second attempt at TESE was
then scheduled 6 months later, 5 days before
oocyte pick-up. Early elongating spermatids, with
normal morphology, were isolated and transferred
to microdrops of Vero cell-enriched conditioned
medium. After 4–5 days of culture, three had dif-
ferentiated into late elongated spermatids with
normal morphology. Of the nine MII oocytes
available, three were microinjected with in vitro-
matured gametes, and six were microinjected with
abnormal elongated spermatids retrieved from the
original testicular sample. Only the first three

oocytes fertilized and cleaved normally, having
been transferred (4B, 6B, 4C). The following
pregnancy was normal, without complications,
and at the present age of 5 years old, both children
are healthy, without physical or psychological con-
straints (personal communication).

A similar case was published in November
2000, in which only abnormal late elongated sper-
matids were found at TESE, and whose microin-
jection elicited poor fertilization and embryo
development rates, and no pregnancy. In a second
TESE attempt, the authors cultured whole testic-
ular cell suspensions for 1–2 days and then
injected late elongated spermatids with normal
morphology. A pregnancy ensued that gave rise to
the birth of healthy twins66. Similar attempts were
performed by the same authors, with seven more
children having been born68,99, from cases with
either only diploid germ cells or the presence of
complete spermiogenesis and abnormal elongated
spermatids. In these cases, no conclusive individ-
ual cell fate can be defined, as normal spermatids
could be hidden in the tissue. In addition, the very
short culture period (1–2 days) contrasts highly
with the normal testicular cycle that needs more
than 1 month to proceed through meiosis and
spermiogenesis, and 16 days to evolve from the
late-pachytene or secondary spermatocyte stage to
elongated spermatids55,56,100. Finally, early elon-
gated spermatids might be safely used for clinical
treatments without in vitro culture, as the fertil-
ization, embryo cleavage and pregnancy rates
using these haploid germ cells are normal44,47,53.

In conclusion, if patients have no spermato-
zoa/elongated spermatids in the treatment testicu-
lar biopsy, most probably there will also be no
elongating spermatids. One should then carefully
search for round spermatids. If these are found,
most probably there will be no severe meiotic
arrest and thus round haploid germ cells might be
safely used for treatments, either without or with
concomitant artificial oocyte activation48. How-
ever, preimplantation genetic diagnosis, prenatal
diagnosis and children follow-up should be strictly
applied to all still experimental treatment
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cycles101–103. Alternatively, and due to the very
high rate of fertilization and embryo development
failures, round spermatids might be cultured in
medium supplemented with synthetic serum sub-
stitute, hormones and growth factors, and if
evolved into mature spermatids with normal
morphology then they might be used for clinical
treatment48,71.
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New developments in the evaluation and
management of the infertile male

Darius A Paduch, Marc Goldstein, Zev Rosenwaks

INTRODUCTION

The development of intracytoplasmic sperm injec-
tion (ICSI) has been the major breakthrough in
male infertility treatment since the introduction of
in vitro fertilization (IVF) itself. This novel tech-
nique has made it possible successfully to treat
men with severe oligospermia or azoospermia who
were otherwise doomed to permanent sterility.
Perhaps the greatest measure of the success of this
procedure has been its application – in combina-
tion with microsurgical testicular sperm extraction
(TESE) – in men with non-obstructive azoosper-
mia and in men with Klinefelter’s syndrome1,2.

GENETICS AND MALE INFERTILITY

While it is tempting to regard the male simply as
a provider of enough haploid germ cells to be
used for ICSI, we must not give up the pursuit of
understanding the underpinnings of male repro-
ductive physiology and evaluation of the underly-
ing pathophysiology. Only by unraveling the
basic science and genetic basis of male infertility
can we ensure future innovations in this impor-
tant area.

This chapter illustrates how a better under-
standing of the physiological and genetic basis of
male infertility has helped in providing not only

innovative therapy but also optimal counseling for
our patients.

An example of the critical importance of a
thorough work-up of the male is seen in the area
of Y microdeletions. Hopps et al.3, among others,
showed that Y-microdeletions screening has signif-
icant prognostic value, since no spermatozoa are
ever recovered during TESE in men with AZFa or
AZFb (azoospermia factors) deletions. Recently,
two groups independently showed that mutations
in ubiquitin-specific protease-26, which results in
spermatogenic arrest and Sertoli cell-only syn-
drome, occurs in over 10% of men with non-
obstructive azoospermia (NOA)4,5.

Similarly, new discoveries in the genetics of
hypogonadotropic hypogonadism have expanded
our understanding of the hypothalamus–
pituitary–testis axis. Kallmann’s syndrome is a
common form of hypogonadotropic hypogo-
nadism. Typically, patients with Kallmann’s syn-
drome present with delayed puberty, short stature,
anosmia and, later in life, infertility6. Genetic stud-
ies have revealed that mutations in two genes are
responsible for the spontaneous and hereditary
forms of Kallmann’s syndrome: KAL-1 and FGFR-
17. KAL-1 is located on the X chromosome
(Xp22.3), and mutations or deletions in this gene
result in the X-linked form of the disease. Muta-
tions in fibroblast growth factor receptor 1 (FGFR-
1), also known as KAL-2, on 8p11.2–12 occur in
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the autosomal dominant form of the disease. KAL-
1 encodes a protein that is necessary for normal
migration of gonadotropin releasing hormone
(GnRH) primitive cells from the olfactory placode
to the hypothalamus, while FGFR-1 is necessary
for initial evagination of the olfactory bulbs.

Identification of these mutations has clinical
value, since the presence of each mutation is asso-
ciated with different associated syndromes. The
KAL-1 mutation is associated with renal defects,
whereas FGFR-1 heterozygous loss of function
mutation is associated with hearing problems and
cleft palate. The FGFR-1 mutation has also been
identified in patients with spontaneous resolution
of idiopathic hypogonadotropic hypogonadism
(IHH)8. Treatment with human chorionic gonad-
otropin (hCG) and follicle stimulating hormone
(FSH) in men with Kallmann’s syndrome results
in the initiation of sperm production, allowing
men with Kallmann’s syndrome to father chil-
dren9. Since the KAL-1 gene is located on the X
chromosome, the KAL-1 mutation will be trans-
ferred to daughters of men with the mutation and
will be phenotypically present in the next genera-
tion. Thus, knowing that the mutation is present
may affect the decision about reproductive choices
and may dictate the length of hCG and FSH
replacement10.

Men with Kallmann’s syndrome should be
evaluated by a urologist. Measurement of testicu-
lar volume has significant prognostic value. Men
with a testicular volume of less than 4 ml
responded poorly to hCG and FSH treatment
(sperm appeared in the ejaculate in 36% of such
men), whereas 71% of men with testicular vol-
umes above 4 ml presented with sperm in the ejac-
ulate after hormonal therapy11. There were no sig-
nificant differences in hormone levels before and
after treatment in men with small versus larger
testes. Recently, there has been renewed interest in
idiopathic hypogonadotropic hypogonadism as it
was shown that mutations in the GPR54 receptor,
a player in the KiSS-1 pathway of GnRH regula-
tion, could cause non-anosmic hypogonadotropic
hypogonadism12. Since intraventricular infusion

of KiSS-1 stimulates the release of gonadotropins,
one can easily envision the use of KiSS homologs
in the future pharmacotherapy of hypogonadism.

ONCOLOGY AND MALE INFERTILITY

Basic science and clinical advances in oncology
have significantly improved the overall survival of
patients with childhood and adult malignancies.
These advances in survival most often require the
use of aggressive chemotherapeutic agents, bone
marrow transplants and total body irradiation. It
has long been established that chemotherapy,
especially the use of alkylating agents in high
doses, or irradiation results in permanent
azoospermia in 20–50% of patients13. In many
others, treatment results in oligospermia14.
Although Leydig cells are quite resistant to
radio/chemotherapy, children and adults undergo-
ing such treatments15 can suffer from delayed
puberty and can exhibit low testosterone produc-
tion. Pharmacological prevention of germinal cell
damage during chemotherapy or radiation treat-
ment has been extensively evaluated in animals.
The intuitive choice would be to arrest germinal
proliferation for the duration of chemotherapy
with GnRH agonists. A beneficial effect of GnRH
agonist suppression on the post-treatment recov-
ery of spermatogenesis after radiotherapy and
chemotherapy has been shown in rodents but not
in non-human primates16. Although several cen-
ters are currently investigating this in humans,
thus far there are no human data to support con-
comitant use of GnRH agonists to prevent testic-
ular damage during radio/chemotherapy. With a
better understanding of spermatogenesis, we may
be able to offer chemoprevention in the future17.

Every attempt should be made at sperm cryop-
reservation prior to chemo- or radiotherapy. Many
men, especially those with testicular tumors, will
have poor sperm quality for cryopreservation.
Children and early adolescents are usually
azoospermic18,19. The poor sperm quality prior to
cancer treatment may be caused by paraneoplastic
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syndromes and mediated by cytokines, tumor
necrosis factor (TNF) and other molecules affect-
ing sperm production20. In selected cases with
severe oligospermia, testicular sperm procurement
should be considered prior to chemotherapy18.
Similarly, if an adolescent male is not able to
deliver a semen sample, vibratory stimulation or
electroejaculation can be used21. In prepubertal
adolescents, immature testicular tissue can be cry-
opreserved, but this approach should be consid-
ered experimental since, at present, there are no
techniques available to induce the maturation of
immature human germ cells in vitro, for subse-
quent use for IVF/ICSI22,23. It is important to
consider that a 12–14-year-old boy who is to
undergo total body irradiation will likely have no
chance of spermatogenesis in the future and will
not enter the reproductive age for another decade.
Current developments in sperm maturation in
vitro promise at least some hope for these boys19.
Three approaches have been successful in animals:
(1) transplantation of germ stem cells in rodents
with successful restoration of qualitative sper-
matogenesis, (2) maturation of germ stem cells in
vitro and (3) transplantation of mature germ cell
tissue back into the germ cell-depleted testis22–25.
The success of these experiments in rodents and
primates probably justifies the cryopreservation of
testicular tissue in children and adolescents who
will undergo cancer treatments which have a high
likelihood of resulting in azoospermia. This is an
exciting area of research, and since this approach
requires surgical retrieval of testicular tissue,
together with extensive knowledge of the biology
of male reproduction, it underscores the import-
ance of the participation of male infertility spe-
cialists in the care of cancer patients.

One of the more interesting questions perti-
nent to oncology and male fertility is the safety of
using sperm from men who have undergone
chemotherapy or radiation treatment. Can the use
of such sperm increase the risk of genetic abnor-
malities in the offspring? Is the risk indefinite, or
is there a wash-out period after which the use of
sperm from cancer survivors is acceptable? Is

preimplantation genetic diagnosis (PGD) required
for embryos created using sperm from fathers who
are cancer survivors? There is an increased risk of
sperm aneuploidy immediately after chemother-
apy, but this risk decreases with time26,27. Cur-
rently, most authorities agree that couples should
use birth control for 18–24 months after the last
cycle of therapy. This area, however, requires fur-
ther study. Follow-up of offspring conceived by
men post-chemo/radiotherapy has failed to detect
an increased risk of gross chromosomal aberra-
tions in the offspring28.

MEDICAL TREATMENT IN MALE
INFERTILITY

Advances in the medical treatment of men with
idiopathic oligoasthenoteratospermia have been
limited. The use of clomiphene citrate, tamoxifen
and aromatase inhibitors may be helpful in care-
fully selected cases. Aromatase inhibitors have a
role in men with hyperestrogenemia. Patients with
Klinefelter’s syndrome may benefit from treat-
ment with aromatase inhibitors29–31. Tamoxifen
(20 mg taken orally twice daily) can increase
sperm density and motility in oligospermic
patients with normal gonadotropins, but seems to
have no effect in patients with high FSH and
luteinizing hormone (LH)32. The addition of
testosterone to tamoxifen may have beneficial
effects33,34. Testosterone alone suppresses sper-
matogenesis and should never be given to infertile
men. Clomiphene citrate may be helpful in
selected men with oligospermia. It results in
increased testosterone levels and sperm density,
but, thus far, there is no evidence that treatment
with clomiphene citrate results in improved preg-
nancy rates35,36. The potential long-term effect of
estrogen feedback and estrogen production in
men is unknown.

There is no evidence that treatment with hCG
and/or FSH in men with idiopathic normo-
gonadotropic oligospermia is effective. However,
recently it has been shown that some men with
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idiopathic oligospermia have an abnormal pul-
satile release of LH37. Foresta et al. showed that
the suppression of high circulating FSH levels
improves Sertoli cell function38. Further advances
in our understanding of the hypothalamus–
pituitary–testis axis may allow the optimization of
protocols for hormonal manipulation in infertile
men.

In at least 30% of infertile men, no etiology is
found after thorough evaluation. Considering the
limited success of the available pharmacological
treatment of idiopathic male infertility, it is no
surprise that many infertile men seek alternative
remedies39.

Vitamins and minerals play an important reg-
ulatory function in multiple biochemical path-
ways in cells, and as cofactors they are believed to
have an impact on the quality of sperm and sperm
DNA integrity. Multiple studies have shown that
an increase in oxidative stress in semen contributes
to defects in sperm chromatin40–42. This provides
a rationale for treating infertile men with antioxi-
dants and supplements such as vitamins and min-
erals in the hope of improving sperm quality, and
increasing fertilization rates. L-carnitine supple-
mentation has resulted in improved sperm density
and motility using 2 g a day for 3–6 months in
small randomized studies. Other studies have
shown no benefit43. Vitamin E, A and C supple-
mentation in men with infertility may improve
semen parameters, but there are no studies docu-
menting on improvement in fertility44. Supple-
mentation with vitamins E, A and C does not
improve the sperm chromatin structure as evalu-
ated by the sperm chromatin structure assay
(SCSA)45. Thus, vitamin and mineral supplemen-
tation should be considered as non-specific or
empirical therapies, which may be helpful in some
patients.

SURGICAL EXTRACTION OF SPERM

Because no successful therapy exists for men with
idiopathic non-obstructive azoospermia, the

surgical extraction of sperm for use with ICSI is
the mainstay of therapy for these men. In experi-
enced hands, sperm can be extracted from more
than 50% of men with NOA using microsurgical
techniques (Table 32.1)1,2,46. Thus far there are no
reliable tests to predict which patients will have
sperm present in the testes. Turek et al. proposed
fine-needle mapping as an adjunct method to ver-
ify the presence of sperm in men with NOA; how-
ever, this method is operator-dependent47,48. Mag-
netic resonance spectroscopy using new
algorithms and 3T MRI (three-tesla magnetic res-
onance imaging) is being evaluated in our and
other centers, and hopefully will allow us to iden-
tify patients who will benefit from testicular sperm
extraction (TESE). It remains to be seen whether
hormonal manipulation prior to TESE will
improve recovery rates and fertilization rates.

In our hands, the use of fresh testicular sperm
yields better pregnancy and fertilization rates
when compared with frozen testicular sperm.
Other centers claim that using frozen testicular
tissue yields equally good results. For unrecon-
structable obstructive azoospermia, such as in men
with congenital absence of the vas deferens, the
use of cryopreserved epididymal sperm yields
results equal to those with fresh spermatozoa
(Table 32.2). For reconstructable obstructive
azoospermia, such as vasectomy reversal, technical
advances have yielded success rates which make
microsurgical repair the most cost-effective option
for initial treatment48–55.

The development of artery- and lymphatic-
sparing microsurgical techniques of varicocele
repair has resulted in improved outcomes and
minimal morbidity in men with varicocele-associ-
ated infertility and adolescents with varico-
cele56–59. Although controversy exists regarding
the benefits of varicocelectomy, several studies
have shown that varicocele repair in men with
non-obstructive azoospermia or severe oligoas-
thenospermia may improve spermatogenesis
sufficiently to allow IVF/ICSI with ejaculated
instead of testicular sperm60–64. Recent data sug-
gest that varicocele repair may improve the sperm
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chromatin structure65. Varicocele repair in adoles-
cents may also prevent both future infertility and
androgen deficiency in aging men. If this hypo-
thesis is confirmed, varicocele repair will be em-
ployed not only to improve sperm production but
also to prevent or even treat hypogonadism59,66,67.

Evaluating and instituting specific treatments
in the infertile male are critical for optimizing the
medical care of the infertile couple. Further-
more, recent data showing a 20-fold increase in
the incidence of testicular cancer in infertile men
mandates male partner evaluation68. Over
the next decade, further developments in our

understanding of the genetics and physiology of
male reproduction, advances in stem cell research
and better ways of measuring outcomes of surgical
techniques69,70, as well as other novel therapeutic
options, will allow us to offer treatment to patients
who are considered sterile by today’s standards.
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IUI success and  383–4
antiphlogistic treatment  340–1
antiretroviral therapy  351, 363

impact on sperm quality  354, 372
antisperm antibodies  43

IUI success rates  385–6
mixed antiglobulin reaction (MAR)

test  151–2
treatment  340

apoptosis  278–82
abortive apoptosis  280, 281
impact on fertilization  280–2
in spermatozoa  61–3, 255
in vitro spermiogenesis and  447
molecular mechanisms  279
varicocele and  128

apoptosis-inducing factor (AIF)  62

aromatase inhibitors  336, 455
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paternal effects of abnormalities
296–8

path  74
positioning  74, 76–7
structure  6–8, 39–42

assessment  233
see also chromatin structure

territories (CTs)  73–4
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cryopreservation see sperm

cryopreservation
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gene  131, 133–4, 244, 328
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impact of  282, 296–9
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fragmentation; reactive
oxygen species (ROS)
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obstruction  126, 327–8
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323–4
therapy  324, 334–5
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131–2, 327–8
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embryo selection  291

cleavage-stage embryo quality
294–9

blastocyst development  294–5,
298–9
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embryo morphology  294, 295–8
multinucleation  294, 298
paternal effect  295–9
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paternal effect  294
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platelet-activating factor (PAF)

291–2
pronuclear-stage morphology  292–3
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between genomic activation and
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early defects at fertilization  42
centrosome  42, 57–8
oocyte activation factor  42

genomic imprinting  44
nuclear/chromatin anomalies and

61–4
paternal effect  54–7

cleavage-stage embryo quality
294–9

early paternal effect  56, 57, 293
early-dividing embryos (EDEs)

294
late paternal effect  56–7, 293

role of spermatozoa  42–4
endocrinology  124–5
endocrinopathies  307, 320–3

GnRH production/secretion
disorders  321

pituitary function disorders  321
testosterone synthesis/function

disorders  321–3
epididymis

examination  122
inflammation  346

epididymitis  345, 348
see also male accessory-gland

infection (MAGI)
epigenetic factors  64–5
equatorin  50
evaluation  117–18

endocrinology  124–5
genetic evaluation  132–4

CFTR gene  133–4
karyotype  132

Y-chromosome microdeletions
132–3

imaging the reproductive tract
125–6

patient history  118–22
physical examination  122–4

external quality control (EQC)  159

Fallopian tube sperm perfusion  385
Fas ligand  62–3, 279, 280–1

DNA fragmentation and  280–1
fertilin  49–50
fertilization  49–54, 209–12

abnormalities  212
DNA fragmentation impact  282
early defects  42

centrosome  42, 57–8
oocyte activation factor  42

nuclear fusion  54
oocyte activation  50–2, 211–12

disorders  57
pronuclear formation  54, 211
sperm genome unpacking  78–80
sperm mitochondrial DNA role  52
see also sperm–oocyte interaction

fibroblast growth factor receptor 1
(FGFR-1)  453–4

fine-needle aspiration (FNA)  403–4
flagellum  13–15, 86–9

dysplasia of the fibrous sheath (DFS)
23, 88–9

fertility prognosis related to
pathology  94–5

non-specific anomalies  23, 86, 94–5
fluorescence in situ hybridization

(FISH)  233
follicle stimulating hormone (FSH)

124–5, 130, 320–1
asthenozoospermia therapy  25
hormonal therapy  333–4, 336–7,

455
in vitro spermiogenesis and  427–8,

433, 437–43, 445–6
follicular fluid (FF)

acrosome reaction induction  198–9
as chemoattractant  21

fragmented DNA see DNA
fragmentation

free radicals  256
see also reactive oxygen species

(ROS)
fructose content determination, semen

157–8
colorimetric bench method  158

gene defect disorders  239–47
see also specific disorders
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genetic evaluation  132–4
CFTR gene  133–4
karyotype  132
Y-chromosome microdeletions

132–3
see also DNA

genomic architecture (GA)  73–4
during fertilization  78–80

genomic imprinting  44
globozoospermia  91–2, 96
glutathione, asthenozoospermia therapy

25
gonadotropin replacement therapy

333–4
gonadotropin-releasing hormone

(GnRH)  320
disorders of production/secretion

321
replacement therapy  334

H19 gene  44
heat shock proteins (HSPs)  129, 414

fertility prediction  414–15
hemizona assay (HZA)  213–18

predictive value  215–18
for intrauterine insemination

216–17
for IVF  215
for natural conception  217–18

hemochromatosis  242
highly active antiretroviral therapy

(HAART)  351, 363, 365
impact on seminal viral excretion

366
impact on sperm quality  354, 372

HIV see human immunodeficiency virus
(HIV)

hormone replacement
androgens  334

testosterone  322, 334
GnRH  334
gonadotropins  333–4

human chorionic gonadotropin (hCG)
therapy  333–4, 445

human immunodeficiency virus (HIV)
363

epidemiology in Europe  363–4
factors affecting sperm quality in

HIV-positive men  354
fertility and  371–2
heterosexual spread  364–5

condom use for prevention  
367

HAART impact  366
transmission risk  351

IUI versus ICSI  356–7, 371
levels in semen  351

natural versus assisted conception
368

reproductive health services  367
semen and sperm as vectors  353–4
sperm-washing techniques  351–2,

368–70
assisted conception with  370–1
follow-up surveillance  357
patient selection  352–3
semen processing  354–5
viral testing of processed

specimens  355–6
human leukocyte antigen-G (HLA-G),

embryo culture medium  292
paternal effect  292

human menopausal gonadotropin
(hMG) therapy  333–4

hyaluronic acid (HA) binding
sperm maturity test  417–18
sperm selection for ICSI  418–22

hydrogen peroxide  63
8-hydroxydeoxyguanosine measurement

226
hyperactivation  20–1
hyperprolactinemia  321
hyperthermia, varicocele and  127–8
hypo-osmotic swelling test (HOS)  296
hypogonadism  242–3, 307

cerebellar ataxia and  242–3
hormone replacement therapy

333–4
idiopathic hypogonadotropic (IHH)

243, 321
hypospadias  107
hypospermia  124
hypothalamic–pituitary–gonadal (HPG)

axis  320–1, 456

idiopathic hypogonadotropic
hypogonadism (IHH)  243, 321

IGF2/IGF2-R system  44
illegitimated transcription  60
imaging the reproductive tract  125–6
immotile cilia syndrome (ICS)  88, 243
immotile spermatozoa see

asthenozoospermia
immunosuppressive treatment  340
imprinting  44, 64, 65
in situ nick translation  230
in vitro fertilization (IVF)

DNA fragmentation impact  282
evidence for paternal contributions

to abnormal embryogenesis
54–7

hemizona assay predictive value  215
HIV infection and  356–7, 371
patient selection  310

risks and complications  396–7
malformations  396–7
pregnancy complications  396

use of semen parameters  270
in vitro spermiogenesis

animal studies  425–8
action of hormones  427–8
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425–6
rodents  426–7

clinical trials  448–9
human studies  428–48

hormonal supplementation
432–45

initial trials  428
media comparisons  438–43
methodological problems  445–8
microinjection outcome  444–5
rates of spermiogenesis  437–8
Vero cell monolayers  428–9
Vero cell-enriched conditioned

medium  429–32
inflammation  346

male accessory-gland infection  346
testis  340

treatment  340–1
inguinal hernias  119
integrated visual optical system (IVOS)

172, 175, 176
internal quality control (IQC)  159
intracytoplasmic sperm injection (ICSP)

43–4, 73, 393–8
acrosomeless spermatozoa  96
chromosomal anomalies and  79
DNA fragmentation impact  97, 282
evidence for paternal contributions
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54–7

HIV infection and  356–7, 371
indications for  394
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procedure  394–5
results  395–6
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causes of adverse outcome
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malformations  396–7
multiple pregnancies  398
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sperm retrieval  401–7
outcomes after use of testicular
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fertility prognosis and  94–5

Noonan’s syndrome  248
nuclear annulus  6–7, 39–40
nuclear fusion  54
nuclear halos  7, 40
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oocyte activating factor  42, 51, 212
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DNA damage  256, 283–5
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consequences of  265

DNA damage  229, 256, 283–5
embryogenesis  296, 298
leukocyte-derived ROS  283–4
sperm motility  19–20, 128
sperm-derived ROS  284–5

evidence for oxidative stress  259–61
leukocytospermia and  154–5
lipid peroxidation and  256–9
sources of  261–4

receiver operating characteristic (ROC)
curve analysis  271–2

reciprocal translocations  248–9
5?-reductase deficiency  247
reproductive history  118–19
retrograde ejaculation  307, 324

therapy  334–5
mRNA delivery dysfunctions  59–61
Robertsonian translocations  248–9
round spermatid injections (ROSI)  38
round spermatid nucleus injections

(ROSNI)  38

scrotum
examination  122, 126
imaging  126

semen analysis  123–4, 141–63,
212–13, 305–7

azoospermia and  157
background data  142–4

abstinence  143–4
containers  143
methods for semen production

142–3
biochemistry  157–8
computer-assisted semen analysis

(CASA)  22–3, 147, 148,
158–9

morphological analysis  171–8
cultures  158
interpretation of results  159–63

number of analyses to be
performed  161

sources of variation affecting
parameters  160–1

standards for normal parameters
and fertility  162–3

male fertility potential, WHO
criteria  269–70

microscopic analysis  146–57
cytology evaluation  151
leukocyte detection  152–3
mixed antiglobulin reaction

(MAR) test  151–2
sperm concentration  147–8
sperm morphology  148–50
sperm motility  146–7
wet preparation examination

146
oligozoospermia and  157
physical parameters  144–6

coagulation  144
color  145
liquefaction  144
odor  145
pH  145–6
viscosity  144–5
volume  145

quality control  159
semen profile of general population

273–4
specimen handling  142
use in assisted reproduction  270

semen washing see human
immunodeficiency virus (HIV)

Sertoli cell only syndrome (SCOS)  133
in vitro spermiogenesis  435–8

Sertoli cells  106, 124, 280
action of hormones  427
in vitro spermiogenesis  432–45, 446

sexually transmitted diseases (STDs)
120

Shorr staining method  174
sickle cell anemia  246
sildenafil  339
slide preparation  174–5

quality control  182–3
smoking  109, 120
sperm chromatin structure assay (SCSA)

64, 230–1
sperm counting  147–8
sperm cryopreservation  312

cancer patients  121–2, 454–5
impact on motility and fertilization

281–2
sperm function assays

acrosome reaction measurement
197–8
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hypo-osmotic swelling test (HOS)
296

motility assessment  22–3, 146–7,
158–9

sperm–zona pellucida binding assays
213–18

predictive value for IUI outcome
216–17

predictive value for IVF outcome
215

predictive value for natural
conception  217–18

validity  213
sperm head automated morphometric

analysis system (SHAMAS)  172,
178

sperm maturity  414–15
genetic aspects of diminished

maturity  415–16
head shape and  416–17
hyaluronic acid binding test  417–18

sperm selection for ICSI  418–22
immaturity  309–10
in vitro maturation see in vitro

spermiogenesis
markers of maturity  413–14

sperm morphological abnormalities see
teratozoospermia

sperm morphological evaluation
148–50, 171–8, 181

acrosome evaluation  188–9
automated systems  172–3
evaluation precision  175–7
fertility prediction  177–8
male fertility potential

subfertility thresholds  271–3,
305–6

WHO criteria  269–70
monitoring the technician’s skills

183–5
classification of reading skills

184–5
Tygerberg approach  183–4

quality control  182–3
slide preparation and staining

174–5, 182–3
standardization  181
training  181–2

sperm motility
analysis  146–7

computer-assisted assessment
22–3, 147, 158–9

chemotaxis and  21–2
defects see asthenozoospermia
hyperactivated motility  20–1
inseminating motile count (IMC)

378

mechanochemical basis  13–15
regulation  15–20

bicarbonate and adenylate
cyclases  17

calcium  15–17
cell volume and osmolarity

18–19
kinases  17–18
phosphatases  17–18
reactive oxygen species (ROS)

19–20
subfertility thresholds  271–3,

305–6
varicocele and  128

sperm retrieval  401–7
adverse effects  407
ICSI outcomes after use of testicular

sperm  405–7
with non-obstructive azoospermia

403–4
with obstructive azoospermia  402–3

sperm vital staining test  157
sperm–oocyte interaction  49–50, 188,

211–12
cell-to-cell recognition  210
defects  212
events leading to  209
nuclear fusion  54
post-zona pellucida binding events

211–12
sperm–zona pellucida interaction

210–11
see also fertilization; zona pellucida

sperm-washing techniques see human
immunodeficiency virus (HIV)

Spermac staining method  174
spermatic cord evaluation  123
spermatogenesis  35–8, 63, 106, 280

defects  131–2
OAT and  309

drug exposure effects  120–1
improper DNA packaging and

ligation  283
meiosis  36–7
phases of  280
sources of variation  160–1
spermatogonial differentiation  36
spermiogenesis  37–8

see also in vitro spermiogenesis
varicocele and  128

spermatogonia  36
spermatogonial stem cell transplantation

329–30
spermatozoon  35

aberrations  4, 8, 85–6
acquired abnormalities  94
fertility prognosis and  94–7

head–neck attachment  89–91,
95–6

varicocele and  128–9
see also specific abnormalities

acephalic  89
apoptosis in  61–3, 255
chromosome organization  6–8,

39–42, 74–5
see also chromosomes

cytoskeletal apparatus dysfunction
57–9

genetics of  38–42
head  3–8

acrosomal region  4, 5
DNA packaging  6–8, 39–42
nucleus  5
pathology  91–3
postacrosomal region  5
sperm maturity and  416–17

mitochondria
DNA  52, 59
elimination  53–4, 56

morphological evaluation see sperm
morphological evaluation

motility see sperm motility
mRNA delivery dysfunctions  59–61
nuclear status  75–6
role in embryogenesis  42–4

developmental arrests  43–4
early defects at fertilization  42
genomic imprinting  44

tail  8, 58, 86
spermiogenesis  37–8

see also in vitro spermiogenesis
spinal and bulbar muscular atrophy

(SMBA)  322
Src family kinases (SFKs)  51–2
SRY gene defects  246–7
staining techniques  174–5
staurosporine  62
subfertility see male subfertility
substance abuse  120
subzonal insemination (SUZI)  393
superoxide dismutase (SOD)  258–9

tamoxifen therapy  322–3, 335–6, 455
telomeres  74, 79–80

localization  77–8, 79
teratozoospermia  93, 94, 308–9

see also oligoasthenoteratozoospermia
(OAT)

teratozoospermia index (TZI)  150, 190
testes

biopsy  328–9
blood flow, varicocele and  127
examination  122
hyperthermia, varicocele and  127–8
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inflammation treatment  340–1
testicular biopsy  131, 328–9

sperm extraction  403–4
testicular cancer  106–7, 121–2

trends  107–9
testicular dysgenesis syndrome (TDS)

105–10
fecundity and  109
prenatal origin  105–7

hypospadias and cryptorchidism
107

spermatogenesis  106
testicular cancer  106–7

regional and temporal trends  107–9
risk factors  107, 109–10

testicular sperm extraction (TESE)
402–3, 456

adverse effects  407
by open biopsy or percutaneous fine-

needle aspiration  403–4
ICSI outcomes  405–7
microsurgical or conventional

extraction  404
multiple or single testicular biopsy

404
number of procedures  404
prediction of success  403

testicular torsion  120
testolactone  336
testosterone  124

disorders of synthesis/function
321–3

exogenous  120
in vitro spermiogenesis and  427–8,

433, 437–43, 445–6
therapy  322, 334, 445

tobacco smoking  109, 120
tocopherol  337
toluidine blue stain  232
topoisomerase II  63, 283
tranilast  338
translocations  248–9
transrectal ultrasound (TRUS)  125,

126, 132, 327

transurethral resection of the ejaculatory
ducts (TURED)  328

TUNEL assay  229–30
Tygerberg criteria  183–4

subfertility thresholds  271–3

ubiquitin  59
ubiquitin-specific protease-9 Y

chromosome (USP9Y)  59
ubiquitination  59

sperm mitochondria  52–4, 59
urethritis  120
urinary tract infections  345

see also male accessory-gland
infection (MAGI)

Usher’s syndrome  246

varicocele  119, 123, 126–8, 319
acrosome reaction and  129
apoptosis and  128
etiology  127–8
sperm morphology and  128–9
sperm motility and  128
spermatogenesis and  128
surgical repair  319–20, 456–7

vas deferens
congenital absence of  130–1,

133–4, 244, 327–8
ductal obstruction  126, 131
evaluation  123

vasectomy  325–7
reversal  325–7
technique  325

vasoepididymostomy  326–7
vasovasostomy  325–6

modified single-layer  326
two-layer  326
versus ICSI  327

Vero cell monolayers  428–9
Vero cell-enriched conditioned medium

429–32
vesiculitis  335, 345, 348

see also male accessory-gland
infection (MAGI)

vibratory stimulation  324
viscosity, semen analysis  144–5
vitamin supplementation  456
volume, ejaculate  131–2, 145

white blood cell (WBC) detection,
semen  152–3

see also leukocytospermia
WHO criteria for sperm morphology

269–79

XYY syndrome  248

Y chromosome microdeletions  132–3,
249–50, 453

YV plastic repair of the bladder neck
119

zinc salts  339
zona pellucida (ZP)

site of acrosome reaction  201–2
sperm–ZP binding assays  213–18

predictive value for intrauterine
insemination outcome
216–17

predictive value for IVF outcome
215

predictive value for natural
conception  217–18

sperm–ZP interaction  210–11
acrosome reaction induction

200–1, 204, 210
binding  210–11
cell-to-cell recognition  210
defects  212

ZP-induced acrosome reaction test
(ZIAR)  201, 203–4
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