
Non-Invasive 
Sperm Selection for 
In Vitro Fertilization

Ashok Agarwal
Edson Borges Jr.
Amanda S. Setti
Editors

Novel Concepts and 
Methods

123



  Non-Invasive Sperm Selection 
for In Vitro Fertilization 



     



       Ashok   Agarwal     •    Edson   Borges Jr.    
   Amanda S.   Setti     
 Editors 

 Non-Invasive Sperm 
Selection for In Vitro 
Fertilization 

 Novel Concepts and Methods                       



 ISBN 978-1-4939-1410-4      ISBN 978-1-4939-1411-1 (eBook) 
 DOI 10.1007/978-1-4939-1411-1 
 Springer New York Heidelberg Dordrecht London 

 Library of Congress Control Number: 2014942640 

 © Springer Science+Business Media New York   2015 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or 
part of the material is concerned, specifi cally the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfi lms or in any other physical way, 
and transmission or information storage and retrieval, electronic adaptation, computer software, 
or by similar or dissimilar methodology now known or hereafter developed. Exempted from this 
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material 
supplied specifi cally for the purpose of being entered and executed on a computer system, for 
exclusive use by the purchaser of the work. Duplication of this publication or parts thereof is 
permitted only under the provisions of the Copyright Law of the Publisher’s location, in its 
current version, and permission for use must always be obtained from Springer. Permissions for 
use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable 
to prosecution under the respective Copyright Law. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a specifi c statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general use. 
 While the advice and information in this book are believed to be true and accurate at the date of 
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility 
for any errors or omissions that may be made. The publisher makes no warranty, express or 
implied, with respect to the material contained herein. 

 Printed on acid-free paper 

 Springer is part of Springer Science+Business Media (www.springer.com)  

 Editors 
   Ashok   Agarwal, PhD, HCLD (ABB), 

ELD (ACE)   
  Andrology Center and Center for 

Reproductive Medicine 
 Cleveland Clinic 
  Cleveland ,  OH ,  USA   

   Amanda S.   Setti, BSc   
  Instituto Sapientiae - Centro de 

Estudos e Pesquisa em Reprodução 
Assistida 

  São Paulo, SP   ,  Brazil   

   Edson   Borges Jr., MD, PhD   
  Fertility - Centro de Fertilização 

Assistida
São Paulo,    SP   ,  Brazil   

www.springer.com


v

 The fast pace of scientifi c discovery and technological innovation has greatly 
affected the care of the infertile couple. As a result, diagnostic and therapeu-
tic options for infertile couples have undergone dramatic evolution in the past 
three decades, touching the lives of couples for whom few options existed 
previously. Thirty-fi ve years after the birth of the fi rst child conceived by IVF, 
we are now able to stimulate ovaries to obtain multiple oocytes, extract sperm 
from testes of men with severe infertility, inject sperm into oocytes to achieve 
fertilization, and perform biopsy of embryos for diagnostic purposes. With 
increasingly complex modalities available for laboratory and clinical aspects 
of infertility care comes the need for a clear, concise, readable, and practical 
text to serve as a resource for providers. This book entitled “Non-Invasive 
Sperm Selection for In-Vitro Fertilization: Novel Concepts and Methods,” 
edited by Drs. Edson Borges Jr. and Ashok Agarwal is an excellent example 
of this effort directed at the andrology laboratory aspect of infertility care. 

 The editors are well suited to the purposes of this text. Both are gifted 
fertility practitioners and physician scientists. Dr. Edson Borges Jr. is the 
Director of the Fertility—Assisted Fertilization Center, in Sao Paulo, Brazil. 
He also serves as the Director of the Post-Graduation Course in Human 
Assisted Reproduction at the Sapientiae Institute. Dr. Ashok Agarwal is the 
Director of the Center for Reproductive Medicine and the Director of the 
Andrology Center and Reproductive Tissue Bank at the Cleveland Clinic. 
They have authored over 600 peer-reviewed publications, garnered multiple 
research grants, and are internationally recognized for their outstanding con-
tributions in scientifi c and clinical aspects of reproductive medicine. 

 Drs. Edson Borges Jr. and Ashok Agarwal have assembled an exciting cast 
of authors, each an expert in the topics about which they write. The goal of the 
text is to present strategies for noninvasive sperm selection in IVF. Authors 
review the existing and emerging technologies in the fi eld including non- 
apoptotic sperm selection, electrophoretic separation, high-magnifi cation 
sperm morphology selection, microfl uidics, and hyaluronic acid binding. They 
then discuss the methodology, effectiveness, and safety of the various sperm 
selection methods. The result is a concise, readable, and highly practical refer-
ence guide for scientists, embryologists, infertility specialists, and urologists. 
For all these reasons I can enthusiastically recommend this textbook to you.  

    Division of Reproductive Endocrinology and Infertility, 
Yale School of Medicine, New Haven, CT, USA Emre     Seli, MD 
Yale-New Haven Hospital, New Haven, CT, USA                                 

   Foreword   
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 In the past three decades or so, there has been tremendous scientifi c progress 
in the fi eld of assisted reproduction techniques (ART). These advancements 
have presented wider options for infertile individuals and strengthened their 
hope and resolve at having a child of their own. And in tandem with the 
evolving progress in assisted reproduction techniques, the demand for ART is 
now greater than ever. 

 In recent times, signifi cant emphasis is being placed on investigating the 
characteristics of the human spermatozoon used in assisted reproduction. 
Identifi cation of the morphological abnormalities of the spermatozoa pro-
vides better understanding of the human sperm function and highlights the 
importance of an adequate sperm selection technique that would greatly con-
tribute to the overall success of the particular assisted reproduction tech-
niques, thereby increasing fertility rates and pregnancy outcome. 

 Previously, a healthy spermatozoon was considered essential to merely 
contribute the paternal genome and ensure successful oocyte fertilization. 
However, the human spermatozoon has now been recognized to play a sig-
nifi cant role in key events that occur once fertilization has actually taken 
place. These events infl uence not only the fertilization process itself but go on 
beyond that to contribute to the development of the embryo, and ultimately 
affect the pregnancy outcome. 

 This book contains contributions by several key experts who are at the 
forefront of the fi eld of assisted reproduction. Here, they provide detailed 
information on the techniques that have been developed to assist in sperm 
selection for the various ART techniques available—from basic sperm prepa-
ration to intracytoplasmic sperm injection (ICSI), to hyaluronic binding assay 
and physiological intracytoplasmic sperm injection (PICSI), to motile sperm 
organelle morphology examination (MSOME) and intracytoplasmic morpho-
logically selected sperm injection (IMSI). The implication of the detection of 
total, partial, irregular, or absent sperm head birefringence, the presence of 
sperm head vacuoles, and the assessment of sperm chromatin, chromosomal 
constitution, and DNA integrity through MSOME, in fresh and cryopreserved 
sperm, is thoroughly explored in this book. Updates on novel sperm tests, 
sperm selection based on surface charge, and non-apoptotic sperm selection 
are also delved into. 

 All in all, this book brings to light the main noninvasive sperm selection 
techniques that are currently available and those that are being developed to 

  Pref ace   



viii

aid in the selection of the best possible sperm for fertilizing the embryo dur-
ing assisted reproduction. It also contains unique material that will review 
and assess recent important developments in the selection of sperm for ART, 
including the advances in the genomics and proteomics eras. Further, this 
book identifi es unresolved issues in assisted reproduction; discuss their feasi-
bility, safety, and effects on sperm quality and ART outcome. Additionally, 
this book provides recommendations on the clinical application of noninva-
sive sperm selection techniques and on its future research directions. 

 We truly believe that this volume will help to clarify the reader on various 
noninvasive sperm selection techniques available, encourage productive dia-
logues between reproductive professionals, and serve as a reference guide for all 
academics, researchers, and professionals in the fi eld of reproductive medicine.  

 Cleveland, OH, USA        Ashok     Agarwal   
São Paulo, SP, Brazil    Edson     Borges     Jr.   
 São Paulo, SP, Brazil     Amanda     S.     Setti      

Preface
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           Introduction 

    Infertility is defi ned as the inability to achieve a 
natural pregnancy after 1 year of unprotected 
intercourse and a male component is a contribut-
ing factor in roughly 50 % of couple infertility 
[ 1 ]. A cross-sectional study in the United States 
estimated that approximately 3.3–4.3 million 
men sought medical advice for infertility evalua-
tion [ 2 ]. The evaluation of male factor infertility 
includes a detailed history, physical examination, 
and two or three semen analyses performed at 
3 months interval. 

 The semen analysis is one of the most impor-
tant investigations in the assessment of male fertil-
ity potential. The semen analysis provides a global 
measure of testicular and epididymal function (for 
sperm production and maturation, respectively), 

vasal patency (for sperm transport), and accessory 
sexual gland function (for production and delivery 
of seminal plasma). The semen parameters that are 
measured on a basic semen analysis include (1) 
semen volume, (2) sperm concentration and total 
count, (3) sperm motility, (4) sperm morphology, 
(5) sperm viability, (6) semen leukocyte concen-
tration, and (7) semen pH. However, the measure-
ment of all of these parameters on the semen 
analysis does not allow us to clearly differentiate 
fertile from infertile men because there is signifi -
cant overlap in semen parameters between these 
two groups of men. 

 The history of the modern semen analysis 
dates back to the 1920s, when Macomber and 
Sanders assessed human semen and reported a 
median sperm concentration of 100 million sper-
matozoa per milliliter, using blood pipettes and a 
counting chamber [ 3 ]. In the 1950s, Macleod 
et al. compared the semen analyses of 1,000 fer-
tile and 1,000 infertile couples to assess the dif-
ferences in semen parameters between the two 
groups [ 4 – 7 ]. Given the increased demand to 
standardize the semen analysis worldwide, the 
World Health Organization (WHO) sets forth to 
standardize the evaluation and interpretation of 
the semen analysis and published a fi rst manual 
on the examination of human semen in 1980. The 
semen analysis guidelines (and reference values) 
reported in the fi rst WHO manual (1980) and in 
the subsequent versions (1987, 1992, and 1999) 
were largely based on the consensus of a panel of 
experts. The 1980–1999 WHO manuals were 
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based on very little data on semen parameters of 
fertile men (recent fathers) and this has led some 
centers to view the reference values as either too 
high or too low [ 8 – 12 ]. Moreover, the authors 
(expert panel) of the fi rst four editions of the 
WHO manuals acknowledged that the semen 
analysis reference values lacked validity because 
they were not evidence-based [ 13 – 16 ].  

    WHO 5th Edition Manual 
for Examining Semen Analysis 

 The most recent WHO semen analysis manual 
was published in 2010. Unlike prior WHO semen 
analysis manuals, the authors of the recent WHO 
manual (2010) reported evidence-based refer-
ence values for semen parameters [ 17 ]. The data 
used to generate the new semen parameter refer-
ence values were obtained from multinational 
studies of recent fathers with a known time to 
pregnancy (all had a time to pregnancy of 12 
months or less). The total dataset was derived 
from fi ve studies (conducted in seven countries) 
and included a total of 1,953 semen analyses 
(Table  1.1 ) [ 11 ,  12 ,  17 – 23 ]. Using the entire data-
set of 1,953 semen analyses, the authors of the 
new WHO semen analysis guidelines set the 
semen parameter reference values at the lower 
5th percentile. As such, according to the new 
WHO semen analysis guidelines, men who have 
one or more semen parameters below the lower 
5th percentile are deemed to have an abnormal 
semen analysis. Nonetheless, it is important to 

remember that all of the 1,953 men from whom 
the semen parameter reference values were 
derived had fathered a child, including those men 
with an abnormal semen analysis.

   There are several important changes in the cur-
rent WHO semen analysis guidelines when com-
pared to previous guidelines [ 17 ]. One of the 
notable aspects of the current WHO semen param-
eter cutoffs is that they are lower than reported in 
the previous WHO manuals (Table  1.2 ). These 
lower reference values in no way indicate a 
decline in semen quality but, rather, are simply a 
refl ection of the new methods of establishing the 
cutoff values. Also, the assessment of motility has 

   Table 1.1    Reference studies used to establish the new WHO semen parameters   

 Study  Countries 
 Sample size 
with TTP a  

 Number of semen 
analysis provided 
per participant 

 Sperm morphology 
evaluation criteria 

 Bonde et al. (1998) [ 11 ]  Denmark  265  1  David 
 Auger et al. (2001) [ 19 ]  France, Denmark, 

United Kingdom, 
Finland 

 900  1  David, Tygerberg 
(strict)  Jorgensen et al. (2001) [ 20 ] 

 Jensen et al. (2001) [ 23 ] 
 Slama et al. (2002) [ 12 ] 
 Swan et al. (2003) [ 21 ]  United States  493  2  Tygerberg (strict) 
 Haugen et al. (2006) [ 22 ]  Norway   89  1  Tygerberg (strict) 
 Stewart et al. (2009) [ 18 ]  Australia  206  2  Tygerberg (strict) 

   a The numbers were adapted from cooper et al. [ 17 ]  

   Table 1.2    Cutoff reference values of the previous and 
current WHO manuals   

 Semen 
characteristics  WHO 1999  WHO 2010 

 Volume (ml)  2  1.5 
 Sperm 
concentration 
(million per ml) 

 20  15 

 Sperm count 
(million) 

 40  39 

 Total motility (%)  50  40 
 Progressive 
motility a  (%) 

 25 (grade 
a only) 

 32 (grade 
a + b) 

 Vitality (%)  75  58 
 Morphology b  
(% of normal sperms) 

 14  4 

 Leukocyte count 
(million per ml) 

 Less than 1  Less than 1 

   a Grade a is considered rapid progressive motility; grade b 
is considered sluggish progressive motility 
  b Morphology values using strict criteria  
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been simplifi ed to include two motility categories 
(progressive and nonprogressive) rather than the 
three categories previously reported: rapid pro-
gressive (grade a), slow progressive (grade b), and 
nonprogressive (grade c) motility. This modifi ca-
tion in motility evaluation was meant to allow the 
technician to assess sperm motility in a more 
objective manner. However, combining rapid 
(grade a) and slow progressive motility (grade b) 
into a single reading is a less accurate means of 
reporting sperm motility and it is unclear how this 
will affect management of the infertile male. In 
the current manual, sperm morphology is reported 
using strict methods (Tygerberg and David) [ 24 ].

       WHO 2010: Limitations 

 Although the new WHO manual semen parameter 
reference values are evidence-based (derived from 
controlled studies of recent fathers), these refer-
ence values have several limitations. One of the 
notable limitations is that the sample size ( n  = 1953) 
from which these reference values were derived is 
relatively small. Also, the mean age of the fathers 
was 31 years with only ten men above the age of 
45 years, thereby limiting the relevance of these 
reference values to older men [ 17 ]. Another limita-
tion is that the men who were tested came from 
seven countries and three continents, with 55 % of 
the population originating from western European 
cities. This means that in the development of the 
new reference values, there was clear overrepre-
sentation from some continents (Europe) and no 
representation from others (e.g., Africa, Asia). 
This is an important limitation because regional 
differences in semen parameters between different 
European cities have been reported [ 20 ]. Moreover, 
Swan et al. [ 21 ] have also observed differences in 
semen parameters between different cities in the 
United States. 

 The reference values are based on studies that 
included men who had submitted only one semen 
analysis [ 12 ]. It is well known that the results of 
the semen analysis can vary markedly both 
between different men as well as between different 
ejaculates from the same man [ 25 ,  26 ]. Also, a fair 
number of men included in these studies had con-

ditions or prior exposure that might have affected 
their reproductive health (e.g., prior  chemotherapy, 
radiotherapy, and cryptorchidism) [ 12 ,  20 ] with an 
indirect effect on their semen analysis. Lastly, the 
studies included in the new WHO manual used 
two different sperm morphology evaluation crite-
ria. Auger et al. [ 19 ], Bonde et al. [ 11 ], Jorgensen 
et al. [ 20 ], Jensen et al. [ 23 ], and Slama et al. [ 12 ] 
all used David sperm morphology criteria method 
which differs from the strict or Tygerberg sperm 
morphology used by the other studies. Thus, the 
latest WHO reference value for sperm morphol-
ogy do not accurately represent either the strict 
(Tygerberg) or David methods.  

    Impact of the New WHO Reference 
Values on Clinical Practice 

    Establishing a Correct Diagnosis 
of Male Factor Infertility 

 The male partner evaluation of an infertile couple 
includes a detailed history, physical examination, 
and two or more semen analyses. Although the 
semen analysis represents a key component of the 
male evaluation, it is important to recognize that 
this test does not discriminate infertile from fertile 
men [ 27 ]. The semen parameter reference values 
reported in the new WHO semen analysis manual 
provide a more objective framework with which a 
clinician can gauge a man’s fertility potential 
because these reference values are evidence- 
based. However, as with the reference values 
reported in the previous editions of the WHO 
manuals, the new WHO reference values also fail 
to discriminate infertile from fertile men. 
Therefore, using the lower 5th percentile (of 
semen parameters) as a threshold to assign or not 
to assign a diagnosis of male infertility is too sim-
plistic and probably incorrect. Using the 50th per-
centile, which represents the median value of the 
reference population, together with the 5th per-
centile may be a better way to gauge the relative 
fertility potential of the infertile man as suggested 
by Esteves et al. [ 28 ]. As such, it is important that 
clinicians integrate clinical parameters (e.g., 
 history, physical examination, other laboratory 
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evaluation) as well as a general sense of the distri-
bution of semen parameter values (e.g., 5th and 
50th percentiles) before establishing a diagnosis 
of male factor infertility (Table  1.3 ).

   If clinicians (e.g., urologists, gynecologists, 
reproductive endocrinologists) misinterpret the 
new semen parameter reference values and solely 
rely on the lower 5th percentile as a threshold to 
assign a diagnosis of male infertility, it is likely 
that a large number of couples with male factor 
infertility will be incorrectly classifi ed as having 
unexplained infertility because the new (5th edi-
tion) WHO semen parameter reference values are 
lower than the previous WHO reference values. 
As a result of misinterpreting the new semen 
parameter reference values, many of these infer-
tile couples will not proceed to a male partner 
evaluation. For some of these couples, the male 
evaluation may be postponed until subsequent 
semen analyses demonstrate abnormal sperm 
parameters or until other therapies have failed 
(e.g., assisted reproduction). It is unclear whether 
this re-classifi cation will be more or less cost- 
effective but it is likely that assisted reproductive 
technologies utilization will increase as a result 
of an increased number of couples now being 
classifi ed as having unexplained infertility [ 29 ].   

    Impact of the New WHO Reference 
Values on Treatment of Clinical 
Varicocele 

 A clinical varicocele is detected in approxi-
mately 35 % of men presenting for infertility 
evaluation [ 30 ] and many of these men have 

normal or low- normal semen parameters [ 31 ]. 
It has been shown that varicocele repair will 
result in improved semen parameters and sperm 
DNA integrity, and in lower seminal oxidative 
stress [ 32 – 36 ]. Moreover, repair of clinical vari-
cocele may increase pregnancy rates although 
the number of high-quality studies supporting 
this premise is low [ 37 ,  38 ]. 

 The current AUA guidelines suggest treating 
a varicocele if it is clinically palpable and associ-
ated with couple infertility and abnormal semen 
parameters (based on the 4th edition WHO 
guidelines) [ 39 ]. If clinicians adopt and misin-
terpret the new semen parameter reference val-
ues, and, solely rely on the lower 5th percentile 
as a threshold to assign a diagnosis of male infer-
tility, there will be fewer candidates for varico-
cele repair because the new (5th edition) WHO 
semen parameter reference values are lower than 
the previous WHO reference values. This sug-
gests that many infertile couples with clinical 
varicocele and normal or low-normal semen 
parameters (based on the previous, 4th edition, 
WHO guidelines) will potentially be denied a 
varicocele repair. Yet, several studies have dem-
onstrated that adults can present with palpable 
varicocele and normal semen parameters but 
have abnormal sperm function tests, such as high 
levels of sperm DNA damage or seminal oxida-
tive stress [ 33 ,  40 ]. Moreover, couples in whom 
men have clinical varicocele and mild oligozoo-
spermia or normozoospermia will achieve 
greater spontaneous pregnancy rates after vari-
cocele repair than similar couples with moderate 
or severe oligozoospermia. Therefore, denying 
these couples (with clinical varicocele and mild 

   Table 1.3    Distribution of semen parameters of fertile men whose partner had achieved pregnancy within 12 months or less   

 Percentile  5th centile  25th centile  50th centile  75th centile  95th centile 

 Semen volume (ml)  1.5  2.7  3.7  4.8  6.8 
 Sperm concentration (million/ml)  15  41  73  116  213 
 Sperm count (million/ejaculate)  39  142  255  422  802 
 Total motility (PR + NP%) a   40  53  61  69  78 
 Progressive motility (PR%) a   32  47  55  62  72 
 Normal forms (%) b   4  9  15  24.5  44 
 Vitality (%)  58  72  79  84  91 

     The table was adapted from cooper et al. [ 17 ] 
   a   PR  progressive motility,  NP  nonprogressive motility 
  b According to Tygerberg strict criteria  
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 oligozoospermia or normozoospermia) a varico-
cele repair would be deemed poor clinical prac-
tice [ 41 ,  42 ]. Nonetheless, the exact semen 
parameter thresholds below which an infertile 
couple with a clinical varicocele is deemed to 
benefi t from varicocele repair remain unknown. 
Additional prospective studies on the effect of 
 varicocelectomy in infertile couples with clinical 
varicocele and low-normal semen parameters are 
needed to address this question, and in particular 
the relevance of the new WHO reference values 
in the management of clinical varicocele.  

    Impact of the New WHO Reference 
Values on Assisted Reproductive 
Technologies (ART)  

 The effect of applying the new reference values 
into clinical practice on ARTs has not been 
studied extensively. However, if clinicians use 
the lower 5th percentile as a threshold to assign 
a diagnosis of male infertility, it is likely that 
ART utilization will increase because the new 
(5th edition) WHO semen parameter reference 
values are lower than the previous WHO refer-
ence values and a greater number of couples 
will now be classifi ed as having unexplained 
infertility. Using the 4th edition WHO guide-
lines, couples with borderline or subnormal 
semen parameters (e.g., sperm concentration 
between 15 and 20 million per ml) would have 
been classifi ed as having male factor infertility, 
and in many cases would have been offered 
male-specifi c therapy. Using the new, 5th edi-
tion WHO guidelines, these same couples with 
borderline or subnormal semen parameters 
would now be offered ARTs rather than male-
specifi c therapy, if the lower 5th percentile is 
used as a threshold to assign a diagnosis of 
male infertility. As such, it is likely that utiliza-
tion of intrauterine insemination (IUI) and 
intracytoplasmic sperm injection (ICSI) will 
increase because there will be larger pool of 
couples with unexplained infertility. Although 
many of the couples with borderline or subnor-
mal semen parameters will be offered IUI fi rst, 
those couples who fail IUI will then likely pro-
ceed to ICSI [ 43 – 45 ].  

    Conclusion 

 The latest WHO manual is a valuable resource 
for laboratories analyzing semen samples and 
 clinicians alike. However, it is important to rec-
ognize that the new reference values cannot 
 differentiate between fertile and infertile men and 
the evaluation of the infertile man also needs to 
include a detailed history and physical examina-
tion. There is concern that many infertile men 
will be exempt from having timely and necessary 
male evaluation because the new WHO reference 
limits are lower (compared to prior WHO guide-
lines) and may be used incorrectly to establish or 
exclude a diagnosis of male factor infertility. As 
a result, clinicians will delay male-specifi c treat-
ments or altogether fail to treat a potentially cor-
rectable cause of male factor infertility. The 
development of new markers of male factor infer-
tility (e.g., sperm function tests or new biomark-
ers) may help clarify the clinical importance of 
the semen analysis in the evaluation of the infer-
tile couple.     
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           Background 

 Since the report of the fi rst birth with in vitro 
 fertilization (IVF) in 1978, this procedure has been 
used extensively for the alleviation of human infer-
tility [ 1 ]. However, because spermatozoa cannot 
fertilize in many cases of male  factor indication, a 
number of supplementary techniques emerged to 
overcome this inability, and these are generally 
referred to as assisted  fertilization, microsurgical 
fertilization, or simply gamete micromanipulation. 
The application of microscopic surgery to human 
gametes has allowed the achievement of fertiliza-
tion in cases of severe oligo-astheno-terato-zoo-
spermia and with dysfunctional spermatozoa. In 
addition, it has served as a powerful tool for a com-
prehensive understanding of the basic elements of 
oocyte maturation, fertilization, and early conceptus 
development. Gamete micromanipulation tech-
niques now permit the diagnosis and at times even 
the correction of genetic anomalies, as well as opti-
mization of embryo implantation chances in 
selected cases. 

 When sperm density, motility, and morphol-
ogy are inadequate, various techniques have been 

proposed to bypass the zona pellucida. Zona 
drilling (ZD) [ 2 ] involved the creation of a cir-
cumscribed opening in the zona by acid Tyrode’s 
solution delivered through a fi ne glass micropi-
pette. It inevitably became clear that the use of an 
acidic medium had a deleterious effect on the 
one-celled egg—an effect not reported in 
cleavage- stage embryos using the “hatching” 
procedure. Alternative procedures were zona 
cracking in which the zona was breached 
mechanically with two fi ne glass hooks [ 3 ] and 
zona softening performed by a brief exposure to 
trypsin [ 4 ] or pronase. Partial zona dissection 
(PZD) [ 5 ] involved slicing of the zona with glass 
needles prior to exposure of the treated oocytes to 
spermatozoa. The above listed approaches car-
ried a distinct risk of injury to the oocytes and 
aimed at producing an opening in the zona of 
proper size to facilitate penetration of spermato-
zoa in the perivitelline space and then fusion with 
the oolemma. Localized laser photoablation of the 
zona was even tested in this regard to produce a 
gap of precise dimensions within the zona, and 
this has resulted in a few offspring [ 6 ,  7 ]. However, 
not only did all these early procedures brought a 
modest and inconsistent fertilization, with PZD 
being the most used in that regard, but they were 
plagued by an unacceptably higher incidence of 
polyspermy. The mechanical insertion of sperma-
tozoa directly into the perivitelline space— 
subzonal sperm injection (SUZI) [ 8 ]—was 
introduced as another option of overcoming inad-
equacies of sperm concentration and motility, and 
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this proved to be more effective than ZD or PZD, 
particularly following prior induction of the acro-
some reaction [ 9 ,  10 ]. However, SUZI also 
remained limited by the inability to overcome 
acrosomal abnormalities or dysfunction of the 
sperm–oolemma fusion process, and, ultimately, 
by disappointingly low fertilization rates. 

 Because ICSI involves insertion of a single 
selected spermatozoon directly into the oocyte, this 
bypasses all the preliminary steps of fertilization. 
The technique was initially attempted in lower 
organisms, such as the sea urchin [ 11 ] and then in 
mammalian oocytes [ 12 ] with the observation of a 
sperm nucleus decondensing after its microinjec-
tion into hamster eggs [ 13 ] with subsequent male 
pronucleus formation [ 14 ,  15 ]. This approach obvi-
ously caused oocyte injury and lysis [ 16 ], and in 
early studies only about 30 % of injected mouse 
eggs survived the procedure, even when suppos-
edly fi ne micropipettes were used [ 17 ]. 

 Because the gamete fusion step in ICSI fertil-
ization is bypassed, male pronucleus develop-
ment generally requires oocyte activation in most 
species tested and this can be granted by ener-
getic suction of some cytoplasm immediately 
before or during sperm nucleus insertion [ 18 ]. 
The fi rst live offspring using sperm injection 
were obtained in the rabbit following the transfer 
of the so inseminated oocytes into the oviduct of 
a pseudopregnant female [ 19 ], and soon after a 
single live birth was reported in the bovine [ 20 ]. 
Although applied to human gametes some years 
earlier [ 21 ], the fi rst human pregnancies with 
ICSI occurred only in 1992 [ 22 ].  

    When Is ICSI Used? 

 The intracytoplasmic sperm injection (ICSI) 
 procedure entails the deposition of a single sper-
matozoon directly into the cytoplasm of the 
oocyte, thus bypassing the ZP and the oolemma. 
The ability of ICSI to achieve higher fertilization 
and pregnancy rates regardless of sperm charac-
teristics makes it the most powerful microma-
nipulation procedure yet with which to treat male 
factor infertility. However, no universal standards 
for patient selection have been defi ned for ICSI. 

The general consensus is that ICSI may be 
adopted when an extremely poor sperm sample is 
noted or following fertilization failure using 
in vitro insemination techniques. 

 Although oocytes that failed to fertilize with 
standard IVF techniques can be reinseminated by 
ICSI, this introduces a risk of fertilizing aged eggs 
[ 23 ]. In our own limited experience, six of eight 
pregnancies established by micromanipulation of 
such oocytes miscarried, and cytogenetic studies 
performed on conceptuses provided evidence of 
chromosomal abnormalities. Thus, notwithstand-
ing reports of normal pregnancies [ 24 ,  25 ] the 
reinsemination of unfertilized oocytes is currently 
not advisable for routine clinical application. 

 When initial sperm concentration in the ejacu-
late is <5 × 10 6 /ml, the likelihood of fertilization 
with standard IVF is signifi cantly reduced [ 26 ], 
and therefore such couples should be considered 
unsuitable for this technique, particularly where 
<1 % normal forms are observed. However, fer-
tilization of mature oocytes may still fail to occur 
in the presence of normal sperm [ 27 ] because of 
the hardening of the zona pellucida [ 28 ], or when 
oocytes reveal ooplasmic inclusions [ 29 ,  30 ]. 
Abnormalities of the zona pellucida prevent 
sperm fusion with the oolemma [ 31 ] thus justify-
ing sperm injection. In most instances, however, 
failure of fertilization is due to coexisting sperm 
abnormalities presenting ICSI as the only treat-
ment option [ 32 ]. 

 Early experience showed that isolated nuclei 
of testicular and epididymal hamster spermato-
zoa decondensed soon after injection into mature 
hamster oocytes, and formed pronuclei in acti-
vated eggs [ 33 ]. Although in vitro fertilization of 
human oocytes was accomplished with epididy-
mal spermatozoa in men with obstructive azo-
ospermia [ 34 ,  35 ], only with the advent of ICSI it 
was possible to obtain consistent fertilization 
with each gamete source [ 36 – 38 ]. Testicular 
biopsy was employed to retrieve sperm cells from 
men who had a scarred epididymis and therefore, 
no chance of retrieval through that route [ 39 ,  40 ]. 
However, the therapeutic possibilities of ICSI go 
even further since immotile testicular spermato-
zoa and supposedly even spermatids have been 
successfully used [ 41 ]. 
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 Some men produce only round-headed sper-
matozoa which have no acrosome and can neither 
bind to nor penetrate zona-free hamster oocytes 
[ 42 ,  43 ]. However, ICSI has enabled even such 
acrosomeless spermatozoa to establish pregnan-
cies [ 44 – 48 ]. Moreover, ICSI’s dependability has 
broadened its initial use from a technique capable 
of overriding the dysfunctionality of spermato-
zoa to one that may partly compensate for prob-
lems with the egg. Indeed, ICSI has allowed 
successful fertilization when only a few and/or 
abnormal oocytes were available [ 49 ]. Stripping 
cumulus cells from the oocytes allows a direct 
assessment of maturation, thus offering a woman 
with a limited number of oocytes a much greater 
chance of successful fertilization. In fact, the 
availability of ICSI has been instrumental in 
some European countries that include Italy and 
Germany in circumventing restrictive legislation 
that limits the number of oocytes inseminated or 
embryos to be replaced [ 50 – 52 ]. 

 ICSI made it possible to have more consistent 
fertilization when injecting cryopreserved 
oocytes [ 53 ]—overcoming the problem that 
freezing can lead to premature exocytosis of cor-
tical granules, resulting in zona hardening and 
inhibition of natural sperm penetration [ 54 – 57 ]. 
ICSI is also the preferred conception method dur-
ing the application of preimplantation genetic 
diagnosis (PGD) because it avoids DNA contam-
ination from additional sperm adhering to the 
zona and it enhances the number of fertilizable 
oocytes and ultimately embryos available for 
screening [ 58 ]. 

 ICSI also has an impact in the arena of HIV 
infection in serodiscordant couples. Three- 
quarters of individuals infected by HIV or HCV 
are in their reproductive years. Male-to-female 
transmission of HIV is estimated to be only 1 per 
1,000 acts of unprotected intercourse [ 59 ] and 
even higher in HCV infected patients [ 60 ]. 
Moreover, because of antiretroviral therapies, the 
course of HIV-1 infection has shifted from a 
lethal acquired immunodefi ciency syndrome to a 
chronic manageable disease. In such cases, intra-
uterine insemination (IUI) with spermatozoa 
processed by double gradient centrifugation fol-
lowed by swim up has been the suggested method 

of treating couples with an HIV-1-infected male 
partner [ 61 ]. However, the use of ICSI has been 
proposed by several groups because of its negli-
gible oocyte exposure to semen, thereby reducing 
the risk of viral transmission [ 62 ,  63 ]. Advantages 
of ICSI over IUI also include the considerably 
higher success rate [ 62 ], requiring fewer attempts 
to achieve pregnancy while reducing viral expo-
sure [ 64 ]. Fortunately, so far, no seroconversions 
have been reported following ART treatments 
including IUIs [ 65 ,  66 ]. 

 Finally, because only a single spermatozoon is 
needed for each egg, ICSI has allowed treatment 
of men who are virtually azoospermic (also 
defi ned as cryptozoospermic) [ 67 ]. Such cases of 
spermatogenic arrest have necessarily involved 
the injection of immature spermatozoa or even 
spermatogonia [ 40 ,  41 ,  68 ,  69 ]. Nonetheless, 
where fertilization occurs in ICSI cases, concep-
tion is accomplished with an embryo implanta-
tion that follows a success pattern, at least in our 
experience, comparable to that seen with stan-
dard in vitro insemination.  

    Clinical Outcome 

 In the last 19 years at Cornell, we have performed 
a total of 34,425 ART cycles. Of those, 31.7 % 
(10,898) included the standard in vitro insemina-
tion cycles; the average maternal age was 
37.6 ± 4 years and paternal age of 39.6 ± 6 years 
that resulted in a fertilization rate of 60.5 % and a 
clinical pregnancy rate of 37.6. In vitro insemina-
tion was generally performed in patients with 
ideal semen parameters, while ICSI has been 
used to treat couples with suboptimal spermato-
zoa, a history of poor fertilization, and/or limited 
numbers of oocytes. 

 ICSI was performed in 21,302 cycles with 
ejaculated spermatozoa with a mean maternal 
age of 36.9 ± 5 years and paternal age of 
40.8 ± 8 years. In our patient population 18,757 
of our men had at least one abnormal semen 
parameter according to the WHO 2010 criteria. 
In these suboptimal sperm cohort, of the 175,833 
MII oocyte injected, 5.1 % lysed and those that 
survived yielded 79.2 % (132,183/166,796) 
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zygotes. Of the oocytes that abnormally fertil-
ized, 4,170 (2.5 %) displayed 1PN and 5,838 
(3.5 %) were 3PN. The clinical pregnancy rate, as 
detected by the presence of at least one fetal 
heartbeat, was 39.5 % (Table  2.1 ).

   When more immature forms of spermatozoa 
were utilized, for example those surgically retrieved, 
the fertilization rate of 62.5 % and although satis-
factory was lower than that achieved with ejacu-
lated spermatozoa ( P  = 0.0001) (Table  2.1 ). In 
contrast, the clinical pregnancy rate appeared 
lower in the ejaculated group in comparison to 
the surgically retrieved spermatozoa; this differ-
ence may be attributed to the younger maternal 
age in the latter cohort. 

 In situations where no spermatozoa were 
found in the ejaculate after two semen analyses, 
patients opted to undergo epididymal or testicu-
lar sperm retrieval. In 2,225 cycles with surgi-
cally retrieved spermatozoa, the mean maternal 
age was 35.1 ± 5 years. A total of 966 cycles 
were performed with epididymal specimens and 
1,259 cycles with testicular samples. When look-
ing at men with obstructive azoospermia that 

used spermatozoa retrieved from the epididymis, 
those diagnosed with congenital absence of the 
vas ( n  = 524) had superior fertilization (72.1 % 
vs. 70.9 %;  P  = 0.0001) as well as higher clinical 
pregnancies (54.0 % vs. 46.8 %;  P  = 0.03) in 
comparison to those that had an acquired vas 
obstruction ( n  = 442). In cycles that used testicu-
lar sampling, we divided them according to their 
etiology as being obstructive ( n  = 228) or nonob-
structive ( n  = 1,031). In these cases, the fertiliza-
tion rate was superior in the obstructive cohort 
when compared to the nonobstructive group 
(64.5 % vs. 52.7 %;  P  = 0.0001) but resulting in 
comparable clinical pregnancies (45.2 % vs. 
38.8 %). 

 When the fertilization and pregnancy charac-
teristics were analyzed according to whether the 
sample was cryopreserved, we observed that after 
cryopreservation epididymal samples had lower 
motility parameters ( P  < 0.0001; Table  2.2 ) as 
well as pregnancy outcome ( P  = 0.0001; Fig.  2.1 ), 
though without affecting fertilization rate 
(Table  2.2 ). When testicular samples were used 
for ICSI, the situation was reversed with zygote 

    Table 2.1    Fertilization and pregnancy rates according to semen origin   

 Spermatozoa 

 No. of  Ejaculated  Surgically retrieved 
 Maternal age (M ± SD years)  36.9 ± 5 a   35.1 ± 5 a  
 Cycles  21,302  2,225 
 Fertilization (%)  132,183/166,796 (79.2) a   12,922/20,779 (62.2) a  
 Clinical pregnancies (%)  8,404 (39.5) b   993 (44.6) b  

   a  χ  2 , 2 × 2, 1  df , effect of spermatozoal source on fertilization rate,  P  = 0.0001 
  b  χ  2 , 2 × 2, 1  df , effect of spermatozoal source on clinical pregnancy rate,  P  = 0.0001  

      Table 2.2    Spermatozoal parameters and intracytoplasmic sperm injection (ICSI) outcome according to retrieval sites 
and specimen condition   

 Spermatozoa 

 Epididymal  Testicular 

 No. of  Fresh  Frozen/thawed  Fresh  Frozen/thawed 

 Cycles  342  624  917  342 
 Density (10 6 /ml ± SD)  45.8 ± 47  26.6 ± 32  0.4 ± 2  0.2 ± 0.7 
 Motility (% ± SD)  19.0 ± 17 a   4.1 ± 8 a   3.1 ± 7  1.2 ± 4 
 Morphology (% ± SD)  1.7 ± 2.3  1.2 ± 2  0  0 
 Fertilization (%)  2,515/3,473 (72.4)  4,104/5,779 (71.0)  4,894/8,568 (57.1) b   1,406/2,959 (47.6) b  

   a Student’s  t -test, two independent samples, effect of epididymal cryopreservation on sperm motility,  P  < 0.0001 
  b  χ  2 , 2 × 2, 1  df , effect of testicular cryopreservation on fertilization rates,  P  = 0.0001  

G.D. Palermo and Q.V. Neri



11

formation being higher in the fresh specimens 
( P  = 0.03) as well as the ability of the embryo to 
implant ( P  = 0.0001; Table  2.2 ; Fig.  2.1 ).

    When 21,028 ICSI cycles (after exclusion of 
the donor egg cycles) were plotted as a function 
of increasing maternal age, there was a progres-
sive decrease in pregnancy ( P  = 0.0001; Fig.  2.2 ) 

and consequently in delivery rates ( P  = 0.0001). 
As predicted, there was a higher incidence of 
miscarriages, therapeutic abortions, and overall 
pregnancy losses as a function of the age of the 
female partner ( P  = 0.0001), pregnancy wastage 
being 2.6 times greater in women ≥40 years 
compared to those of <35 years.
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   A total of 7,422 ICSI patients delivered 9,150 
babies comprising 4,606 males and 4,521 females 
(with 23 unknown genders). A total of 3.6 % 
(330) exhibited congenital abnormalities at birth, 
of which 174 (1.9 %) were major and 156 (1.7 %) 
were minor. IVF children ( n  = 5,183) had a com-
parable overall malformation rate (104 major and 
83 minor). 

 To evaluate differences in performance 
between insemination methods, we compared 
embryological outcomes and clinical pregnancy 
rates between standard in vitro insemination and 
ICSI. While it appeared that fertilization was 
lower in IVF than with ICSI ( P  = 0.0001; 
Fig.  2.3 ), after correcting for all retrieved oocytes 
and not for metaphase II injected, ICSI still 
yielded more oocytes fertilized (60.5 % vs. 
67.6 %;  P  = 0.0001). Furthermore, the ability to 
generate term pregnancies was also higher with 
the ICSI cohort ( P  = 0.0002). However, as in all 
fi elds of reproductive medicine, the limiting fac-
tor remains to be maternal age (Fig.  2.2 ), as evi-
denced by an inverse relationship between 
delivery rate and female age [ 70 ].

       The Quest for the Ideal 
Spermatozoon 

 While ICSI has been the gold standard for most 
IVF centers for more than 20 years with no 
proven signifi cant or attributable side effects, 
some researchers still question the possible dele-
terious effects of a technique that bypasses the 
natural gamete selection processes typical of 
in vivo reproduction. Towards that goal, several 
methods have been introduced that expound upon 
the procedures of ICSI with additional protocols 
aimed at fi nding the optimal spermatozoon to 
inseminate an oocyte. 

 It is diffi cult to select spermatozoa in terms of 
morphology while they are in motion and without 
the use of stains. However, selection of normally 
shaped spermatozoa can be accomplished to a 
certain extent by observing their shape, light 
refraction, and motion patterns while screening 
them in a viscous medium. 

 Initial preparation methods were based on a sim-
ple separation of spermatozoa from the seminal 
fl uid referred to as “washing technique” [ 71 ]. 
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Subsequently, the spermatozoa were selected 
according to sperm motility by the migration or 
swim up method [ 72 ]. Later methods were mainly 
based on sperm density (mass/volume) in order to 
select viable and motile spermatozoa with normal 
morphology. These methods have been mainly 
referred to as density gradient centrifugation (DGC) 
techniques that are commonly used for sperm pro-
cessing in different centers [ 73 ]. Alternative meth-
ods infrequently used are mostly based on forcing 
spermatozoa to swim through a variety of artifi -
cially created hurdle paths such as glass wool fi ltra-
tion [ 74 ], Tea-Jondet Tube [ 75 ], and Wang’s Tube 
[ 76 ] and Sephadex [ 77 ], just to name a few. 

 The majority of these techniques not only 
recover viable spermatozoa with normal mor-
phology, but it is believed that they can also, to 
different degrees, recover mature spermatozoa 
with intact chromatin and DNA [ 78 ]. Because 
spermatozoa contribute to approximately half of 
the genome of the next generation, selection of 
spermatozoa with intact chromatin for the ICSI 
procedure should become mandatory. Sperm 
DNA integrity is currently assessed by destruc-
tive methods such as TUNEL, COMET, sperm 
chromatin dispersion (SCD) test, or by a sperm 
chromatin structural assay (SCSA). However, all 
of these require fi xation and so loss of the sperm 
cell being evaluated [ 79 ]. As assessment of chro-
matin integrity while observing sperm viability is 
not plausible, researchers have tried to select 
spermatozoa mainly based on their surface char-
acteristics and attempted to establish a relation-
ship with sperm genetics and epigenetic traits 
such as DNA integrity or ploidy. 

 Recently, our attention has been directed 
towards the unicellular approach for studying 
the male gamete aiming at reading its chromo-
somal constitution [ 80 – 82 ] or its chromatinic 
integrity [ 83 – 85 ]. Suspending spermatozoa in 
viscous medium allows the observation of their 
3D kinetic patterns [ 86 ,  87 ] and to evaluate their 
morphological characteristics at high magnifi -
cation [ 88 ,  89 ]. While new insights are being 
established on surface markers of the spermato-
zoon [ 90 – 92 ], a clearer understanding of the 
conformational chromatin structure character-
ized by the two forms of DNA present (prot-
amine and histone bound) and the recent 

recognition of small noncoding RNA [ 93 – 95 ] 
will guide the treatment of infertility through 
the next generation. 

 It has been postulated that fertile men with 
normal semen parameters almost uniformly have 
low levels of DNA breakage, whereas infertile 
men with compromised semen parameters pre-
sumably present with nicks and breaks in their 
sperm chromatin. However, in these men sperma-
tozoa with compromised DNA integrity, mea-
sured by the most popular methods, do not seem 
to correlate with sperm concentration and mor-
phology [ 96 ,  97 ]. In a systematic observation car-
ried out in our laboratory, instead we have 
reported a strong inverse correlation between 
DNA fragmentation (measured by SCSA and 
TUNEL) and kinetic characteristics [ 98 ]—as 
motility decreases, there was an increase in DNA 
fragmentation. Perhaps this may explain why 
there is a lack of predictability between DNA 
integrity and pregnancy outcome with ICSI 
inseminations [ 99 ] because of the fact that only 
motile spermatozoa are utilized for injection 
regardless of their number. 

 The pledge for the ideal spermatozoon has been 
perceived as a surface scrutiny under high magni-
fi cation of the individual sperm cell dubbed 
“motile sperm organellar morphology examina-
tion” (MSOME) [ 88 ]. This hinted to “intracyto-
plasmic morphologically selected sperm injection” 
(IMSI) that claimed to yield superior clinical out-
comes than conventional ICSI [ 88 ,  89 ]. IMSI 
promised higher fertilization, implantation, clini-
cal pregnancy rates along with lower pregnancy 
losses and healthy offspring in a series of studies 
[ 100 – 103 ]. Higher magnifi cation screening of 
sperm surface irregularities, however, did not 
prove the asserted amelioration of clinical out-
come in independent investigations. This has been 
true for male factor couples, at fi rst or repeated 
ART attempts [ 87 ]. Moreover, light microscopic 
observations of surface sperm head irregularities 
or vacuoles are almost ubiquitous once higher 
level examination, i.e., by transmission electron 
microscopy (TEM), scanning electron micros-
copy (SEM), and confocal microscopy suggest-
ing a paraphysiologic nature of these entities [ 87 , 
 104 – 106 ]. In fact, these vacuole-like structures, 
or as more appropriately described craters, appear 
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in over 90 % of spermatozoa from fertile 
donors with normal semen parameters [ 107 ,  108 ]. 
The whole concept of IMSI may possibly be 
suited for cases where millions of morphologically 
normal spermatozoa are available for selection, 
but in fact cannot practically be employed in 
severe oligozoospermic cases where cryptozoo-
spermia and nonobstructive azoospermia only 
yield scarce viable cells. 

 A connection between a specifi c phenotype 
and the intrinsic chromosomal/chromatinic integ-
rity of the spermatozoa has also been attempted 
through the hyaluronic acid binding characteris-
tics appearing on the surface of the mature sperm 
cells [ 90 – 92 ]. This biochemical marker was veri-
similarly used to identify the most viable mature 
spermatozoa with intact DNA, euploid, and 
restricted amount of histones, and achieve 
embryo developmental competence [ 90 – 92 ] to 
be used for ICSI. However, this concept is some-
what contradicted by the observation that imma-
ture spermatozoa, such as those retrieved from 
epididymis and testes, are capable of generating 
high fertilization and pregnancy rates in a compa-
rable manner to their ejaculated counterparts (see 
Table  2.2 ; Fig.  2.1 ). PICSI, or “Physiologic 
ICSI,” makes use of hyaluronic acid (HA), a sub-
stance naturally present in the human body [ 109 ]. 
HA can be found in the cumulus oophorus around 
the oocyte and represents a barrier to the imma-
ture gametes by only relenting to “mature” sper-
matozoa. These putatively ready spermatozoa 
that have undergone the complete process of 
plasma membrane remodeling, cytoplasmic 
extrusion, and nuclear maturity will have a sig-
nifi cantly higher number of HA receptors and 
binding sites. Two methods have been proposed 
on how to perform PICSI. The fi rst is an ICSI 
dish coated with microdots of hyaluronic acid 
hydrogel that allow HA-bound spermatozoa to be 
recovered using a standard ICSI injection pipette 
[ 92 ]. The other method is represented by a vis-
cous medium composed partially of HA [ 109 ] 
that also fully replaces PVP. Some studies have 
shown that spermatozoa capable of HA binding 
have lower DNA fragmentation than simple post-
swim- up spermatozoa. In addition, nucleus nor-
malcy rate (according to MSOME criteria) has 
been shown to be higher in spermatozoa bound to 

HA as compared to spermatozoa in PVP [ 109 ]. 
However, PICSI correlations to pregnancy or 
delivery rates or malformation incidence have 
been inconsistent. In a systematic observation 
performed in our laboratory we carried out the 
selection of spermatozoa that exhibit HA binding 
sites on which we assessed chromosomal status 
and chromatinic competence. HA-bound and 
HA-unbound sperm cells were individually 
picked up by an ICSI pipette and assessed by 
Diff-Quik™, Aniline Blue, SCD, TUNEL, and 
FISH (Fig.  2.4 ). Male gamete genetic and epigen-
etic characteristics according to the expression of 
HA-binding sites are illustrated in Fig.  2.5 . 
Surprisingly, the arrays of assays were within the 
expected limits for each individual test thresholds 
and across the HA expression characteristics. 
Although there were some improvements in the 
outcome of the tested parameters of the spermato-
zoa selected upon their motility characteristics, 
HA selection technique did not seem to add any 
further advantage [ 110 ]. Ultimately, PICSI is still 
impacted by the same major drawbacks as IMSI, 
represented by cases where extremely few sperm 
cells are present and therefore, rendering unwork-
able the putative selection.

        ICSI with Unselected Spermatozoa 

 ICSI was exclusively developed to assist those 
with severe male factor infertility and this can 
include a wide variety of spermatogenic defects 
as often seen in cryptozoospermic and azoosper-
mic men. In the latter case, the solution is to 
extract spermatozoa directly from the seminifer-
ous tubules. In the micro-testicular    sperm extrac-
tion (micro-TESE) procedure performed at our 
facility, the larger opaque seminiferous tubule is 
selected for excision [ 111 ]. This novel approach 
has greatly enhanced the chances of identifying 
spermatozoa in comparison to a random testicu-
lar sperm extraction while limiting scarring. Even 
with this targeted sampling approach, testicular 
surgery carries surgical and anesthesiological 
risks and those factors need to be carefully evalu-
ated and discussed with patients particularly 
when seldom ejaculated spermatozoa are present. 
Independently of the technique used for the 
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retrieval of spermatozoa in men with compro-
mised spermatogenesis, the minute amount of 
sperm cells available requires an exhaustive 
search for the much needed gamete to inseminate 
all oocytes. At times these extreme searches do 
not yield enough spermatozoa and often cryo-
preservation of the surplus oocytes need to be 
contemplated. 

 To provide an idea of the results obtained fol-
lowing the gargantuous effort during an extended 
sperm quest carried out on an inverted micro-
scope while searching in droplets under oil by 
several embryologists, we grouped these cases 
according to time, 30 min–1 h, 1–2 h, 2–3 h, and 
>3 h, and compared to a control requiring less 
than 30 min [ 112 ]. Embryo development and 
implantation were recorded for the different 
sperm quest times. Independently of the source 
whether ejaculated or surgically retrieved, an 

exhaustive search for spermatozoa is needed to 
retrieve all spermatozoa for injection. In spite of 
the increasing search time and the extremely lim-
ited number of sperm cells identifi ed, when 
oocytes were fi nally injected, fertilization did not 
dramatically differ in function of time and/or 
sperm source (control 58.9 % TESE vs. 75.6 % 
Ejac,  P  < 0.0001; 30 min–1 h was 55.6 % TESE 
vs. 56.2 % Ejac; 1–2 h was 50.5 % TESE vs. 
52.5 % Ejac; 2–3 h was 32.7 % TESE vs. 33.9 % 
Ejac; and >3 h was 27.8 % TESE vs. 33.3 % 
Ejac). Similarly, for both gamete provenance 
clinical pregnancies maintained a satisfactory 
clinical profi le in spite of the increasing time 
spent to identify the spermatozoa (30 min–1 h 
was 51.6 % TESE vs. 35.4 % Ejac; 1–2 h was 
44.6 % TESE vs. 57.1 % Ejac; 2–3 h was 34.4 % 
TESE vs. 0 % Ejac; and >3 h was 26.7 TESE vs. 
100 % Ejac) [ 113 ].  

  Fig. 2.4    Genetic and epigenetic assessment of spermatozoa after hyaluronan selection       
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    Safety and Conclusions 

 Since the early establishment of in vitro insemi-
nation it became clear that a large portion of 
couples would not be capable of achieving fer-
tilization. We have been involved since the early 
efforts in devising methods for assisted fertiliza-
tion to allow men with subfertile spermatozoa to 
generate conceptuses once in vitro insemination 
of their partner oocytes failed in previous 
attempts. It quickly became evident that among 
the different approaches the direct injection of a 
spermatozoon would be the most effective way 
to solve male gamete dysfunction. Now ICSI is 
generously applied worldwide for a variety of 
indications and not exclusively for male factor 
infertility. ICSI has been shown to be the proce-
dure of choice when spermatozoa, such as in 
azoospermic men, are directly retrieved from 
the epididymis and the testis. In fact in these 
men, as long as a viable spermatozoon is iso-
lated, there is a chance of generating a concep-
tus. The fertilization achieved with surgically 

retrieved specimens matches those seen with 
optimal ejaculated gametes and similarly, 
embryo development is uncompromised. 

 Concerns raised by this invasive procedure 
where a gamete is arbitrarily selected have proved 
to be mainly unfounded as the health and devel-
opmental potential of offspring born from ICSI 
are comparable to those born after standard 
in vitro insemination. The real concerns erupt 
from the fact that infertile men carry a higher 
incidence of chromosomal defects and, particu-
larly in azoospermic men, even meaningful 
microdeletion(s) on a gonosome may be present. 
Likewise, azoospermia itself is associated with a 
higher incidence of aneuploidy in the germ cells 
due to meiotic errors and with possible increase 
in autosomal/gonosomal disomies. 

 Notwithstanding the large number of babies 
born following ICSI worldwide, concerns still 
exist as to whether the use of suboptimal sperma-
tozoa can result in genomic or phenotypic abnor-
malities in the progeny [ 114 ]. In one of the earlier 
studies on the evolution of pregnancies after ICSI, 
it was observed that the rate of malformation was 
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2.6 % after ICSI [ 115 ]. An extension of the 
Cornell series which included a total of 14,333 
ART children examined found that the incidence 
of overall malformation was comparable between 
the IVF and ICSI [ 70 ]. Evidence regarding the 
outcome of singletons born at term following 
ART is generally reassuring [ 116 ]. The increased 
risk of perinatal morbidity and mortality associ-
ated with singleton births has been linked to the 
infertility of the couple rather than the ART tech-
niques used [ 117 ]. 

 The specifi c concerns in regard to ICSI, 
whether real or theoretical [ 118 – 121 ], involve the 
insemination method, the use of spermatozoa 
with genetic or structural defects, and the possi-
ble introduction of foreign genes. 

 In summary, the most palpable factor that can 
lead to adverse outcomes in offspring conceived 
by IVF or ICSI is the high and higher gestational 
order. The occurrence of this phenomenon has 
induced the consideration of single embryo 
transfer policies to address this considerably. 
Small for gestational age and prematurity con-
fi rmed in the ART population also appears to 
fi nd an explanation in the higher order of 
embryos transferred and therefore implanted. 
Once ART reigns in the incidence of multiple 
gestations, the health of ART offspring seems 
comparable to those spontaneously conceived 
even considering the older age of the female 
partners. Although perinatal outcomes such as 
prematurity, low birth weight, perinatal mortal-
ity, and increased incidence of malformations 
that have been observed with ART techniques, it 
is clear that the main culprit is related to infertil-
ity itself [ 70 ]. Overall, studies of children rang-
ing from newborn to 14 years of age [ 122 – 129 ] 
have been reassuring in terms of perinatal out-
come, IQ, and physical development [ 116 ]. 
Further follow-up on ICSI teenagers into adult-
hood should be continued to better understand 
the reproductive capacity of these youngsters.     
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           Introduction 

 Within living memory, human fertility has always 
been associated with special fertility symbols 
such as the prehistoric Venus of Willendorf sym-
bolizing female fertility, which dates back to 
between 24,000 and 22,000 years BC, or phalli as 
a male fertility symbol. Such symbols and rituals 
were thought to have magic effects and thus used 
by all cultures around the world to assure fecun-
dity in groups or individuals. In this context, 
infertility is being perceived as a stigma and 
leads, although mostly not painful, to psycholog-
ical disorders [ 1 ]. Even though women carry the 
reproductive burden in most societies, men also 
experience psychological trauma, which leads to 
damaged self-esteem, inadequacy in the relation, 
and ridicule [ 2 – 4 ]. 

 Worldwide, an estimated 80 million people are 
affected by infertility, thus resulting in a preva-
lence of infertility of 9 % [ 5 ]. Initially, the male 
contribution to infertility was largely ignored 
because the focus was rather on female infertility. 
In addition, the male ego and self-image, which, 
particularly in African and Asian societies, attri-
bute women a low status and regard reproduction 

related issues as a female duty, whereas the male 
contribution to human reproduction is either 
totally underestimated or barely acknowledged. 
Yet about 50 % of the causes for couple infertility 
is attributed or partly attributed to male infertility 
[ 6 ]. However, since the advent of assisted repro-
duction and the improvement of its techniques, 
scientists increasingly realized that a basic semen 
analysis, which is still regarded a cornerstone of 
andrological diagnosis, is suffi cient to predict nei-
ther the fertilizing potential of a single ejaculate 
nor the fertility of an individual man. However, 
although parameters like sperm count or motility 
or normal sperm morphology are related to fertil-
ization success, results of a standard semen analy-
sis have to be used with caution as they do not 
necessarily predict the outcome of the assisted 
reproduction treatment [ 7 ,  8 ]. 

 The reasons for this are manifold and include 
the fact that the fertilization process in itself is 
multifactorial and can therefore be limited by 
numerous sperm parameters [ 9 ,  10 ]. In addition, 
the quality of ejaculates and the functional param-
eters of the male germ cell vary on a daily basis 
and do not necessarily refl ect the situation on the 
day of insemination in an assisted reproduction 
program [ 10 ]. Furthermore, although the number 
of treatment procedures in assisted reproduction 
has increased over the past 30 years, pregnancy 
rates for both in vitro fertilization (IVF) and intra-
cytoplasmic sperm injection (ICSI) remain within 
a range of 29–33 %, relatively low, [ 11 ] and has 
not signifi cantly increased during that time [ 12 ]. 
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 Since standard semen analysis is incomplete 
and does neither provide information about the 
functional capacity of the male germ cell, nor 
shows low variability of the individual parame-
ters such as sperm count or motility, scientists 
were urged to fi nd other solutions to the problem 
of accurately predicting male fertility. Yet even 
parameters with a low biological variability like 
normal sperm morphology [ 10 ] or sperm DNA 
fragmentation [ 13 ] do not detect sperm abnor-
malities in about 20 % of infertile men, high 
prevalence of idiopathic infertility is observed 
[ 14 ]. Therefore, some laboratories incorporated 
advanced sperm tests to determine the function-
ality of the acrosome, chromatin condensation, or 
DNA fragmentation into andrological diagnos-
tics. Particularly, the latter one together with high 
resolution morphological analysis (motile sperm 
organelle morphology examination; MSOME) 
has been identifi ed as a valuable parameter [ 15 –
 17 ]. In addition, except for MSOME all other 
methods used to diagnose the male fertility 
capacity are consumptive, i.e., spermatozoa are 
used and by the very nature of the procedures 
involved are devitalized and therefore not suit-
able for fertilization anymore. Nevertheless, the 
progress made in improving, standardizing, and 
validating the methodologies for various male 
fertility parameters including sperm DNA dam-
age [ 18 ,  19 ], the prediction of male fertility 
remains controversial [ 20 ,  21 ], and the emphasis 
for new techniques to predict the male fertility 
potential is not only on the identifi cation of 
parameters with low biological variation and the 
standardization, reliability, repeatability, and val-
idation of the relevant techniques, but also on 
cost-effectiveness, time consumption as well as 
the application of non-consumptive tests where 
the sperm cells can then still be used for insemi-
nation purposes. 

 Techniques that have been shown to have sig-
nifi cant importance in the diagnosis of sperm 
fertilizing potential include sperm DNA frag-
mentation, mitochondrial membrane potential, 
sperm binding to hyaluronic acid, MSOME, the 
determination of reactive oxygen species (ROS), 
and the total antioxidant capacity (TAC) in the 
seminal plasma. Furthermore, newly  developed 

techniques that might become important to test 
male fertility potential are sperm birefringence, 
proteomics, and DNA microarrays.  

    Current Techniques 

    DNA Fragmentation 

 Sperm nuclear DNA damage has repeatedly been 
shown to be associated with male infertility and 
recurrent pregnancy failure [ 22 ,  23 ] and poor 
seminal parameters such as motility, abnormal 
sperm morphology or sperm-head morphology 
[ 24 – 26 ]. On the other hand, sperm nuclear DNA 
damage is not only limited to infertile or subfer-
tile patients, but incidences of up to 43 % of the 
ejaculates showing spermatozoa with DNA dam-
age where the seminal parameters were normal 
[ 27 ]. Nevertheless, concerns were raised about 
the impact and validity of this parameter on fer-
tilization and pregnancy as confl icting studies 
from different groups have been reported for IVF 
and ICSI. While researchers like Sun et al. [ 28 ], 
Benchaib et al. [ 29 ], or Huang et al. [ 30 ] found a 
relationship between sperm DNA fragmentation 
and fertilization rates after IVF, others [ 31 – 33 ] 
could not fi nd an association with fertilization but 
with embryo formation and pregnancy rates. This 
fi nding was confi rmed in a meta-analysis by Li 
et al. [ 34 ] is most probably due to the fact that the 
male genome with its subsequent gene expres-
sion is only switched on as from the four- to 
eight-cell stage [ 31 ,  35 ] and highlights early and 
late paternal effects on the embryo. 

 For ICSI, some studies [ 32 ,  36 ,  37 ] indicate a 
predictive value of sperm nuclear DNA fragmen-
tation for pregnancy rates. However, in a subse-
quent meta-analysis based on 14 studies [ 38 ], this 
could not be confi rmed. Instead, sperm DNA 
fragmentation was rather associated with 
increased pregnancy loss. This discrepancy might 
be related to the fact that for ICSI a careful selec-
tion of morphologically normal spermatozoa is 
performed, which might reduce the probability of 
injecting DNA-damaged sperm into the oocyte 
[ 39 ], seeing normal sperm morphology, particu-
larly in p-pattern sperm morphology patients and 
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as evaluated under high magnifi cation using 
MSOME, is negatively related to DNA damage 
[[ 26 ,  40 – 42 ], Henkel and Menkveld, unpub-
lished]. It further underlines the possibility that 
male germ cells with abnormal genetic material 
are able to fertilize oocytes, thereby posing the 
risk that such damaged genomes can be mani-
fested in the germ line and contribute to aneu-
ploidy, malformations, miscarriages, and 
development of early childhood cancer [ 43 – 49 ], 
particularly after ICSI. Whereas cytoplasmic 
sperm defects can be repaired by the oocyte 
immediately after gamete fusion, this appears not 
to be possible for sperm nuclear damages as they 
will only be detected once the paternal genome is 
switched on [ 50 ]. 

 Despite the criticism of sperm DNA damage 
as a prognostic parameter to predict fertilization 
outcome in assisted reproduction in terms of 
standardization, reliability, repeatability, and val-
idation of the methods that can be used as “gold- 
standard” for clinical practice [ 20 ,  21 ], the 
currently most commonly used techniques, 
TUNEL (terminal deoxynucleotidyl transferase- 
mediated dUTP nick-end labeling) assay, sperm 
chromatin structure assay (SCSA), COMET 
assay, and the sperm chromatin dispersion (SCD) 
test, have been shown to be sensitive and pro-
duced clinical thresholds for diagnosis and pre-
diction of success [ 31 ,  51 – 55 ]. With regard to the 
mentioned methods, however, one must also keep 
in mind that they determine different aspects of 
sperm DNA fragmentation [ 56 ], namely “real” 
DNA damage for the TUNEL assay and “poten-
tial” DNA damage in terms of susceptibility to 
DNA denaturation for the SCSA. Thus, one 
should clearly distinguish between the different 
assays, not only practically and methodologically 
but also linguistically. Therefore, further refi ne-
ment is necessary. The fi rst steps in this regard 
have been done for the TUNEL and COMET 
assay [ 55 ,  57 ]. 

 On the other hand, 8-hydroxy-2- 
deoxyguanosine (8-OHdG) as one of the major 
ROS-induced DNA damage products [ 58 ], which 
is mutagenic and cancerogenic [ 59 ,  60 ], has also 
been shown to be closely linked with oxidative 
stress (OS) [ 61 ], poor sperm quality [ 62 ,  63 ] and 

function [ 64 ]. Several methodologies to detect 
8-OHdG including high-performance liquid 
chromatography (HPLC) and immunofl uores-
cence using microscopic or fl ow-cytometric anal-
ysis are available. While the measurement with 
HPLC is a rather large-scaled procedure, the 
determination of the percentage of 8-OHdG- 
positive cells employing fl uorescence methods is 
easier and has been shown to be effective in pre-
dicting clinical pregnancy after intrauterine 
insemination, but not after ICSI [ 65 ]. The reason 
for this discrepancy might lie in the selection pro-
cess of spermatozoa for ICSI as indicated above. 
Nevertheless, the possibility for fl ow-cytometric 
analysis is also available and has been shown to 
be rapid, reproducible, and highly accurate [ 66 ]. 
Yet the latter still needs to be evaluated in an 
assisted reproduction program for IVF and ICSI.  

    Mitochondrial Membrane Potential 

 Spermatozoa and essentially their functions 
depend on the functionality of the mitochondria, 
which can be measured by determining the inner 
mitochondrial membrane potential (Δ ψ  m ). The 
Δ ψ  m  has been described as a sensitive indicator of 
mitochondrial function in terms of the functional-
ity of the mitochondrial electron transfer chain 
[ 67 ]. Therefore, Δ ψ  m  has been widely used in cell 
biology to investigate metabolism, viability and 
cell functionality including apoptosis. Several cat-
ionic lipophilic dyes have been used to determine 
the Δ ψ  m . One of those dyes that were originally 
used is rhodamine 123 (Rh123). However, mito-
chondria have been found to have several energy-
dependent Rh123-binding sites [ 68 ], which render 
this probe not very useful for the determination of 
Δ ψ  m . In contrast, 5,5′,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimiddazolyl-carbocyanine iodide 
(JC-1) was found to evaluate changes in Δ ψ  m  
accurately [ 69 ] and specifi cally [ 70 ]. 

 In spermatozoa, Δ ψ  m  has repeatedly been 
associated with poor sperm motility, elevated lev-
els of sperm ROS production, and parameters of 
apoptosis such as annexin V-binding, DNA frag-
mentation or caspase activity [ 71 – 75 ]. In two 
separate studies including 28 and 91 patients, 
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respectively, Marchetti and coworkers [ 70 ] 
revealed a positive and signifi cant relationship 
between sperm Δ ψ  m  and the fertilization rate 
in vitro after IVF. Although the correlation coef-
fi cients in both studies were relatively low 
( r  = 0.36 and  r  = 0.24, respectively), the test was 
suggested to as one of the most sensitive param-
eters of functional quality of spermatozoa and 
therefore useful in diagnosis of male factor infer-
tility and the prediction of fertilization in IVF 
[ 74 ,  76 – 78 ]. On the other hand, a recent study by 
Zorn et al. [ 79 ] comparing various clinical and 
sperm parameters including sperm DNA damage 
and Δ ψ  m  revealed that the DNA damage pre-
dicted the occurrence of natural pregnancy better 
than all other parameters investigated. Thus, 
more work has to be carried out in order to evalu-
ate and most importantly standardize and vali-
date this certainly important functional parameter 
of spermatozoa.  

    Hyaluronic Acid (Hyaluronan) 
Binding 

 Hyaluronan is the main glycosaminoglycan 
secreted by the cumulus mass [ 80 ] which sper-
matozoa have to penetrate before reaching the 
oocyte. During this process, interaction between 
the male germ cell and the female organism takes 
place and spermatozoa are thought to bind to 
hyaluronan via a receptor on their membranes 
[ 81 ]. Considering that this appears as an essential 
step in the fertilization process, sperm able to 
bind to hyaluronan are regarded as mature [ 82 ] 
and have been shown to have normal general and 
nuclear morphology and functions. Moreover, 
they exhibit lower rates of aneuploidies and DNA 
damage [ 83 – 85 ]. Interestingly, the physiologic 
response of human spermatozoa in terms of tyro-
sine phosphorylation patterns does not differ 
after sperm binding to zona pellucida or hyaluro-
nan. In turn, immature sperm fail to execute this 
important physiologic process [ 86 ]. 

 ICSI performed with hyaluronan-selected 
sperm resulted in high quality embryos and 
improved life birth rates [ 87 ,  88 ] and Worrilow 
et al. [ 89 ] showed in a multicenter, double- blinded, 

randomized controlled study that ICSI with 
 spermatozoa from men who were prescreened 
with less than 65 % hyaluronan-bound spermato-
zoa had a signifi cantly higher chance of an ongo-
ing pregnancy after ICSI if spermatozoa were 
selected by means of hyaluronan-binding. 
Nevertheless, the test is not without any criticism 
by well-known scientists. Van den Bergh et al. [ 90 ] 
found no signifi cant differences in fertilization 
rates and zygote scores by hyaluronan-bound and 
non-hyaluronan-bound spermatozoa in their con-
troversially received study [ 91 ]. On the other hand, 
other recent studies revealed that hyaluronan- 
binding was not able to predict the results of the 
sperm penetration assay [ 92 ], pregnancy rates in 
intrauterine insemination cycles [ 93 ], and IVF [ 94 ]. 

 The failure of the hyaluronan binding test to 
predict fertility indicates only a limited role of 
isolated hyaluronan in sperm selection [ 95 ] 
because both components of the cumulus, the 
extracellular matrix with its hyaluronan content, 
and the cumulus cells with their conversion of 
glycodelin-A and -F into glycodelin-C contribute 
to the male germ cells’ ability to penetrate the 
cumulus and modulate sperm functions [ 96 ,  97 ]. 
The reason for this failure of hyaluronan- 
separated spermatozoa to achieve higher implan-
tation rates might reside in the nature of the 
method because other factors such as glycodelin-
 C are missing.  

    Motile Sperm Organelle 
Morphological Examination (MSOME) 

 Normal sperm morphology has been regarded as 
a good predictor of male fertility potential, par-
ticularly if a strict evaluation approach is fol-
lowed [ 98 – 100 ]. Nevertheless, this classic 
methodology of assessing normal sperm mor-
phology is a relatively large-scaled procedure 
and consumptive, i.e., the spermatozoa that are 
assessed are no longer available for fertilization. 
In addition, the evaluation must be carried out in 
a semen sample different from that used for 
insemination. These obvious disadvantages can 
be overcome by a method developed by Bartoov 
et al. [ 101 ], which evaluates sperm morphology 
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at higher, digital magnifi cation (6,300×) using 
Nomarski interference contrast. Using this tech-
nique, a fi ner morphological status of acrosome, 
post-acrosomal lamina, neck, mitochondria, fl a-
gellum, and the nucleus can be examined. For the 
latter, the shape, as well as the presence and size 
of vacuoles, is observed. Since MSOME identi-
fi es objects undetectable by light microscopy, 
such as nuclear vacuoles, which are indicative of 
abnormal chromatin packaging [ 102 ], this 
method is regarded more stringent than the evalu-
ation of sperm morphology according to strict 
criteria [ 103 ]. 

 High resolution of specifi c morphologic fea-
tures like nuclear vacuolization and sperm head 
morphometry as evaluated by MSOME has been 
shown to correlate very well with various other 
sperm parameters including sperm concentration 
and motility [ 26 ], capacitation and acrosomal sta-
tus [ 104 ], and DNA integrity [ 42 ,  105 ,  106 ]. Since 
MSOME is thought to identify good quality sper-
matozoa, the technique has been included in ICSI 
protocols in an increasing number of groups (intra-
cytoplasmic morphologically selected sperm 
injection; IMSI). In turn, using IMSI, not only fer-
tilization rates but also implantation and preg-
nancy rates could be improved [ 107 ,  108 ]. These 
results were confi rmed in a recent meta-analysis 
[ 109 ]. On the other hand, Balaban et al. [ 110 ] 
restrict the benefi cial effects of IMSI to selected 
male factor patients and only with lower rates of 
aneuploidy and miscarriage [ 109 ,  111 ]. 

 In contrast to these positive results, other stud-
ies indicate that the association of the occurrence 
of large nuclear vacuoles with sperm DNA dam-
age is only valid if the nuclear vacuoles are tak-
ing up more than 50 % of the nuclear volume 
[ 112 ]. This assumption is supported by Watanabe 
et al. [ 113 ] showing that only 7 (=3.1 %) of sper-
matozoa with large vacuoles out 227 were 
TUNEL-positive suggesting that ICSI using 
spermatozoa selected for injection by MSOME 
from patients with high quality semen is not nec-
essary. This assumption can be supported by the 
study of Tanaka et al. [ 114 ] who showed that 
sperm head vacuoles do not affect the outcome of 
ICSI. Although this methodology is appealing 
because it is non-consumptive, the procedure, for 

diagnostic (MSOME) and treatment (IMSI), is 
time consuming and little practical for routine 
semen testing. In addition, MSOME has not been 
properly validated yet.  

    Reactive Oxygen Species (ROS)/Total 
Antioxidant Capacity (TAC) 

 Reactive oxygen species (ROS) are highly reac-
tive radical derivatives of oxygen that are pro-
duced by any living cell, including spermatozoa, 
in the mitochondria. These molecules are chemi-
cal intermediates that have one or more unpaired 
electrons, which causes them to be highly labile 
and results in extreme reactivity. Examples of 
biologically relevant ROS are hydroxyl radicals 
(·OH), superoxide anion (·O 2  − ), or hydrogen per-
oxide (H 2 O 2 ). ROS have a high oxidative poten-
tial and therefore very short half life-times in the 
nanosecond (10 −9  s) (·OH; hydroxyl radicals) to 
millisecond range (10 −3  s) (·O 2  − ; superoxide 
anion) [ 115 ]. Consequently, these molecules 
essentially react at the site of generation. 

 Considering that male germ cells exhibit a 
specially composed plasma membrane with an 
extraordinary high amount of polyunsaturated 
fatty acids, which is essential for normal sperm 
functions, spermatozoa are very sensitive to oxi-
dative damage by ROS [for review see: [ 116 ]]. 
Despite the detrimental effect that ROS have on 
spermatozoa causing lipid peroxidation or DNA 
fragmentation by means of oxidative stress (OS), 
ROS also exert important physiologic roles by 
triggering cellular events such as sperm capacita-
tion, hyperactivation, and the penetration of the 
zona pellucida [ 117 – 119 ], and thereby modulat-
ing acrosome reaction as key event in the fertil-
ization process [ 120 ,  121 ]. 

 Considering the two important features of ROS, 
namely, causing OS if present in excessive amounts 
[ 116 ,  122 – 125 ], thus having detrimental effects, 
and on the other hand, having benefi cial effects by 
triggering essential cellular functions, the male and 
female organisms must counteract excessive OS 
for spermatozoa. For this purpose, seminal plasma 
contains more antioxidant compounds than any 
other physiological fl uid, including vitamins C and E 
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[ 126 ,  127 ], superoxide dismutase [ 128 ], glutathione 
[ 129 ], glutathione peroxidase [ 130 ], or uric acid 
[ 131 ]. Except for the semen-specifi c polyamines 
spermine and spermidine [ 132 ], the female organ-
ism also provides these radical scavengers [ 133 , 
 134 ], and a lack thereof will result in disturbed 
reproductive functions [ 135 ,  136 ]. Thus, fi nding 
the correct balance between oxidation and reduc-
tion is crucial for normal sperm function and fertil-
ization [ 137 ,  138 ] as reductive stress is as dangerous 
as OS [ 116 ,  139 ]. 

 This has serious consequences for andrologi-
cal diagnostics as both parameters, sperm ROS 
levels [ 137 ,  140 ] as well as the so-called total 
antioxidant capacity (TAC) [ 141 ,  142 ], have to be 
tested in order to obtain a picture of the seminal 
redox status refl ecting the seminal OS. This con-
cept also explains the inconsistency reported in 
the literature about the impact and importance of 
ROS as well as that of leukocytes. Therefore, it is 
not suffi cient to measure only one of these param-
eters, the ROS levels or seminal TAC, because 
both parameters may vary between different 
patients. For example, a patient might have high 
numbers of leukocytes present in the ejaculate, 
but if the patient also shows high levels of TAC, 
the seminal redox status and therefore the fertil-
ity might not be compromised. On the other hand, 
a patient might have low numbers of activated 
seminal leukocytes, but a very low TAC which do 
not scavenge ROS production suffi ciently. In the 
latter case, the patient might be infertile as the 
system between oxidation and reduction is not in 
balance. Thus, for spermatozoa this system is like 
a “balancing act”, they will only have functional 
competence if the system of seminal oxidants 
and antioxidants as a whole does not deviate to 
either side [ 116 ,  137 ,  138 ]. 

 For ROS, the most commonly used test sys-
tem is based on chemiluminescence with lumi-
nol [ 140 ] or lucigenin [ 143 ] as probes. The 
difference between these two chemiluminescent 
probes is that chemiluminescence of luminol 
appears to be dependent on the myeloperoxi-
dase-H 2 O 2 -Cl −  system [ 144 ], hydroxyl radicals 
in vivo [ 145 ], or neutrophils in vitro [ 146 ], while 
lucigenin is rather specifi c for extracellularly 
released superoxide [ 147 – 149 ]. Furthermore, 

lucigenin rather measures extracellular ROS pro-
duction, which is clinically more important as 
they are capable of damaging surrounding sper-
matozoa and might therefore be more suitable as 
a diagnostic tool [ 147 ]. Nevertheless, numerous 
groups are using luminol as chemiluminescent 
probe as it is cheaper and easy to use. Thus, the 
determination of ROS in seminal fl uid is recom-
mended by a number of groups to improve the 
management of male infertility [ 150 – 152 ], par-
ticularly if measured in neat semen [ 153 ]. Higher 
seminal ROS levels were not only signifi cantly 
negatively correlated with sperm motility and 
concentration [ 154 ], but also with fertilization 
and pregnancy rates as well as embryo quality 
after IVF and ICSI [ 155 ]. 

 On the other hand, Yeung et al. [ 156 ] con-
cluded that the determination of ROS in a sperm 
suspension after swim-up has no diagnostic 
impact. In contrast, it might even play a positive 
role for fertilization, which then refers to the ben-
efi cial aspects of ROS. This is in line with data of 
Henkel and coworkers (unpublished) who 
showed that ROS in the medium after sperm sep-
aration is weakly, but signifi cantly correlated 
with fertilization after IVF ( r  = 0.148;  P  = 0.0454; 
 n  = 183). Furthermore, a positive trend was 
observed between sperm ROS production after 
sperm separation and the 4-cell stage formation 
( r  = 0.135,  P  = 0.0695;  n  = 183), possibly retro-
spectively refl ecting the sperm cells’ ability to 
undergo capacitation and acrosome reaction. The 
latter events are triggered by ROS physiologi-
cally produced by spermatozoa [ 121 ]. 

 For the analysis of the antioxidative protection 
system for spermatozoa provided by seminal 
plasma several techniques are available including 
the oxygen radical absorbance capacity (ORAC) 
[ 157 ], ferric reducing ability (FRAP) [ 158 ], phy-
coerythrin fl uorescence-based assay (PEFA) 
[ 159 ], and Trolox-equivalent antioxidant capacity 
(TEAC) [ 160 ]. While the latter test is most fre-
quently used [ 141 ,  161 ,  162 ], the ORAC is high 
specifi city and responds to numerous antioxidants 
[ 157 ]. On the other hand, the chemiluminescent 
detection of the antioxidant capacity and subse-
quent comparison to the water-soluble tocopherol 
equivalent Trolox is also time- consuming and 
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requires fresh preparation of chemicals each time 
the assay is run. Milner and coworkers [ 163 ] 
developed an inexpensive colorimetric alternative 
using 2,2′-azinobis-(3-ethyl- benzothiazoline-6-
sulfonic acid) (ABTS) and was commercialized. 
Said et al. [ 164 ] compared both assays, the chemi-
luminescent and colorimetric, and concluded that 
the colorimetric measurement is reliable and 
accurate and might therefore be an easy-to-per-
form, rapid, and cheap alternative. Yet none of 
these techniques has been evaluated with regard 
to its predictivity of male fertility. 

 TAC as measured by means of the FRAP 
method has been shown to correlate signifi cantly 
with seminal parameters such as sperm concen-
tration ( r  = 0.533), motility ( r  = 0.530), and nor-
mal sperm morphology ( r  = 0.533) [ 165 ]. In 
addition, this group confi rmed earlier data by 
Mahfouz et al. [ 142 ] using the colorimetric 
TEAC that TAC levels in abnormal ejaculates or 
from infertile patients were signifi cantly lower. 
These authors also calculated a cut-off of 
1,420 μM Trolox equivalent with a sensitivity of 
the assay of 76 % and as specifi city of 64 %. 
Considering that there are signifi cant correlations 
between TAC and serum prolactin and tetraiodo-
thyronine levels, but not with gonadotropins, tes-
tosterone, or estradiol, Manchini et al. [ 166 ] 
suggest that systemic hormones might play a role 
in the regulation of seminal TAC.  

    Birefringence 

 A technique that can evaluate life sperm cells is 
polarization microscopy. In this approach, which 
was pioneered by Baccetti [ 167 ] to identify 
functional spermatozoa for ICSI, the birefrin-
gence (double refraction) of light caused by the 
anisotropic properties of the compact textures of 
the sperm nucleus, acrosome, and fl agella per-
mits the evaluation of the organelle structure of 
the male germ cell. Gianaroli et al. [ 168 ,  169 ] 
used the technique to distinguish acrosome-
reacted from non-reacted spermatozoa. In a 
more recent report from the same group, Magli 
et al. [ 170 ] showed a strong relationship between 
partial birefringence and acrosome reaction. Yet 

the patterns of birefringence, total or partial, 
depends to some extend on motility and normal 
sperm morphology. 

 Collodel et al. [ 171 ] tried to evaluate the diag-
nostic value of the technique and used sperm 
birefringence to estimate viability and normal 
morphology. The morphology was compared 
with the standard technique after Papanicolaou 
(PAP) staining. Although there was no signifi cant 
difference ( P  = 0.308) between PAP and the eval-
uation with polarization microscopy, receiver 
operating characteristics (ROC) curves always 
showed a greater area under the curve for polar-
ization microscopy than for PAP staining, indi-
cating a better a higher diagnostic value. The 
authors suggest a cutoff value of 20 % of sperma-
tozoa showing birefringence as indicator for 
fertility. 

 Later, Collodel and coworkers [ 172 ] con-
fi rmed positive relationships between sperm cell 
birefringence and motility as well as the fertility 
index calculated by a mathematical formula after 
transmission electron microscopy [ 173 ]. The 
authors concluded that polarization microscopy 
offers several advantages and that it should be 
considered in sperm analysis [ 172 ]. 

 Contrary, Petersen et al. [ 174 ] challenged 
the positive reports with regard to sperm DNA 
fragmentation. These authors showed a signifi -
cantly higher percentage of sperm with DNA 
damage in sperm presenting with total head 
birefringence than in those with partial head 
birefringence. This was in support of fi ndings 
by Vagnini et al. [ 175 ] that the patterns of bire-
fringence (total or partial) could not discrimi-
nate between sperm with normal and abnormal 
chromatin packaging. Gianaroli et al. [ 169 ] 
report signifi cantly higher implantation, clini-
cal pregnancy and ongoing pregnancy rates 
in ICSI cycles where spermatozoa selected 
by means of polarization microscopy were 
injected. The authors conclude that injection of 
acrosome-reacted spermatozoa seems to result 
in more viable embryos. Nevertheless, as 
reported for other tests systems, a proper clini-
cal evaluation of the technique in terms of the 
establishment of reliable cutoff values has not 
been carried out yet.   
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    “Omics” as Molecular Techniques 

 In the light of the limited predictive value of the 
currently used parameters, scientists started to 
look at biomarkers as a novel approach to iden-
tify infertile men, in recent years. Biomarkers are 
“distinctive biological or biologically derived 
indicators (as a biochemical metabolite in the 
body) of a process, event, or condition (as aging, 
disease, or exposure to a toxic substance)” that 
can be utilized as an objective and quantitative 
measure to identify infertile patients [ 176 ]. In 
addition, for clinical application, these biomark-
ers should be able to indentify infertile me easily, 
accurately, and cost-effectively [ 177 ]. Principally, 
this identifi cation can make use of genomic, pro-
teomic, or metabolomic techniques. 

    Proteomics 

 Considering that RNA is translated into proteins 
and sperm proteins not only come from the testis 
but are also derived from the epididymis or other 
accessory sex glands, and are modifi ed and incor-
porated into sperm surface [ 178 ,  179 ], the actual 
protein expression in spermatozoa differs from 
their gene expression [ 177 ,  180 ,  181 ], this 
approach is of particular importance. However, 
scientists are facing grave problems as two com-
partments of the semen can be analyzed, namely, 
the seminal fl uid and the male germ cell itself. 
With regard to the seminal plasma, the protein 
composition has multiple origin as the seminal 
fl uid is composed of secretions from testis (about 
5 %), seminal vesicles (about 60 %), prostate 
(about 30 %), and the bulbo-urethral glands (about 
5 %) [ 182 ]. Therefore, seminal plasma markers 
might rather refl ect pathologies of the respective 
glands, which, of course, can also contribute or be 
a cause of male infertility. In  addition, the compo-
sition of seminal fl uid also depends on other fac-
tors such as the general health of a particular man; 
for example diabetes, fl u, alcohol consumption, or 
smoking can cause variability of the seminal fl uid 
[ 8 ,  183 ]. All this makes the analysis and identifi -
cation of specifi c male “infertility markers” in sem-
inal plasma rather diffi cult [ 184 ]. Nevertheless, a 

number of recent studies report on the proteomic 
analysis of seminal plasma and found relevant dif-
ferences between fertile and infertile men. 

    Proteomic Analysis of Seminal Plasma 
 Seminal plasma is abundantly available in both 
donors and patients and its protein concentration 
is with about 58 mg/mL approximately as high as 
in serum. The concentration of albumin, how-
ever, is markedly lower [ 185 ] and one of the 
major components are seminogelin I (MM 
49.9 kDa) and II (MM 63.5 kDa), which are 
involved in the gel formation [ 186 ]. Seminal 
plasma is a rich source of thousands of proteins 
mainly belonging to three major groups; proteins 
carrying fi bronectin type II modules, spermad-
hesins, cysteine-rich secretory proteins (CRISPs) 
[ 187 ], and approximately 25 % of the proteins 
are secretory [ 188 ,  189 ]. 

 In an in-depth analysis of human seminal 
plasma, Rolland and coworkers [ 190 ] initially 
identifi ed 699 proteins. However, in a subsequent 
comparison with previous descriptions, 2,545 
unique proteins were identifi ed, of which 83 were 
of testicular origin, 42 derived from the epididy-
mis, 7 from the seminal vesicles, and 17 from the 
prostate. For the testis-specifi c proteins, three 
(TKTLI, LDHC, and PGK2) germ cell expression 
was confi rmed and a difference in their expression 
between fertile and infertile men was established, 
thus highlighting these proteins as possible diag-
nostic biomarkers. Similarly, Milardi et al. [ 181 ] 
identifi ed 83 seminal plasma proteins, including 
seminogelin I and II, olfactory receptor 5R1, lac-
toferrin, hCAP18, spindlin, and clusterin as pos-
sible target proteins to identify infertile patients. 
Other proteins were specifi cally identifi ed in sub-
groups of patients showing a high percentage of 
DNA damage [ 15 ], an important aspect of sperm 
function. These proteins were associated with 
increased immune response, sperm motility, or 
inhibition of mitochondrial apoptosis. 

 Although the proteomic analysis of seminal 
plasma is a good approach for andrological diag-
nostics as it is non-consumptive of spermatozoa, 
the methodology is still in its infancy and spe-
cifi c marker proteins still have to be validated for 
their use. Eventually, normal values have to be 
established.  

R. Henkel



31

    Proteomic Analysis of Spermatozoa 
 On the other hand, the analysis of the sperm cells 
themselves might give a better idea of the actual 
fertilizing potential of spermatozoa from a spe-
cifi c man. Considering that the male germ cell is 
highly specialized and differentiated, and has 
also to interact not only with the female repro-
ductive tract [for review see [ 191 ]], but also with 
the cumulus oophorus, the zona pellucida, and 
the oolemma, this approach would make sperma-
tozoa a primary target for a proteomic analysis. 
In this context, sperm surface proteins are of par-
ticular interest as the interaction between sper-
matozoa and the female genital tract as well as 
the oocyte must take place at this level for the 
female to select the most capable spermatozoon 
to fertilize the oocyte. This natural selection pro-
cess is most stringent as it selects only one sper-
matozoon out of about 10 7  spermatozoa that are 
ejaculated into the upper part of the vagina. 

 In contrast to the analysis of seminal plasma, 
proteomic analysis of spermatozoa is more diffi -
cult and might therefore be limited for various 
reasons. In spermatozoa, not only the protein 
concentration is much less than for seminal 
plasma, but the number of spermatozoa available 
for the analysis varies individually and might 
even reach the detection limit if the seminal 
sperm count is very low, particularly in patient 
samples. Moreover, the risk of contamination of 
the samples by leukocytes or other non-sperm 
cells is high, and therefore the probability of a 
detection of non-sperm proteins, if the spermato-
zoa are not properly separated from the seminal 
plasma and debris prior to the analysis [ 192 ]. 

 For human spermatozoa, the number of identi-
fi ed proteins varies considerably from 1,760 [ 193 ] 
to 4,675 of which 227 were shown to be testis-
specifi c [ 194 ]. In a very recent literature review 
analyzing 30 studies, Amaral et al. [ 195 ] even 
report a total number of identifi ed sperm proteins 
of 6,198 of which about 30 % are of testicular ori-
gin. This high number of proteins indicates the 
complex composition and function of the male 
germ cell and the proteins showed to be associ-
ated with various essential cellular functions such 
as sperm motility, capacitation, sperm–oocyte 
binding, metabolism, apoptosis, cell cycle, or 

membrane traffi cking [ 195 ,  196 ]. It also makes 
the task of identifying highly specifi c diagnostic 
markers diffi cult. Nevertheless, using MALDI-
TOF/TOF analysis of protein spots after 2D-gel 
electrophoresis, Xu et al. [ 197 ] identifi ed 24 dif-
ferentially expressed proteins in infertile patients, 
of which 9 (including TGF-β1, MYC, MYCN, 
TP53) are involved in main physiological path-
ways. With respect to seminal oxidative stress, 
Hamada et al. [ 198 ] revealed a signifi cantly dif-
ferent expression of proteins related to the pro-
tection against oxidants, with 6 proteins decreased 
and 25 proteins increased in patients exhibiting 
seminal oxidative stress. Yet the methodology for 
a diagnostic approach has still to be standardized 
as the use of different detergents for the solubili-
zation of membrane proteins results in different 
proteins that can be detected after electrophoresis 
(Fortuin and Henkel, unpublished). Moreover, 
none of the currently employed proteomics meth-
odologies is properly evaluated for clinical use.   

    Genomics 

    DNA Microarrays 
 The progress in genomic biotechnology revealed 
genetic testing to be a viable alternative in andro-
logical diagnostics, particularly as the prevalence 
of genetic abnormalities causing male infertility 
was found to between 15 and 30 % [ 199 ]. Due to 
the rapid improvement of technologies, which 
make it possible that very small genomic regions 
can now be analyzed and have already been 
found to be responsible for infertility [ 200 – 202 ], 
it is likely that this number would increase in near 
future since even single nucleotide modifi cations 
can be detected [ 201 ]. 

 Currently, two main genetic tests are carried 
out, karyotyping and fl uorescence in situ hybrid-
ization (FISH). While these techniques are limited 
in their ability to diagnose and specifi cally identify 
larger numbers of infertile men, and need a spe-
cifi c sequence of interest before determining this 
region in specifi c patients, respectively, microar-
rays not only allow the examination of a higher 
number of men but also the detection of copy 
number variations, gene expression levels, and 
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single nucleotide polymorphisms [ 177 ]. Using the 
microarray technology, Park et al. [ 203 ] and Lee 
et al. [ 204 ] were able to identify copy number vari-
ations and Y-chromosomal microdeletions outside 
the AZF regions. 

 Spermatozoa do not only store and transport 
the male genetic material in form of DNA, but 
RNA obtained from ejaculated spermatozoa also 
refl ects gene expression during spermatogenesis 
[ 205 ,  206 ]. Although spermatozoa are transcrip-
tionally silent [ 207 ], spermatozoa RNAs play a 
vital role not only in the development of the male 
germ cells but also in early embryo development 
[ 208 ,  209 ], which lead to the development of 
novel approaches in the diagnostics of male infer-
tility using microarrays [ 210 ]. In fact, Ostermeier 
and coworkers [ 211 ] were able to distinguish 
between sperm populations exhibiting rapidly 
degrading and stable spermatozoa RNAs. 
Following this initial discovery, Krawetz et al. 
[ 212 ] revealed a complex population of small 
noncoding RNA (sncRNA) that is available at fer-
tilization. MicroRNA (miRNA), which is a sub-
class of sncRNA, appears to play a modifying role 
in early post-fertilization [ 213 – 215 ]. In infertile 
patients, Montjean and coworkers [ 216 ] found a 
33-fold lower gene expression of genes involved 
in spermatogenesis and sperm motility. These 
authors conclude that the spermatozoal transcrip-
tion profi le in idiopathic infertility differs signifi -
cantly from that in fertile men. Although these 
technologies seem to be appealing for diagnostic 
purposes, they are still in infancy stages as rele-
vant biomarkers have yet to be identifi ed and 
validated.    

    Conclusion 

 Considering that standard semen analysis fails to 
predict male fertility in up to about 40 % of the 
cases, scientists searched for novel parameters 
and methodologies to close this obvious gap in 
andrological diagnostics. Requirements for such 
new tests are that they should not only be repro-
ducible, effective, properly validated and 
 cost- effective and time-effective, but also be non-
consumptive and stable. Particularly, the latter 

represents an essential condition and might even 
be one of the biggest challenges for novel sperm 
tests, as the diagnostics are carried out way before 
assisted reproduction treatment, and standard 
semen parameters vary considerably, even on a 
daily basis. Techniques such as determination of 
sperm DNA fragmentation, mitochondrial mem-
brane potential, and hyaluronan binding refer to 
essential sperm functions and have been investi-
gated for a number of years already. Attempts 
have been made to establish clinically signifi cant 
cutoff values. However, except for the hyaluronan 
binding test, the consumptive nature of these test 
parameters still remains unexposed. Novel non-
consumptive parameters such as the high resolu-
tion evaluation of sperm morphology by MSOME, 
the determination of seminal ROS and/or TAC, as 
well as the evaluation of the birefringence of 
spermatozoa seem to point to alternative ways. 
Yet proper determination of clinical signifi cance 
in terms of the fertilizing capacity of spermato-
zoa and valuation thereof are also still outstand-
ing. In recent years, new promising molecular 
approaches to identify biomarkers of male fertil-
ity in terms of proteomic or genomic analyses of 
the male germ cells and seminal plasma, respec-
tively, have been made available. On the other 
hand, some researchers were able to distinguish 
between fertile and infertile men using DNA/
RNA microarrays. However, although “omics” 
approaches in the male infertility diagnostics are 
very appealing, both proteomic and genomic 
methodologies are still lacking the indubitable 
identifi cation of markers that meet all the criteria 
for a good clinical marker as well as the neces-
sary validation. Therefore, the implementation of 
these novel techniques in clinical routine will still 
take some time.     
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         Introduction 

 For assisted reproduction techniques (ART), 
 different procedures have been developed for 
separating “normal” viable sperm from seminal 

plasma, whereas the most commonly employed 
procedure is density gradient centrifugation 
(DGC)    [ 1 ]. In this respect, sperm population with 
normal morphology, compacted chromatin, and 
little residual bodies are separated. However, sev-
eral studies have demonstrated that sperm pro-
cessed by this procedure does not guarantee 
genomic integrity of separated sperm [ 2 ]. In 
accordance with this deduction, Avendaño et al. 
reported that in infertile individuals up to 50 % of 
sperm with normal morphology may present 
DNA fragmentation [ 3 ]. 

 In vivo, sperm are separated and selected by 
different screening barriers such as cervical 
mucus, cumulus and zona pellucida to prevent 
insemination of defective sperm [ 4 ]. Of note, 
during in vitro fertilization (IVF), zona pellucida 
remains as the only barrier that may prevent 
 penetration of defective sperm into oocyte, and 
thereby through this selection, it may increase the 
chance of early embryo development and preg-
nancy outcome [ 5 ]. However, during intracyto-
plasmic sperm injection (ICSI), even this barrier 
is bypassed and the only selection process that is 
implemented by the embryologist is based on 
sperm viability and morphology [ 6 ]. Considering 
the fact that selection of sperm based on mor-
phology does not preclude the chance of insemi-
nation of defective sperm as suggested by 
Avendaño et al. Therefore, the role of genomic 
integrity, with important consequence on early 
development, maintenance and outcome of preg-
nancy, as well as future susceptibility of offspring 
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to different diseases is ignored in routine sperm 
selection procedures [ 3 ]. To overcome the defi -
ciencies of these procedures, like DGC, advanced 
strategies for sperm preparation have been pro-
posed or implemented by different researchers. 

 In advanced strategies, in addition to sperm 
morphology and viability, sperm are separated 
and/or selected based on functional characteris-
tics of sperm surface membrane (for more details 
see review by Said et al. [ 7 ] and Nasr-Esfahani 
et al. [ 8 ]). The base of these strategies is that a 
functional membrane may refl ect a normal sperm 
with intact DNA. It is generally believed, factors 
such as reactive oxygen species (ROS), infl uenc-
ing integrity of spermolemma also affects the 
integrity of DNA. Therefore, in this chapter, we 
introduce two advanced sperm selection proce-
dures based on surface electrical charge and also 
discuss the importance of these effi cient methods 
in ICSI.  

   Sperm Plasma Membrane 

 The sperm plasma membrane plays a dynamic 
role during sperm–oocyte cross talk and fertiliza-
tion. Therefore, loss of function and integrity of 
the sperm plasma membrane is frequently associ-
ated with male infertility, notwithstanding  normal 
semen parameters [ 9 – 11 ]. One of the elements 
playing a central role in this process is glycoca-
lyx. Glycocalyx forms a “sugar coat” composed 
of complex array of glycans, the oligosaccharides 
and polysaccharides attached to glycoproteins 
and glycolipids. In sperm, this coat is rich in 
sialic acids and is liable for membrane negative 
charge as is called “Sias.” It is intriguing to note 
that Sias are located in outermost layer of the 
sugar goat as they cap the majority of glycans at 
the sperm cell surface [ 12 – 14 ]. These sialo- 
glycoproteins, deposited on sperm surface during 
spermatogenesis, pass through epididymis by 
means of epididymosomes and in semen through 
prostasomes [ 15 ]. They account for the electrical 
charge of the sperm plasma membrane, ranging 
from −16 to −20 mV, called “Zeta potential” or 
electrokinetic potential (Fig.  4.1 ) [ 16 ]. Tentative 
analysis of sialylated proteins responsible for 

conferring the Zeta potential by MALDI-TOF 
analysis has nominated four proteins, three of 
which are aminopeptidase B, fucosyltransferase, 
and prostatic acid phosphatase [ 17 ]   .

   Zeta potential, in addition to preventing 
 intracellular interaction and self-agglutination, it 
inhibits nonspecifi c binding with the genital tract 
epithelium during its transport and storage. It is 
noticeable that this negative electrical charge in 
other species such as chimpanzee, porcine, and 
bovine has been also recognized [ 18 – 23 ]. 

 One of the proteins involved in creating this 
negative charge in sperm membrane is “CD52”. 
CD52 is defi ned as a bipolar glycopeptide and a 
highly sialated glycosylphosphatidylinositol 
(GPI)-anchored protein on the sperm surface, 
which is acquired by sperm during epididymal 
transit and sperm maturation [ 18 ,  24 ]. The pres-
ence of high levels of sialic acid residues on 
the sperm membrane increases its net negative 
charge, and is taken as a symbol for normal sper-
matogenesis and sperm maturation within the testis 
and epididymis [ 24 ]. Therefore, transferring 
GPI-anchored CD52 onto the sperm surface is 
probably essentials for creating a membrane neg-
ative charge. This theory is in keeping with sev-
eral studies in which they have demonstrated 
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  Fig. 4.1    Formation of Zeta potential (ζ potential)       
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normal levels of CD52 expression are  positively 
correlated with sperm normal  morphology, 
capacitation, and male fertility [ 24 ,  25 ]. Intri-
guingly, following capacitation, in addition to 
loss of Sias including CD52, this molecule shift 
from a distributed surface pattern toward equato-
rial region, whereas any disturbance in loss and 
patterning of Sias is associated with male inferti-
lity [ 24 ]. This is the reason for reduced Zeta 
potential following capacitation [ 24 ]. Loss of 
Sias is accounted by their hydrolyzed through 
means of neuraminidase present on sperm, in the 
uterus and follicular fl uid [ 12 ]. Loss of these Sias 
unmasked the proteins involved in cross talk or 
signaling between sperm and oocyte during fer-
tilization and thereby allows binding of capaci-
tated sperm with zona pellucida [ 26 ]. 

 This “sugar coat” which provides a functional 
surface electrical charge or the Zeta potential has 
evoked the researchers in this fi led to design two 
different sperm selection procedures based on 
this criterion. The procedures are (1) Zeta method 
and (2) electrophoretic method.  

   Sperm Selection Based on Zeta 
Method 

 The negative electrical charge of the sperm’s 
membrane allows sperm to adhere to surfaces 
with positive charge (tube, glass slides, and ICSI 
needle/plate) in a protein-free medium [ 27 ]. 
Based on this property, for the fi rst time, Chan 
et al. separated sperm based on surface electric 
charge. These authors showed that the selected 
population showed higher degree of maturity 
[ 16 ]. Following this report, our research group at 
Royan Institute and Isfahan Fertility and Infertility 
Center in Iran used this method for treatment of 
couple candidate of ICSI [ 8 ,  28 – 35 ]. 

   Practical Approach to the Zeta 
Method 

 Zeta method is carried out according to Chan et al. 
[ 16 ]. Briefl y, sperm is mixed with serum free basic 
sperm processing medium and centrifuged. 

Following centrifugation, the supernatant is 
 discarded, sperm pellet is mixed with serum free 
medium and sperm concentration is adjusted 
according to initial sperm count. The adjusted 
sperm solution is transferred to a new 5 ml Falcon 
tube which is induced to gain a positive surface 
charge. To induce a positive charge in lab condi-
tion, the tube is put inside a latex glove up to the 
cap, rotated two or three turns, and rapidly with-
drawn from the latex glove. One minute is provided 
to allow adherence of the charged sperm to the tube 
wall, and then the medium containing non- adhering 
sperm (Fig.  4.2 ) is removed and discarded. 
Subsequently, tube surface is thoroughly washed 
with basic sperm processing medium containing 
serum to detach adhering sperm from tube wall. 
Subsequently, the sperm is either centrifuged or 
directly used for ICSI or further assessment [ 16 ].

   Induction of electrostatic charge on tube 
 surface can be confi rmed using an electrostatic 
voltmeter (Alpha lab, Salt Lake City, USA). 
Another quick way to confi rm the presence of 
electrostatic charge on tube surface is to check 
whether the tube will attract very small minute 
pieces of paper. 

 It is interesting to note that sperm adheres 
to glass surface due to their negative charge in 
albumin or serum-free culture medium. Following 
Zeta method and washing the tube surface in 
presence of serum or albumin, serum or albumin 
binds to anions and cations, so neutralizes the 
surface charge both on the sperm (Zeta potential) 

  Fig. 4.2    Zeta method: sperm selection based on Zeta or 
electrokinetic potential       
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and the surface of the tube. In accordance with 
this hypothesis, Chan et al. reported that capaci-
tated motile sperm when exposed to a serum free 
condition showed lower tendency as compared to 
when adhered to positive surface charge [ 16 ]. 
Capacitated sperm due to loss of glyocalyx on 
surface of sperm shows more free movement and 
partially sticks on the glass surface, while unca-
pacitated sperm is completely immobilized with 
occasional twitching [ 16 ].  

   Sperm Quality Following Zeta 
Method 

 Following selection of sperm by Zeta method, 
Chan et al. showed that the quality of sperm 
selected through this procedure, particularly in 
terms of morphology, DNA integrity and matu-
rity as compared to routine sperm selection pro-
cedure (DGC), was improved. They also reported 
that percentage of sperm with progressive and 
hyperactivated motility increases following Zeta 
method as compared to DGC, while the percent-
age of total motility remains unmodifi ed. They 
also postulated that these increments which are 
associated with increased sperm metabolic activ-
ity is likely due to brief exposure to serum free 
condition or manipulation from the attaching/
detaching of sperm to tube surface during this 
process without inducing premature acrosome 
reaction [ 16 ]. This hypothesis was later proved 
by Zarei-Kheirabadi et al. [ 30 ] in our research 
group. Further studies in our group, included the 
comparison of effi ciency between DGC and Zeta 
method for separation of mature sperm in terms 
of morphology, protamine content and DNA 
integrity. Percentage of normal sperm morphol-
ogy and protamine content were signifi cantly 
increased in both DGC and Zeta procedures com-
pared to neat semen. Unlike percentage of sperm 
morphology, percentage of sperm protamine con-
tent was not signifi cantly different between DGC 
and Zeta methods [ 35 ]. 

 Considering the importance of separation of 
normal sperm with intact DNA during sperm 
selection procedure, especially for ICSI, our group 
assessed percentage of DNA fragmentation by 

three staining methods; Terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL), 
sperm chromatin dispersion SCD and acridine 
orange test (AOT). The results indicated that per-
centage of DNA fragmentation was signifi cantly 
decreased in both DGC and Zeta procedures 
 compared to neat semen. Moreover, percentage of 
sperm DNA fragmentation rate was signifi cantly 
decreased in Zeta methods compared to DGC 
[ 32 ]. It is important to note that the effi ciency 
of Zeta and DGC methods relative to semen 
for DNA fragmentation were 62 % vs. 46 % 
for TUNEL, 42 % vs. 34 % for SCD, and 41 % vs. 
34 % AO methods, respectively [ 32 ,  35 ]. 

 In the above section, we provided evidence that 
Zeta procedure has a potential to select sperm with 
intact DNA, and through this procedure, it is pos-
sible to certain degree to delete defective or DNA 
fragmented sperm. However, in nature, the barriers 
which select “normal” sperm are not in physical 
contact with sperm nucleus. Therefore, it is the 
outer cellular characteristics which allow natural 
barrier to select the “normal” sperm with intact 
DNA. Therefore, assessment of sperm surface 
marker may provide evidence how such a sperm is 
selected in vivo and how these markers may be 
related to glycocalyx coat, playing the central role 
in Zeta sperm selection procedure. 

 Externalization of phosphatidylserine (EPS) 
from inner to outer layer of plasma membrane is 
considered as one of early markers of apoptosis 
in somatic and germ cells [ 36 ]. In addition, trans-
location of phosphatidylserine (PS) can also be 
considered as physiological event during the 
 process of acquisition of capacitation [ 37 ,  38 ]. 
Another surface marker which plays a central 
role in redundancy of defective sperm is ubiquiti-
nation during the passage through the epididy-
mis. Highly ubiquitinated sperm are phagocytized 
by epididymal epithelium [ 39 ]. Similar to EPS, it 
is important to bear in mind that sperm also 
 contain ubiquitinated proteins which are destined 
to degradation following fertilization. These 
 proteins are masked before capacitation, so they 
were become exposed to sperm surface during 
capacitation [ 40 ]. Therefore, it is of utmost 
importance that both EPS and ubiquitination act 
as a double-edged sword in sperm biology. 
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 Considering important role of these markers, 
Zarei-Kheirabadt et al. assessed ubiquitination 
and external phosphatidylserine (EPS) in sperm 
selected by Zeta, and compared their results with 
DGC and neat semen. The fi ndings of this study 
showed that percentage of both externalized PS, 
and ubiquitin positive sperm were increased in 
following application of Zeta method compared 
to DGC and control [ 30 ]. Hence, Zeta in addition 
to selecting sperm with reduced DNA fragmenta-
tion and normal protamine content increases the 
rate of ubiquitination and EPS in this population 
[ 30 ]. This is in agreement with pervious report of 
Chan et al. in which they postulated that during 
process of attaching and detaching, the glycoca-
lyx might be altered, and this may induce sperm 
to undergo a process similar to capacitation. 
These results are in concordance with pervious 
report which suggested that increased progres-
sive motility, hyperactivation, and ability to 
undergo capacitation are associated with higher 
fertilization rate [ 16 ]. To further add to this, 
Grunewald et al. reported that defective sperm is 
unable to undergo process of capacitation and 
acrosome reaction [ 37 ]. 

 Recently, several novel sperm separation 
methods based on functional characteristics of 
sperm have been introduced [ 7 ,  8 ]. In this con-
text, we compared effi ciency of Zeta method 
with two main sperm separation procedures; 
HA-binding method and MACS.  

   Comparison of Zeta Method 
with Other Functional Sperm 
Selection Procedures 

   Zeta Method vs. HA-Binding 
 One of the sperm surface proteins which is also 
integral part of “sugar coat” or glycocalyx is a 
highly sialylated protein called PH-20. This pro-
tein has a high affi nity for binding to hyaluronic 
acid (HA) secreted by cumulus cells and is pres-
ent on Zona pellucida [ 41 ]. Therefore, based on 
this property, sperm has the capacity to bind to 
HA coated surfaces. Sperm bound to HA shows 
increased tail cross beat frequency without pre-
senting forward frequency. Sperm selected based 

on this procedure also shows higher degree of 
maturity, while displaying normal morphology, 
low certain kinase activity, absence of cytoplas-
mic residues, low DNA fragmentation, normal 
protamine content, and low apoptosis [ 42 ]. 

 In regard to this, Razavi et al. compared effi -
ciency of HA-binding and Zeta methods. They 
reported that percentages of sperm normal mor-
phology and protamine content have improved 
after HA-binding and Zeta methods compared to 
neat semen, while percentage of DNA damage has 
only been improved signifi cantly after Zeta 
method, not in HA-binding method, compared to 
control. In addition, these authors reported that 
percentage of effi ciency of the HA method relative 
to control for normal morphology, DNA integrity, 
and protamine content were 95 %, 5.9 %, and 
19.1 %, while the effi ciency of the Zeta method 
were 67 %, 44.6 % ,and 13.1 %, respectively [ 29 ]. 
One of the reasons for these differences could be 
the fact that Zeta is accounted for all proteins pres-
ent in the “sugar coat” or in the glycocalyx while 
HA procedure is only based on one the component 
of glycocalyx, the hyaluronic acid. However, HA 
appears to have higher superiority to recover 
sperm with normal morphology, and this advan-
tage of Zeta can be overcome by selection of mor-
phology during the process ICSI [ 29 ].  

   DGC-Zeta vs. MACS-DGC 
 Magnetic-activated cell sorting (MACS) is an 
effi cient method for selecting functional sperm 
based on membrane surface markers. Therefore, 
different researchers have used MACS to select 
non-apoptotic sperm based on phosphatidylser-
ine externalization [ 7 ]. Previous studies have 
shown that sperm selected based on EPS shows 
improved quality [ 7 ,  43 ]. We showed that combi-
nation of DGC followed by MACS (DGC- 
MACS) improved the sperm quality compared to 
when DGC and MACS were used independently. 
Furthermore, we also demonstrated that sperm 
selection based on EPS before the induction of 
capacitation during MACS-DGC procedure 
occurred based on EPS due to early sign apopto-
sis, while sperm were selected after the process 
of induction of capacitation by DGC followed 
by MACS (DGC-MACS), partially capacitated 
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sperm may also be selected and discarded in the 
latter procedure [ 44 ]. It is assumed that when 
sperm is separated from semen in DGC proce-
dure, the process of EPS and capacitation are ini-
tiated, and this effect is intensifi ed when serum is 
used. Therefore, we strongly recommended that 
MACS-DGC rather than DGC-MACS method is 
more effi cient in order to select sperm population 
with normal morphology, intact DNA, and low 
apoptosis [ 44 ]. 

 Considering that both DGC-Zeta [ 32 ] and 
MACS-DGC [ 44 ] methods can improve quality of 
selected sperm, we compared the effi ciency of two 
procedures in infertile population. It has been dem-
onstrated that although both methods can select 
sperm with normal morphology, normal acrosome, 
normal protamine content, and intact DNA com-
pared to neat semen or control, MACS-DGC 
method was more effi cient in  separation of sperm 
with normal acrosome and protamine content. 
In our study, the DGC-Zeta procedure showed a 
tendency toward lower DNA fragmentation rate 
compared to MACS-DGC [ 31 ]. However, to verify 
this point, further experi mentation on larger popu-
lation is required. It is important to remark that 
some studies expressed concern regarding remnant 
of micro beads after MACS for ICSI procedure.   

   Zeta Method and ART Outcome 

 Considering effi ciency of Zeta method in separa-
tion of mature sperm population with minor DNA 
damage, Kheirollahi-Kouhestani et al. assessed 
effect of this method on ICSI outcome [ 32 ]. To 
initially roll out the confounding effect of female 
factors, they inseminated sibling oocyte using 
DGC and DGC-Zeta prepared sperm. They 
reported that percentage of fertilization (52.4 % 
vs. 65.4 %,  p  = 0.03), percentage of pregnancy 
(53.57 % vs.33.4 %), and implantation rates rate 
(26.18 % vs.15.8 %) were increased following 
DGC-Zeta procedure [ 32 ]. Considering this 
study was performed on a small population, the 
study was expanded on a larger population which 
further confi rms the outcomes of Kheirollahi- 
Kouhestani et al. and it was interesting to note in 
a couple with previous 11 IVF/ICSI failed cycle, 
it resulted in birth of a healthy child [ 34 ].  

   Advantage and Disadvantage of Zeta 
Method 

 The Zeta method is simple, low cost, and fast. 
It can be carried out on cryopreserved semen 
samples. The Zeta method has low recovery rate, 
but can be easily applied to ICSI cases. The pro-
cedure cannot be carried out on capacitated 
 processed samples [ 8 ,  16 ,  45 ].   

   Sperm Selection Based 
on Electrophoresis 

 Similar to Zeta method, Prof. John Aitken’s 
research group also developed a commercialized 
instrument called Microfl ow ®  or SpermSep ®  
(CS-10) to select “normal” sperm. These 
researchers also separated sperm base on the sur-
face  electric charge using electrophoresis tech-
nology [ 17 ,  46 – 48 ]. 

   Practical Approach to Microfl ow ®  
or SpermSep 

 Electrophoretic device consists of two outer 
chambers and two inner chambers (inoculation 
and collection). The inner and the outer chambers 
are separated by polyacrylamide membranes 
with a typically pore sizes of 15 kDa. The inner 
chambers are further separated from each other 
by a third membrane with the pore size of 
5 μM. The polyacrylamide membranes allow 
water and solute to fl ow between the chambers in 
the micro fl uid system, while maintaining the 
charge on the two platinum plates at the two sides 
of outer chambers. Therefore, due to micro fl ow 
movement in the inner chamber (inoculation 
chamber), sperm with negative surface charge 
within the suspension is allowed to move toward 
the second inner chamber (collection chamber) 
close to the anode plate where they can be col-
lected. The third membrane between the two 
inner chambers prevents movement of cells or 
other elements with negative surface charge and 
higher than 5 μM size to move toward the collec-
tion chamber close to anode plate [ 17 ,  49 ]. 
Therefore, through this procedure sperm with 
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adequate cathode charge moves toward anode 
plate and due to fl uid movement, this sperm can 
pass to membrane and then the selected sperm 
can be collected from collection chamber 
(Fig.  4.3 ).

      Sperm Quality Following 
Electrophoresis 

 The research from Aitken group showed that per-
centages of sperm motility and viability in neat 
semen were similar to the sperm separated by 
electrophoresis, and these percentages are main-
tained in duration different time intervals of elec-
trophoretic treatment. In addition, evaluation of 
the kinetic characteristics of sperm using CASA 
indicated that quality of sperm motility has not 
changed between semen and electrophoretically 
separated sperm and also during different time 
intervals of electrophoresis. Comparison of these 

parameters between sperm separated from 
DGC, electrophoresis, repeated centrifugation, 
and neat semen groups have shown that percent-
age of motility and viability was similar among 
these groups, except for DGC group in which the 
percentage of sperm motility were signifi cantly 
higher than other groups. As a result, percentage 
of sperm motility has not been improved after the 
electrophoretic method compared to DGC and/or 
original ejaculation [ 46 ]. Therefore, in the light 
of this result, these authors have demonstrated 
that electrophoresis of spermatozoa can be harm-
ful for motility and can lead to disruption of ion 
fl uxes across the sperm plasma membrane [ 46 ]. 
On the other hand, Fleming et al. compared 
 percentage of sperm motility between DGC and 
electrophoresis methods in infertile men under-
went ICSI or IVF. This parameter was similar 
in DGC and electrophoresis methods in both 
IVF and ICSI cases. These authors explained 
that this difference in sperm motility is due to 

  Fig. 4.3       Sperm selection based on electrophoresis       
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“differences in donor profi le, nature of the gradi-
ent used (Percoll versus ISolate) and differences 
in the susceptibility of spermatozoa to the pas-
sage of electric current” [ 48 ]. 

 Unlike sperm motility, percentage of sperm 
with DNA fragmentation was signifi cantly 
reduced in sperm separated by electrophoresis 
compared to neat semen sample. This parameter 
is maintained during different time intervals of 
electrophoretic treatment. They also showed that 
percentage of DNA fragmentation signifi cantly 
increases after exposure to repeated centrifu-
gation compared to DGC and electrophoresis 
methods. These authors concluded that physical 
shearing forces associated with repeated centrifu-
gation and cell contamination (leukocyte, senes-
cent spermatozoa, or other cells) are involved 
factors in production of ROS inducing DNA frag-
mentation during preparation of sperm. Thereby, 
they showed that electrophoretic method reduces 
ROS production and DNA fragmentation, so they 
contributed these effects, absence of requirement 
for centrifugation and elimination of ROS, in 
order to produce cells such as leukocyte [ 46 ]. 

 Percentage of sperm with normal morphology 
was signifi cantly higher in sperm separated by 
electrophoresis compared to neat semen sample, 
while this parameter is maintained during differ-
ent time intervals of electrophoretic treatment. In 
addition, percentage of morphologically normal 
spermatozoa was signifi cantly higher in electro-
phoresis group compared to other groups [ 46 ]. 

 These researchers also show that this method 
is suitable for cryostored semen, snap-frozen 
sperm suspension and testicular biopsies [ 47 ]; 
furthermore, they showed the effi ciency of this 
procedure to recover sperm is similar to DGC 
and is around 20 % [ 46 ,  47 ]. This recovery rate 
also stands for testicular biopsies consisting of 
complex cellular mixtures [ 47 ]. 

 Considering the role of sialic acid in Zeta and 
electrophoretic method, Ainsworth et al. assessed 
sialic acid expression in electrophoretically 
 isolated spermatozoa, and higher levels of sialic 
acid residues were observed in sperm recovered 
in the vicinity of anode plate compared to DGC- 
prepared spermatozoa [ 17 ].  

   Electrophoretic Method 
and ART Outcome 

 Ainsworth et al. reported the fi rst pregnancy and 
normal birth using electrophoresis method fol-
lowing ICSI technique in a couple with previous 
repeated failed fertilization, severe oligozoosper-
mia and high percentage of sperm with DNA 
fragmentation. They suggested “the electropho-
retic sperm isolation procedure could make a 
 signifi cant contribution to good clinical practice 
in this area” [ 47 ]. 

 In the light of these considerations, Fleming 
and coworkers designed a prospective controlled 
of electrophoretic method in 28 couples under-
went either ICSI or IVF and compared clinical 
outcome of this method with DGC following IVF 
and ICSI. They reported that effi ciency of two 
sperm separation methods; electrophoresis and 
DGC, in terms of percentage of fertilization 
(62.4 % vs. 63.6 %), cleavage (99.0 % vs. 88.5 %), 
and high-quality embryos (27.4 % vs. 26.1 %) 
were similar. But since their trail was not ran-
domized, they did not draw any conclusion 
regarding their clinical pregnancy outcomes [ 48 ].  

   Advantage and Disadvantage 
of Electrophoretic Method 

 The electrophoretic method is fast, but requires 
commercial instrument which may increase the 
cost of procedure. It can be carried out on cryo-
preserved semen samples with recovery of sperm 
count similar to DGC. But the procedure cannot 
be carried out on capacitated processed samples. 
The main advantage of this procedure is absence 
of centrifugation which can induce ROS and 
DNA fragmentation [ 4 ,  8 ,  17 ,  50 ].   

   Conclusion 

 It is well established that even in infertile indi-
viduals normal looking sperm might contain frag-
mented DNA. Therefore, novel sperm selection 
procedures based on different sperm functional 
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characteristics have been designed. Among these 
selection procedures, sperm can be selected based 
on surface electric charge or the Zeta potential. 
Sialic acids by coating the spermolemma account 
for this charge. Population of sperm selected 
based on this characteristic has been shown to 
present higher normal morphology, normal 
 protamine content, lower rate of DNA fragmenta-
tion, and higher ability to initiate capacitation. 
Compared to other novel sperm selection proce-
dures, sperm selected based on Zeta potential 
present lower rate of DNA fragmentation. Such 
sperm were shown to have higher capacity to 
 support development and lead to pregnancy. 
Considering that no chemical are used for selec-
tion of sperm based on Zeta potential, the data 
in this chapter support possible potential of both 
these procedures (Zeta or electrophoretic meth-
ods) for future routine clinical applications.     
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           Introduction 

 Sperm preparation was described and recognized 
as an essential step in human in vitro fertilization 
(IVF) before IVF was demonstrated to be a real-
istic therapeutic option for female infertility 
[ 1 ,  2 ]. In the early days of IVF, semen samples 
were prepared by a simple wash, meaning that 

samples were diluted with culture medium and 
the cellular components were separated by 
 centrifugation [ 1 ,  3 – 5 ]. As the use of IVF pro-
gressed, it was also recognized as an effective 
treatment for mild cases of male infertility [ 6 ,  7 ], 
and thus sperm preparation evolved to a series of 
procedures ensuring the selection of competent 
sperm for oocyte insemination [ 8 – 10 ]. 

 The most common methods currently used for 
sperm selection, swim-up and isopycnic (density 
gradient) centrifugation were described in the 
early 1980s [ 8 – 10 ]. Subsequently, studies sought 
to determine which method of sperm preparation 
would yield the highest quality sample [ 11 – 16 ]. 
While some studies pointed superiority of isopycnic 
centrifugation for preparation of semen samples; 
swim-up technique continues to be an option due to 
its ease of preparation and extremely low cost. 

 Swim-up and isopycnic centrifugation have 
been used for decades with few modifi cations and 
revisions. However, recently it has been found that 
long periods of incubation and centrifugation of 
sperm increases accumulation and/or production 
of reactive oxygen species which impacts sperm 
chromatin integrity [ 17 – 21 ]. Sperm chromatin 
damage has been associated with infertility and 
poor IVF outcomes [ 22 – 29 ] and therefore new 
methods for sperm selection avoiding production/
accumulation of reactive oxygen species and DNA 
damage are being explored. 

 New concepts and techniques for noninvasive 
selection of sperm for IVF have been emerging in 
the past decade and include: selection based on 
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motile sperm organelle morphology examination 
(MSOME), sperm surface charge, hyaluronic 
acid or zona pellucida binding ability, non- 
apoptotic sperm selection, and microfl uidic-
assisted sperm selection. This chapter reviews the 
use of microfl uidics devices and microfl uidic 
devices associated to chemotaxis in sperm selec-
tion for in vitro fertilization.  

    Microfl uidic Devices 
for Sperm Selection 

 Microfl uidics is a discipline that studies the 
mechanics of fl uids in micro-scale and facilitates 
engineering of devices or assemblies to manipu-
late very small volumes of fl uid and or cells [ 30 ]. 
Microfl uidics has several applications from ink- 
jet droplet generators in printers to microarray 
chips for assessment of gene expression and other 
lab-on-a-chip uses [ 30 ,  31 ]. Uses of microfl uidics 
in assisted reproduction technologies was pro-
posed over a decade ago for sperm selection, fer-
tilization, embryo culture, and integration of IVF 
procedures on a chip [ 32 ,  33 ]. These proposals 
were shortly followed by reports on the creation 
and use of a passively driven microfl uidic device 
for separation of motile sperm [ 34 ,  35 ]. 

 The challenge of creating a microfl uidic sperm 
sorter that was easy to produce, simple to oper-
ate, and self-powered was accomplished with 
soft lithography [ 34 ] that entails easy and inex-
pensive microfabrication techniques used to 
mold elastomers and shape microchannels [ 36 ]. 
Polydimethylsiloxane (PDMS) was chosen for 
the fabrication of the microfl uidic sperm sorter 
prototypes because it is a polymer commonly 
used in soft lithography, has moderate stiffness, 
hydrophobic characteristics, optical transparency 
and commercial availability [ 34 – 36 ]. 

 Toxicity of PDMS to human sperm was ana-
lyzed with exposure of sperm to PDMS for 
30 min followed by overnight incubation. 
Motility of human sperm exposed to PDMS 
(64 ± 4 %) was similar to the motility observed in 
control samples incubated overnight without 
exposure to PDMS (69 ± 4 %) [ 35 ]. 

 A prototype PDMS microfl uidic sperm sorter 
was manufactured for proof-of-concept studies. 
The sperm sorter was comprised of four wells 
interlinked by microscopic channels for the pro-
duction of an area where fl uids coming together 
would display laminar fl ow, with a slight menis-
cus between the two fl uids, and with negligible 
mixing by turbulence (Fig.  5.1 ) [ 34 ]. The opera-
tor would load the semen sample in one well to 
generate a stream by gravity pumping and the 
ipsilateral chamber would be fi lled with fresh 
media to produce another stream. With the 
mechanics of fl uids on a micro-scale, the two 
streams would run in parallel at different speeds 
without turbulent mixing [ 34 ]. The PDMS proto-
type microfl uidic sperm sorter allowed motile 
sperm to cross the interface between the laminar 
fl ows and be collected into a specifi c well, while 
the dead/low motile sperm, other semen cellular 
components, and seminal plasma would be 
directed to a discard well [ 34 ].

   Preparation of semen with the microfl uidic 
sperm sorter increased the percentage of motile 
sperm in comparison to unprocessed semen 
(98 % vs. 44 %, respectively). Moreover, the 
 percentage of sperm with normal Kruger strict 
morphology was signifi cantly improved after 
preparation with the microfl uidic sperm-sorting 
device (22 %) in comparison to unprocessed 
semen (10 %) [ 35 ]. This microfl uidics sperm 
sorter was also able to select sperm from samples 
with 5 × 10 6  sperm/mL that were spiked with 
50 × 10 6  round immature germ cells/mL (1:10 
ratio). The ratio of sperm to round immature 
germ cells after selection with this microfl uidic 
sperm sorter was 33:1 [ 35 ], illustrating that even 
samples with a high concentration of round cells 
can be successfully prepared with this device. 

 In comparison to other methods of sperm 
preparation previously mentioned, such as serial 
centrifugation, density gradient, and swim-up; 
microfl uidics separation of sperm increased the 
percentage of motile sperm (microfl uidics sperm 
selection: 96.2 %; serial centrifugation: 50.1 %, 
density gradient: 73.4 %; and swim-up: 85.8 %) 
and reduced the percentages of sperm with DNA 
fragmentation [unpublished data]. 
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 The prototype PDMS microfl uidic sperm- 
sorting device provided simplicity and ease of 
use with a suffi cient yield of high quality motile 
sperm for conventional in vitro fertilization and 
fertilization with intracytoplasmic sperm injec-
tion. Absence of centrifugation steps or pro-
longed periods of incubation in microfl uidics 
sperm sorting suggests it to be a benefi cial tech-
nique; however, positive effects of sperm selec-
tion with this microfl uidic sperm sorter on 
fertilization rates, embryo development, and 

pregnancy rates remain to be confirmed by 
randomized clinical trials. 

 Recently, a microfl uidic device for fast selec-
tion of sperm for ICSI has been described using 
porcine sperm [ 37 ]. Production of this device 
used cyclic olefi n polymer. The channels and 
chambers were microdrilled and laminated with 
cling wrap of polyvinylidenechloride forming 
three chambers linked by channels [ 37 ]. This 
device was fi lled with medium through a lateral 
loading chamber and diluted semen was loaded 

  Fig. 5.1    Polydimethylsiloxane was used for the production 
of a microfl uidic sperm sorter device ( a ). This device com-
prising four wells interlinked by microscopic channels ( b ) 
is operated by gravity; specifi cally, different volumes of 
semen and media loaded to the wells create pressure gradi-
ents and displace fl uids through the microchannels. Round 
cells, motile and immotile sperm are dragged with the 

semen sample fl ow; however, only motile sperm are able to 
cross the fl uid interface and to be sorted to the motile sperm 
outlet ( c ). Reprinted (adapted) with permission from Cho, 
B. S., Schuster, T. G., Zhu, X., Chang, D., Smith, G. D. & 
Takayama, S. 2003. Passively driven integrated microfl u-
idic system for separation of motile sperm.  Anal Chem , 75, 
1671–5. Copyright 2003 American Chemical Society       
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through the same port. Sperm migrated into the 
large mid chamber, were collected through a 
puncture made in the resin cover, and transferred 
to an ICSI droplet [ 37 ]. 

 Time required for preparation of samples with 
low concentration (10 4  sperm/mL) with this 
microfl uidic device (265 ± 15 s) was decreased in 
comparison to traditional sperm preparation 
(347 ± 19 s); however, the use of this mode of 
sperm selection for ICSI did not improve cleav-
age or blastocyst formation rates in this animal 
model [ 37 ]. Studies exploring the effects of this 
device for preparation of sperm for ICSI need to 
be replicated with human samples to determine 
the clinical impacts of this type of sperm selec-
tion for ICSI. 

 In the future, use of new microfl uidic technol-
ogies for sperm preparation might provide a 
simple non-subjective sperm selection and auto-
mation within the IVF laboratories. Proof of con-
cept devices that are still undergoing evaluation 
served as a basis for considering supplementary 
methods of sperm selection using microfl uidics 
linked with other principles and technologies, 
such as chemotaxis. The following section 
describes the integration of chemotaxis into 
microfl uidics devices for sperm selection.  

    Integration of Chemotaxis into 
Microfl uidics Devices for Sperm 
Selection 

 Chemotaxis of animal sperm was described over 
100 years ago, but was considered controversial 
until the 1960s [ 38 ]. Follicular fl uid was demon-
strated to carry soluble factors promoting migra-
tion and accumulation of sperm in vitro [ 39 – 41 ]. 
Initially, screening of candidate compounds of 
sperm chemoattractants produced vague results 
[ 41 ,  42 ], except for evidence suggesting that 
progesterone was a major chemoattractant 
candidate [ 43 ]. 

 Sperm are attracted by oocyte and cumulus 
cell conditioned media [ 44 ]. Cumulus cells 
secrete progesterone after ovulation, and human 
sperm respond to picomolar concentrations of 
this hormone [ 45 ]. These responses include 

redirection of sperm movement in vitro if the 
 progesterone source is repositioned in the culture 
dish [ 46 ], and migration through microchannels 
towards the source of progesterone and accumula-
tion in the vessels containing progesterone [ 47 ]. 

 Chemotaxis was fi rst integrated in a microfl u-
idic sperm sorter as a tool to investigate the role 
of the extracellular peptide coating of sea urchin 
eggs ( Arbacia punctulata ) in sperm migration 
during fertilization [ 48 ]. This device had a simple 
design based on the previous human sperm sorter 
[ 34 ]. Composed in PDMS and produced with soft 
lithography, this device comprised one sperm 
reservoir linked to a chemo-reservoir through a 
microchannel where chemoattractant gradient 
takes place [ 48 ]. This microfl uidic chemoattrac-
tant gradient generator was used to understand 
sperm diffusion and migration towards the gradi-
ents. Accumulation of sperm for functional stud-
ies was not attempted [ 48 ]; nevertheless, this 
device is simple and it might be used as a micro-
fl uidic/chemotaxis based method for selection of 
human sperm. 

 More recently, a microfl uidics device created 
to combine sperm motility and chemotaxis 
screening has been tested with a mouse model 
[ 49 ]. In comparison to the microfl uidic chemoat-
tractant gradient generator previously described 
[ 48 ], integration of chemotaxis into this device 
was accomplished with a more complex design: 
four chambers in a “Y” array to imitate the female 
reproductive tract outline (Fig.  5.2 ) [ 37 ]. 
Photolithography was used to mold wells and 
channels in PDMS. An inlet well for sperm sam-
ple loading was linked to a diffusion chamber by 
a motility-screening channel. Two other channels 
starting in larger wells (pools A and B) located in 
opposite sides of the diffusion chamber [ 49 ].

   Sperm swimming from the inlet through the 
motility-screening channel reached the diffusion 
chamber in 5–10 min and started to migrate into 
the channels leading to the larger wells. In order 
to determine if chemotaxis infl uenced sperm 
migration to pool A and B, three conditions were 
used: (a) pools A and B were not coated with live 
cumulus cells, (b) pools A and B were coated with 
live cumulus cells, (c) only pool A or B was coated 
with live cumulus cells. Outcome of this test was 
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sperm migration index, which measures the ratio 
between sperm migrating to pools A and B in a 
given amount of time (number of sperm migrating 
to pool A/number of sperm migrating to pool B). 
Sperm migration index was approximately 1 
when both wells were not coated with cumulus 
cells (condition a), as well as when both of them 
were coated with cumulus cells (conditions b); 
however, sperm migration index was skewed to 
pool A or B when only one of these wells were 
coated with cumulus cells (condition c) [ 49 ]. 

 Results obtained by the integration of motility 
and chemotaxis selection in a microfl uidic device 
are promising; however, studies focusing on the 
validation of these results with human samples and 
optimization of conditions for maximal sperm accu-
mulation are required. Additionally, replacement of 
live cells by a controlled-release source of a chemo-
taxis factor, like progesterone, would increase the 
ease of use and make this type of device ready for 
clinical trials as a noninvasive sperm selection 
method for human in vitro fertilization.  

  Fig. 5.2    Experimental device for preparation of semen 
for ICSI microdrilled in polyvinylidenechloride) ( a ). 
Operation of this device is simple and comprises four 
steps ( b ). Sperm sample is loaded in the inlet well ( 1 ) and 
sperm defuses/swims to the larger chamber ( 2 ) towards 
the outlet well. Sperm retrieval takes place after 
puncture of membrane covering the central well ( 3 ) and 

aspiration of sperm from the surface of the opening 
with a regular pipette ( 4 ). Reprinted with permission 
from Matsuura, K., Uozumi, T., Furuichi, T., Sugimoto, I., 
Kodama, M. & Funahashi, H. 2013. A microfl uidic 
device to reduce treatment time of intracytoplasmic 
sperm injection.  Fertility and sterility , 99, 400–7. 
Copyright 2013 Elsevier       
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    Concluding Remarks 

 Applications of microfl uidics to human assisted 
reproduction envisioned a decade ago have been 
developed. Soft lithography and molding of 
PDMS have been used to produce most of the 
microfl uidic devices for sperm sorting already 
described, and the complexity of design might 
vary; however, simple designs allying ease of 
fabrication, elementary use, and self-powering 
are desired for sperm selection. Microfl uidic 
devices with these characteristics exist and are 
wanting for validation with human samples or 
clinical trials to determine their utility and impact 
on IVF outcomes. 

 Chemotaxis can be integrated with microfl uid-
ics, offering additional scrutiny with selection 
based on sperm competence; however, microfl u-
idic devices with chemotaxis components are 
more recent and need further investigation to 
establish their use in assisted reproduction. 
Adaptability of microfl uidics or integration with 
to other modes of sperm selection other than che-
motaxis (i.e., selection based on electric charge) is 
possible and might increase the utility of devices 
available in the future. Microfl uidic applications 
to human assisted reproduction are nascent tech-
nologies and represent a fi eld open for 
innovation.     
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           Introduction 

 Current it is estimated that male contributions 
area causative factors in as many as half of infer-
tile couples. Unequivocal evidence from the IVF 
 setting has shown that sperm quality infl uences 
fertilization and cleavage rates, embryo morphol-
ogy, blastocyst formation, and implantation rates. 
Currently, the routine semen analysis remains the 
most common way to evaluate for male factor 
infertility. Such evaluation typically includes: 
seminal volume and other semen physical- 
chemical characteristics, sperm concentration, 
progressive motility, and strict morphology. 
However, up to 15 % of patients with male factor 
infertility have a “normal” semen analysis and a 
defi nitive diagnosis of male infertility cannot be 
made purely based on the results of a routine 
semen analysis [ 1 ]. Furthermore, it was demon-
strated that the basic semen parameters of the 
unprocessed ejaculate or even after separation of 
the fraction with highest motility had no impact 
on the outcome of ICSI [ 2 ,  3 ]. 

 Over the last decade a whole body of circum-
stantial evidence has linked nuclear/DNA damage 
in human spermatozoa with adverse reproductive 

outcomes during  IVF  augmentation with  ICSI . 
Sperm nuclear factors that may have implications 
on reproductive outcome include chromatin 
anomalies, different forms of DNA damage 
including strand breaks (evidence have been pre-
sented that spermatozoa with damaged DNA are 
more prevalent in infertile versus fertile men), 
numerical and structural chromosomal abnormal-
ities, Y chromosome micro-deletions, and altera-
tions in the epigenetic regulation of the paternal 
genome as reviewed in [ 1 ,  4 ]. Currently, there has 
been no consensus reached as to which test better 
identifi es ejaculated sperm of poor quality. 
Although nuclear damage in sperm is poorly 
characterized, it is believed to involve multiple 
potential pathophysiological mechanisms includ-
ing: (1) chromatin abnormalities associated with 
alteration of protamine/histone ratios, (2) hypo-
methylation of certain genes and DNA, (3) oxida-
tive base damage, (4) endonuclease- mediated 
cleavage, and (5) the formation of adducts as a 
results of xenobiotics and the products of lipid 
peroxidation [ 4 ]. 

 The number of de novo structural chromosome 
aberrations of male descent appears to be increased 
among children born after ICSI. Although the 
exact etiology of structural chromosomal aberra-
tions is unknown, miss- repair of double-strand 
DNA breaks appears to be a prerequisite. Structural 
chromosomal aberrations such as dysenteric chro-
mosomes, reciprocal translocations, and eccentric 
fragments represent failure of the oocyte’s repair 
mechanisms that may be overwhelmed by the 
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degree of nuclear/DNA damage carried by the 
 fertilizing spermatozoon [ 1 ,  4 ]. 

 The risk of transmitting a genetic or epigene-
tic lesion to the offspring as a consequence of a 
combination of such factors is signifi cant. It is 
believed that nuclear/DNA damage in the male 
germ-line can be associated with defective pre- 
implantation embryonic development, high rates 
of miscarriage, and increased rates of morbidity 
in the offspring, including childhood cancer [ 4 ]. 
The chance of generating a visibly abnormal phe-
notype is low, but this does not mean that the 
lesions are not there and will not emerge in future 
generations. In light of such considerations; it 
would seem rational (1) to determine the causes 
of nuclear/DNA damage in the male germ line, 
(2) to develop effi cient systemic preventive and/
or therapeutic measures, and (3) to use sperm iso-
lation techniques that will select for gametes pos-
sessing minimal-to-none levels of nuclear/DNA 
damage in assisted conception. 

 The ICSI technique bypasses multiple steps of 
the natural fertilization process by introducing a 
selected and apparently intact spermatozoon into 
the ooplasm. The utilization of ICSI has become 
the most common oocyte fertilization method (as 
compared with standard IVF insemination), being 
performed in 64 % of IVF cases in the USA, and 
with an increased worldwide application includ-
ing Europe that reported 63 % ICSI usage [ 5 ,  6 ]. 
This strongly suggests that ICSI is being per-
formed for other indications in addition to male 
factors, for which there is questionable support 
for their use based on available evidence. It has 
been reported that the increase in the proportion 
of ICSI cycles observed in the last decade seems 
primarily due to an increased use in couples clas-
sifi ed as having mixed causes of infertility, unex-
plained infertility, and advanced age. As a more 
rare indication, the use of ICSI may represent the 
solution for oocyte pathology in cases of zona pel-
lucida anomalies, defi ciency of the oolemma 
fusion ability or absence of cortical reaction [ 1 ]. 
These facts stress even further the need for a pri-
oritized examination of sperm- selection tech-
niques for ICSI, and performing long-term 
follow-up studies on the children born [ 7 ]. 

 Additionally, information gathered from 
in vitro fertilization (IVF) and embryo transfer 

data has demonstrated that an abnormal sperm–
zona pellucida interaction is frequently observed 
in infertile men. Impaired sperm–zona pellucida 
interaction can result in failure of fertilization and 
can be observed in the presence of normal or 
abnormal “basic” sperm parameters, resulting in 
decreasing chances of pregnancy when couples 
are being subjected to intrauterine insemination 
(IUI) or IVF therapies when conventional in vitro 
insemination is performed. Sperm–zona pellucida 
binding assays were consequently developed to 
assess sperm functionality and competence in the 
“extended” evaluation of the infertility work- up 
[ 8 – 10 ]. The latest World Health Organization 
(WHO) manual depicts sperm–zona pellucida 
binding assays as research tests [ 11 ]. Furthermore, 
these bio-assays provide valuable information to 
the clinician in order to direct clinical management 
to low complexity alternatives such as IUI or to 
proceed directly to IVF augmented with assisted 
microfertilization applying ICSI [ 1 ,  10 ,  12 ,  13 ]. 

 Sperm morphology grading is more univer-
sally based on WHO or Kruger on stained slides 
to determine the percentage of ‘normal” sperm 
present. This criterion is also applied by the 
embryologist when selecting the “best sperm” to 
inject during ICSI. Semen preparation for IUI 
and for /IVF/ICSI can be anywhere from a simple 
“wash” or a more complex series of gradient lay-
ers—followed or not by a “swim-up” procedure. 
Zona-binding assays can be prospectively per-
formed which will provide a binding score for 
each sample aiding the clinical decision of IUI, 
IVF, or ICSI [ 1 ,  10 ,  12 ,  13 ]. Others have intro-
duced the hyaluronic acid binding assay (HBA) 
in a commercially available hyaluronic acid- 
coated plate (PICSI dish) [ 14 ,  15 ]. The objective 
of this chapter is to critically describe the appli-
cation of the hemizona assay (HZA), a well char-
acterized sperm–zona pellucida binding assay, 
and the HBA-PICSI assays, as noninvasive sperm 
tests used in the ART clinical scenario.  

    The Hemizona Assay 

 The HZA has been extensively validated as a 
 diagnostic test for the binding of human spermato-
zoa to human zona pellucida to predict fertilization 
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potential [ 8 ,  10 ]. In the HZA, each of the two 
matching zona hemispheres created by micro-
bisection of a human oocyte provide three main 
advantages: (1) the two halves (hemizonae) have 
functionally equal surfaces allowing controlled 
comparison of binding and reproducible measure-
ments of sperm binding from a single egg, (2) the 
limited number of available human oocytes is 
amplifi ed because an internally controlled test can 
be performed on a single oocyte, and (3) because 
the oocyte is split microsurgically, even fresh 
oocytes cannot lead to inadvertent fertilization and 
pre-embryo formation. A highly specifi c type of 
binding is essential for fertilization to proceed and 
therefore, the HZA provides a unique homologous 
(human) bioassay to assess sperm functionality at 
the fertilization level [ 8 ,  10 ]. 

 Oocytes recovered from surgically removed 
ovaries or post-mortem ovarian tissue, and/or sur-
plus oocytes from an IVF program, can be used for 
this assay. This need for scarce human material 
makes the test less available and more cumber-
some. Since fresh oocytes are not always available 
to perform this assay, different alternatives for 
preservation have been implemented. The storage 
methods of human oocytes include using ultra low 
temperatures with dimethylsulfoxide (DMSO) as 
cryoprotectant [ 16 ]. Additionally, Yanagimachi 
et al., showed that high concentrations of salt solu-
tions provided effective storage of hamster and 
human oocytes and the sperm-binding characteris-
tics of the zona pellucida were preserved [ 17 ]. 
   During the developing of the HZA, the binding 
ability of fresh versus DMSO and salt-stored 
(under controlled pH conditions) human oocytes 
were examined and it was concluded that the 
sperm binding ability of the zona remains intact 
under all these conditions. Subsequently, the kinet-
ics of sperm binding to the zona was assessed and 
showed that the maximum binding was at 4–5 h 
post gamete co-incubation. Interestingly, the bind-
ing curves were similar for both fertile and infer-
tile semen samples [ 18 ]. 

 This assay has been validated by specifi cally 
defi ning the factors affecting data interpretation; 
such as, kinetics of binding, egg sources, vari-
ability and maturation status, intra-assay varia-
tion, and infl uence of sperm concentration 

morphology, motility, and acrosome reaction 
 status. Over a period of 90 days’ evaluation, sper-
matozoa from fertile men do not exhibit a time-
dependent change in zona binding potential, 
therefore, reassuring their utilization as controls 
in this bioassay. Within each pool of donors uti-
lized in the assay, a cut-off value or minimal 
threshold of binding has to be established in 
order to validate each assay. The purpose is to 
identify a poor semen specimen and/or a poor 
zona control. In the control population, this cut- 
off value should be approximately 20 sperm 
tightly bound to the control hemizona (fertile 
donor). Therefore, it is important that each labo-
ratory statistically assess its own control data in 
order to establish a reasonable lower limit for 
assay acceptance. If the control hemizona (match-
ing hemizona exposed to fertile sperm) has a 
good binding capability, that is, tightly binding of 
at least 20 spermatozoa after a 4 h incubation 
period is confi rmed (information derived from a 
statistical evaluation of a pool of fertile donors), 
then a single oocyte will give reliable informa-
tion about the fertilizing ability of the tested sper-
matozoa specimen [ 18 – 20 ]. 

 The variability between eggs is high for oocytes 
representing different stages of maturation (imma-
ture versus mature eggs), as well as within a cer-
tain population of eggs at the same maturational 
stage as well as cohort variations. However, this 
factor is internally controlled (eliminated as a vari-
able) in the assay by the use of matching hemizo-
nae from the same egg. This allows a comparison 
of fertile versus an infertile semen sample binding 
in the same assay under the same oocyte quality 
conditions. Incubating matching hemizona from 
eggs at the same maturational stage with homolo-
gous spermatozoa from the same fertile ejaculate, 
established a low (<10 %) intra-egg (intra-assay) 
viability both for human and monkey (cynomol-
gus) oocytes [ 21 – 23 ]. 

 Importantly, it has been shown that sperm 
with full meiotic competence were associated 
with an increased zona pellucida binding poten-
tial to human and monkey oocytes. Furthermore, 
the specifi city of the interaction between human 
spermatozoa and the human zona pellucida under 
HZA conditions is strengthened by the fact that 
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the sperm tightly bound to the zona are acrosome 
reacted. Moreover, results of interspecies experi-
mented performed with human, cynomolgus 
monkey, and hamster gametes have demonstrated 
a high species specifi city of human sperm/zona 
pellucida functions under HZA conditions, thus 
providing further support for the use of this bio-
assay for infertility testing [ 24 ,  25 ]. 

 Prospective blinded studies have reported a 
robust statistical association between sperm 
binding to the hemizona and conventional 
IVF. These studies suggest that the HZA can suc-
cessfully be used to differentiate between the 
populations of male-factor patients that are at risk 
for failed or poor fertilization with high predic-
tive value. Using a cut-off value of fertilization 
rate of 65 ± 2 % of the overall fertilization rates 
for non-male-factor patients, or distinguishing 
between failed (0 %) versus successful fertiliza-
tion (1–100 %) the hemizona assay results 
expressed as a Hemi-zona-Index (HZI) can pro-
vide a valuable tool to distinguish between differ-
ent categories of patients. The HZI is calculated 
as the number of bound sperm from the test sam-
ple/number of bound sperm from the control 
sample × 100. Interpretation: a HZI >30–35 is 
associated with successful fertilization in IVF 
and with pregnancy in IUI and IVF. A powerful 
statistical analysis (logistical regression), pro-
vides strong support to the clinical the applica-
tion of the HZA in the prediction of fertilization 
and provides a robust HZI range predictive of an 
oocyte’s potential to be fertilized [ 24 – 27 ]. 

 It has been reported by Liu [ 28 ] that embryo 
quality and implantation rates were signifi cantly 
improved and resulted into more pregnancies when 
zona pellucida-bound sperm ICSI were used as 
compared to a conventional ICSI; however the dif-
ference in fetal heart pregnancy rate was not signifi -
cant. In another study by Casciani et al. [ 29 ] also 
evaluated whether zona binding sperm selection 
could be utilized to select superior spermatozoa for 
ICSI. Spermatozoa that were tightly bound to the 
zona pellucida were used for micro-injection 
(ZP-ICSI) versus the conventional method of sperm 
selection for ICSI. Results showed no signifi cant 
difference in fertilization, pregnancy, implantation, 
and take-home- baby-rates. Interestingly, the authors 

confi rmed previous reports by Oehninger et al. 
[ 12 ] that higher sperm concentration and mor-
phology correlated with higher zona pellucida-
sperm binding. Additionally, patients with higher 
zona binding seemed to have improved preg-
nancy and take-home-baby rates. It was con-
cluded that ZP-ICSI is not superior compared to 
conventional ICSI, but that some clinical ICSI 
outcomes were improved in the presence of ade-
quate sperm–zona pellucida binding. 

 A meta-analytical approach to examine the 
predictive value of four categories of sperm func-
tional assays and for predicting fertilization out-
come have been reported by Oehninger et al. 
[ 30 ]: computer-aided sperm motion analysis 
(CASA); induced-acrosome reaction testing; het-
erologous hamster oocyte-sperm penetration 
assay (SPA); and sperm–zona pellucida binding 
assays (including the HZA). Subsequent studies 
have been reported by Arslan et al. [ 13 ] that 
investigated the predictive value of the HZA 
assay for pregnancy outcome in patients under-
going intrauterine insemination (IUI) with con-
trolled ovarian hyperstimulation (COH). The 
European Society of Human Reproduction and 
Embryology (ESHRE) and the World Health 
Organization (WHO) have recognized the value 
of sperm binding assays as research tests [ 10 , 
 11 ]. In addition, results of the HZA function test 
can be effectively applied to counseling couples 
before allocating them into COH/IUI, IVF, or 
ICSI therapies.  

    The Hyaluronic Acid Binding Assay 

 The sperm Hyaluronic Binding Acid (HBA) 
assay can be applied to select sperm for ICSI. It 
has been proposed that the results of the test 
indicate that the selected spermatozoa have 
undergone normal spermatogenesis [ 14 ,  15 ]. 
The rationale is that during the events of human 
spermiogenesis, spermatids undergo alterations 
in their plasma membranes that involve forma-
tion of HA-binding sites. Original studies by 
Huszar et al. [ 14 ] reported on the effect that HA 
had on the stimulation of sperm motility and by 
later Slotte et al. [ 31 ] on the acrosome reaction. 
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Later, Huszar et al. [ 15 ,  32 ] reported a correla-
tion between the percentage of HA-bound sperm 
and their maturation and functional status. It was 
suggested that this observation could be used for 
fertility diagnosis as well as for the selection of 
functional spermatozoa for ICSI. 

 Hyaluronic acid (HA) is an integral compo-
nent of the extracellular matrix of the cumulus 
oophorus [ 33 ] and is composed of alternating 
repeats of  D -glucuronic and  N -acetyl- D - 
glucosamine  residues [ 34 ]. In humans, oocytes 
are naturally surrounded by HA during the fertil-
ization process and it is also the environment 
where natural sperm selection takes place. It has 
been proposed that such spermatozoa are mature 
and have the best chance penetrating the oocyte 
and subsequently fertilizing it, by forming a com-
plex with a glycodelin-interacting protein which 
retains and concentrates glycodelin-C, a compo-
nent that is crucial for sperm–zona binding as 
reported by Chung et al. [ 35 ]. In the human, fi nal 
maturation steps of spermatogenesis involve 
plasma membrane modifi cations that prepare the 
male germ cell for binding to hyaluronan and 
subsequently to the zona pellucida [ 36 ]. 
Furthermore, HA receptors are present in mature 
human spermatozoa and at least three hyaluronan- 
binding proteins are involved in sperm matura-
tion, acrosome reaction, motility, hyaluronidase 
activity, and sperm-zona binding [ 37 – 40 ]. 

 The application of HA as a “physiologic selec-
tor” in vitro has been acknowledged: reports have 
demonstrated that the spermatozoa that were 
immobilized and bound to HA in vitro had also  
completed their plasma membrane remodeling, 
cytoplasmic extrusion, and nuclear maturation. 
These spermatozoa are also believed to have a 
reduced risk of chromosomal imbalance or chro-
matin anomalies [ 41 ,  42 ]. It could be argued that 
the above consequences of selection of spermato-
zoa by HA-binding prior to ICSI, might contrib-
ute in optimizing ART outcome. 

 According to Jakab et al. [ 41 ] HA-bound sperm 
have completed the process of spermiogenesis with 
cytoplasmic extrusion and demonstrate enhanced 
levels of the testis-expressed HspA2 chaperone 
protein. Furthermore, Cayli et al. [ 43 ] reported that 
HA-bound sperm are devoid of DNA fragmenta-

tion and the apoptotic marker, caspase-3. Most 
 signifi cantly, sperm bound to hyaluronan display a 
reduced frequency of chromosomal aneuploidies in 
comparison to their nonbinding counterparts. Each 
of these biochemical and molecular parameters of 
developmental maturity play a critical role in the 
paternal contribution to successful preimplantation 
embryogenesis. 

 Recent studies have provided data that indi-
cated that HA-bound sperm that were selected 
for ICSI lead to increased implantation rates. In 
one such study, Parmegiani et al. [ 44 ] reported 
that in 293 couples treated with HA-ICSI com-
pared with 86 couples treated with conventional 
ICSI, all outcome measures (fertilization, embryo 
quality, and implantation and pregnancy rates) 
were at least similar or improved in the HA-bound 
sperm group. Furthermore, the implantation rate 
was increased from 10.3 % in conventional ICSI 
to 17.1 % in the HA-bound group. Studies by 
Worrilow et al. [ 45 ,  46 ] reported improved clini-
cal pregnancy rates when using HA-selected 
sperm were compared with conventional sperm 
selection criteria for ICSI. These authors also 
showed that in patients with a prescreened bind-
ing effi ciency of <65 % HA-binding effi ciency 
before ICSI, the rates of pregnancy loss were 
slightly higher. In patients with a HA-binding 
score of 65 % or greater, an implantation rate of 
37.4 % compared with 30.7 % for control sub-
jects ( P  > 0.05) was reported. Additionally, they 
reported a 50.8 % clinical pregnancy rate in 
patients randomized to the HA-binding group of 
compared with 37.9 % for those randomized to 
the control group ( P  > 0.05). Importantly, for 
patients with HA binding score of higher that 
65 %, there was a signifi cant reduction in their 
pregnancy loss rate from 15.1 % in the control 
group down to 3.3 % in HA group ( P  = 0.021). In 
contrast, Tarozzi et al. [ 47 ] reported that the 
application of HA was not useful in the context of 
the limited use of oocytes under Italian law. 

 ICSI performed with HA-bound spermatozoa 
has been defi ned as “physiologic ICSI” and cur-
rently, two systems, specially designed for 
sperm-HA binding selection are available. Due to 
the different design of these systems, mature 
HA-bound spermatozoa behave different in each. 
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Firstly: a special culture dish with microdots 
 circling the area of attached HA hydrogel to the 
bottom of the dish (PICSI Sperm Selection 
Device; MidAtlantic Diagnostic–Origio) [ 48 ]. In 
the PICSI-dish sperm are bound by the head to 
the bottom of the dish, and the tail depicts vigor-
ous spinning (in circles) around their bound head. 
Secondly: a viscous medium containing HA 
(Sperm Slow; MediCult–Origio) [ 49 ] is avail-
able. In the viscous HA containing Sperm Slow 
medium, HA-bound sperm exhibits very low pro-
gression and are therefore easier to be morpho-
logically evaluated. The above described 
technical differences makes selection and recov-
ery with both these HA systems diffi cult, there-
fore the embryologist should be able to choose 
the system most suitable to their own ability. 

 There are other some reports comparing con-
ventional ICSI with “physiologic”HA-ICSI. HA 
represents also a more natural alternative for han-
dling spermatozoa before ICSI than the potentially 
toxic PVP used in conventional ICSI [ 45 ,  50 – 54 ]. 

 On the other hand, Ye at al. [ 55 ] and Nijs et al. 
[ 56 ] reported that even though spermatozoa 
bound to HA had inferior DNA damage and 
improved chromatin condensation as compared 
to the control group, the HB-assay failed to pre-
dict fertilization, pregnancy, and baby take-home 
rate after IVF and ICSI and concluded that it has 
no predictive value as a clinical test. Similarly, 
Petersen et al. [ 57 ], reported no differences in the 
percentages of normal spermatozoa in the 
HA-bound and nonbound fractions. Van den 
Bergh et al. [ 50 ], also found no signifi cant differ-
ences in fertilization rates and zygote score. 
HA-binding did not predict spontaneous fertiliza-
tion in patients with unexplained infertility 
undergoing IVF/ICSI treatment. When it was 
used for “screening” it did not help to select the 
method of fertilization [ 58 ]. Therefore, the true 
benefi t/advantage of HB-bound sperm selection 
needs to be confi rmed in larger-scale studies. 

 HA-containing products have no known nega-
tive effects on post-injection zygote development 
and can be metabolized by the oocyte [ 50 – 52 ]. 
The failure of the HBA binding test to predict fer-
tility may indicate only the partial role of isolated 
hyaluronan in sperm selection. Sperm function 

and the spermatozoa’s ability to penetrate the 
cumulus depend on a combination of compo-
nents from the cumulus (extracellular matrix 
containing hyaluronan) and the cumulus cells 
(converting glycodelin-A and -F into glycodelin- C) 
[ 59 ,  60 ].  

    Summary and Conclusions 

 There is unequivocal evidence to support the use 
of sperm–zona binding bioassays, including the 
HZA, in the clinical setting. Results obtained from 
these prospectively performed assays assist in the 
clinician’s direct management towards IUI, IVF, 
or ICSI. Unfortunately, the need for human mate-
rial (eggs) makes the assay cumbersome and dif-
fi cult to be performed by most laboratories. 
Efforts to use recombinant zona pellucida pro-
teins in soluble or solid-phase assays have not 
been successful [ 7 ,  61 ]. On the other hand, the 
HBA test is easier to perform, but contradictory 
clinical results have limited its value. 

 The use of alternative molecular binding 
methods for sperm selection for ICSI needs to be 
further explored to be able to drawn fi rm conclu-
sions about their clinical value [ 62 ]. These meth-
ods include the use of annexin V microbeads 
which are based on the identifi cation of apoptotic 
markers such as the presence of externalized 
phosphatidylserine on the surface membrane of 
spermatozoa [ 63 ]. Flow cytometric cell sorting 
technique—a procedure that utilizes fl uorescence 
labeled Annexin V to mark phosphatidylserine 
positive spermatozoa, is highly effective in sepa-
rating a subpopulation of spermatozoa with nor-
mal morphology, as developed by Hoogendijk 
et al. [ 64 ]. Other methods of sperm selection for 
ICSI have been introduced such as the (1) zeta 
potential based on sperm membrane charge [ 65 ] 
and (2) an electrophoretic technique where func-
tional sperm penetrates through a polycarbonate 
membrane and separates highly motile sperm 
with good DNA integrity and morphology [ 66 ]. 

 Sperm selection can also be attempted though 
microscopic methods. It remains to be established 
whether any of these molecular binding assays 
is superior, or can be additive to morphological 
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evaluations using motile sperm organelle mor-
phological examination (MSOME) or ICSI using 
morphologically selected sperm injection (IMSI) 
[ 67 – 72 ]. With this technique, selection of sperm 
cells is performed using an inverted microscope 
equipped with Nomarski optics coupled with a 
digital system to reach a fi nal magnifi cation of 
>×6,000. Other novel methods are also being 
investigated. Huser et al. [ 73 ] reported that Raman 
spectroscopy of DNA packaging in individual 
human spermatozoa cells distinguishes normal 
from abnormal cells. Gianaroli et al. [ 74 ] used 
polarized light that permitted microscopic analy-
sis of the pattern of birefringence in the human 
sperm head to examine the impact of acrosomal 
status on ICSI outcome. We estimate that novel 
and emergent noninvasive technologies should 
take into consideration the morphological nor-
malcy of the spermatozoa, because such sperma-
tozoa are the ones typically selected for ICSI, and 
may have “hidden” DNA as described by 
Avendaño et al. [ 75 ,  76 ]. 

 We conclude that more well-designed studies 
are needed to confi rm the clinical utility, cost- 
effi ciency, and temporal aspects of application 
(learning curves and real time needed to com-
plete sperm selection in the laboratory) of all 
these tests, in order to determine accuracy for 
sperm selection and safe use in the IVF setting.     
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           Apoptosis in Human Spermatozoa 

 Programmed cell death (apoptosis) is a cascade 
of cellular events that are genetically controlled 
and lead to a series of cellular, morphological, 

and biochemical changes away from healthy 
homeostasis culminating into cellular suicide [ 1 ] 
(Fig.  7.1a–c ). Mature human spermatozoa result 
from unique differentiation/maturation processes 
of germ cell progenitors. Germ cell progenitors 
are supported and nourished by Sertoli cells. 
Testicular blood barrier protects early germ cell 
progenitors from being attacked from external 
injurious agents or their own immune system [ 2 ]. 
Disruption of this barrier by trauma, surgery or 
infection may induce germ cell stresses [ 3 ]. 
Depending upon the repair capacity and severity 
of injurious factors will be the affection level on 
spermatogenesis. Figure  7.1a  shows testis, ana-
tomical sections with germinal epithelium differ-
entiation in normal conditions. Figure  7.1b  
represents morphological changes in damaged 
sperm progenitors. The most common pathways 
which may be activated in germinal epithe-
lium in response to injuries are demonstrated 
in Fig.  7.1c .

   Apoptotic pathways in mature spermatozoa 
remain not fully understood due to almost 
absence of cytoplasm and reduced nuclear 
 functional activities. The most accepted theory 
is “abortive apoptosis” by Sakkas [ 4 ]. Other 
 possible ones include oxidative stress sperm 
damage [ 5 ] or activation of endonucleases by 
external DNA [ 6 ]   .  
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    Apoptotic Changes in Sperm 

 Apoptosis-related features, reported in human 
spermatozoa, may indicate anomalies in the regu-
lation of apoptosis in the testis [ 7 ]. Depending 
upon the degree of damage, plasma membrane 
insults occur early before apoptosis becomes irre-
versible following extensive or nuclear damage 
[ 8 ,  9 ]. The most common apoptotic biomarkers 
are as follows: 

    Plasma Membrane Changes 
(Phosphatidylserine Externalization) 

 Phosphatidylserine (PS) is a phospholipid located 
on the inner leafl et of the plasma membrane. 
Externalization of PS from the inner leafl et, (its 
normal location) in the sperm plasma membrane 
to its outer surface, is one of early reversible 
changes observed in human spermatozoa which 
becomes irreversible when it is accompanied 
with extensive DNA damage [ 10 ]. PS has a high 
and selective affi nity for annexin V, a 35–36 kDa 
phospholipid binding protein. Annexin-PS bind-
ing occurs after translocation of PS from inner to 
outer leafl ets of plasma membrane resulting in 
externalization of PS (EPS) on the surface. EPS 
negatively correlates with the sperm quality [ 11 ]. 
Reduced integrity of sperm membrane is more 
frequently seen in spermatozoa from infertile 
men that contributes to infertility [ 12 ].  

    Mitochondrial Changes 

 Sperm mitochondria are susceptible to injurious 
agents’ apoptotic stimuli due to their compart-
mentalization within the midpiece region. Intact 
mitochondrial membrane potential (MMP) is 
determined to be essential for sperm motility 
[ 13 ]. MMP disruption is considered as a key for 
apoptosis signaling cascade which is observed in 
human spermatozoa. A strong correlation could 
be found between MMP and DNA fragmentation 
levels in human spermatozoa [ 14 ].  

    Cytoplasmic Changes: Caspase(s) 
Activation 

 Caspase (CP) activation is believed to be a 
well- defi ned point of no return for apoptosis 
 progression, and a number of apoptotic events 
downstream of caspase activation have been 
characterized among which DNA fragmenta-
tion stands as a critical apoptotic event 
[ 15 ,  16 ]. Activated CP-3 induces activation of 
caspase- activated deoxyribonuclease (CAD; also 
called caspase-activated nuclease), which is 
integrally involved in degrading DNA. Therefore, 
CP-3 executes the fi nal disassembly of the 
cell by generating DNA strand breaks [ 17 ] 
(Fig.  7.1c ). 

 Semen from infertile men are characterized by 
increased percentage of cells positive for activated 
caspases, especially in those with cytoplasmic 

  Fig. 7.1    ( a ) Gross structure of testis shows distribution of the 
seminiferous tubules collecting together to end in the epi-
didymis, then vas deferens. Spermatic vessels plexus forms 
the main components of spermatic cord. Tortuous spermatic 
venous plexus observed in infertile men and is considered the 
most common pathologies in male infertility. Magnifi ed 
cross section in a seminiferous tubule is to show the diameter 
and its lining of the anatomical unit of spermatogenesis. 
Seminiferous tubules as further studied longitudinally to 
show its lining layer of Sertoli cells with differentiating germ 
cells maturation stages ( b ). Morphological changes of germ 
cells which occur in response to injurious agents such as 
apoptosis. ( c ) Activation of the most common pathways for 
oxidative stress (OS) and apoptosis which may get activated 

in response to external or internal cellular injurious stimuli. 
There may be activation of interacting pathways which favor 
OS induced damage with apoptotic machinery activation. 
These interactions cause energy failure and augment DNA 
fragmentations and suppression of DNA repair ( ETS  electron 
transfer system,  MMP  mitochondrial membrane potential, 
 GR  glutathione reductase,  GPx  glutathione peroxidase,  SOD  
superoxide dismutase,  Bax / Bak  proapoptotic proteins essen-
tials for mitochondrial induced apoptosis,  eNOS  endothelial 
nitric oxide synthase,  CAD  caspase activated DNase,  ApoF1  
apoptosis inducing factor,  PARP  poly (ADP)-ribose poly-
merase,  Cas  caspase). Reprinted with permission, Cleveland 
Clinic Center for Medical Art and Photography © 2013. 
All rights reserved         
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droplets, with positive correlation to EPS [ 18 ]. 
The presence of precursors and activated forms of 
CP-8 and CP-9 in conjunction with aCP-3 in 
human spermatozoa has also been  confi rmed [ 19 ].  

    Nuclear Changes: DNA fragmentation 

 Sperm DNA fragmentation may be a result of 
activation of one or more pathways shown in 
Fig.  7.1c , which occur late due to extensive cel-
lular damage. In addition, DNA damage seems to 
be correlated with abnormal sperm morphology 
and low motility [ 20 ].   

    Impact of Sperm Apoptosis on ART 
Clinical Outcomes 

 Assisted reproductive techniques (ART) have 
offered the possibility of treating in many infer-
tile couples with male factor infertility. However, 
success is not guaranteed and success rates for 
ART procedures still remain suboptimal [ 21 ]. 
Reports link the presence of apoptotic markers in 
human sperm with the failure of in vivo as well as 
in vitro fertilization [ 22 – 24 ]. 

 The use of spermatozoa from ejaculates with 
poor quality or from non-physiological sources 
such as the epididymis and testis raises a num-
ber of concerns. It is for instance possible that 
some sperm selected for ART will display fea-
tures of damage at the molecular levels despite 
they appear normal, which may be partially 
responsible for low blastocyst development 
rates (BDR), pregnancy rates (PR), and recur-
rent pregnancy loss (RPL) [ 22 ,  25 ]. The nega-
tive effects of sperm damage, specifi cally DNA 
fragmentation appear during genome activation 
after fertilization [ 26 ]. 

 In support of the implication of apoptosis 
in human reproduction, EPS, mitochondrial 
 dysfunction, and nuclear DNA damage were 
detected in signifi cantly higher levels in infertile 
men and those with varicoceles [ 27 ]. The use of 
these damaged spermatozoa may not only com-
promise the fertilization potential, but also affect-
ing the clinical pregnancy outcome [ 26 ,  28 ].  

    Rationale for Selection of 
Non- apoptotic Spermatozoa 

 Sperm apoptosis and apoptosis-like manifesta-
tions are associated with decreased male fertil-
ity potential [ 29 ]. Evidence shows that ART 
success rates are diminished in cases where a 
 signifi cant portion of the sperm population pres-
ents with apoptosis manifestations [ 22 ,  30 – 32 ]. 
Specifi cally, the impact of sperm DNA damage 
as one of the manifestations of apoptosis on 
determining ART success rates was extensively 
studied. There is ample evidence documenting 
that sperm with high DNA fragmentation will 
result in poor ART outcomes [ 33 – 36 ]. However, 
this was contradicted by evidence showing that 
no such correlation exists [ 37 – 40 ]. In 2008, a 
meta-analysis of 13 studies found only small but 
statistically signifi cant impact of sperm DNA 
fragmentation on IVF/ICSI outcome. This ill 
defi ned relationship maybe due to different meth-
odologies used (SCSA and TUNEL), different 
ART end points, which will always be a chal-
lenge in similar types of studies [ 41 ]. 

 While the relationship between sperm DNA 
damage and IVF/ICSI outcomes remains contro-
versial, evidence demonstrating the impact of 
sperm DNA damage on pregnancy loss following 
IVF/ICSI is very consistent. A recent meta- 
analysis which included 16 studies and around 
3,000 couples evaluated the effects of sperm 
DNA fragmentation on miscarriage rates follow-
ing IVF/ICSI. The analysis showed signifi cant 
increase in the rate of miscarriage in cases with 
high sperm DNA damage [ 42 ]. Based on this 
fi nding, the notion of selecting sperm without 
DNA fragmentation for inclusion in ART pres-
ents as a valid hypothesis. It is important to note 
that sperm selection in routine IVF/ICSI is 
mainly based on motility and morphology assess-
ment at 400× inverted phase contrast microscopy. 
The same sperm that appears normal at this mag-
nifi cation may have fragmented DNA, one of the 
late manifestations of apoptosis using the TUNEL 
assay [ 43 ]. Therefore, apoptotic sperm may be 
used in ART since it appears morphologically 
normal and motile leading to poor outcomes. 
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 Characteristics of the selected spermatozoa are 
infl uenced by semen preparation techniques, and 
in turn these characteristics will infl uence the odds 
for success [ 44 ,  45 ]. Thus, the targeted exclusion 
of apoptotic spermatozoa by negative selection 
prior to ART is recommended to ensure that only 
sperm with the highest fertilization potential is 
being used. While semen preparation techniques 
that are routinely used such as density gradient 
centrifugation and swim-up are capable of select-
ing motile, morphologically normal sperm [ 46 ], 
they lack the ability to specifi cally target non-
apoptotic spermatozoa. Also, research applications 
used to identify sperm apoptosis and DNA damage 
are invasive in nature and rely on sperm fi xation 
and staining leading to sperm damage to the extent 
that they cannot be used in ART. Alternatively, a 
noninvasive approach is needed as a feasible 
approach to select non- apoptotic spermatozoa.  

    Magnetic Activated Cell Sorting 
(MACS) for Selection of Non- 
apoptotic Spermatozoa 

 Magnetic Activated Cell Sorting (MACS) was 
proposed as a sperm selection method for isola-
tion of non-apoptotic spermatozoa [ 47 ]. The 
principle of this method depends on labeling the 

cells that display one of the early markers of 
apoptosis, externalized phosphatidylserine, with 
paramagnetic microbeads (~50 nm) conjugated 
with annexin V. The externalized phosphatidyl-
serine bound to annexin V paramagnetic beads 
can be separated using a magnetic activated cell 
sorting system (MACS, Miltenyi Biotec GmbH, 
Bergisch Gladbach, Germany) [ 48 ]. When 
sperm/bead cell suspension is placed in a column 
containing iron balls inside a strong magnet, the 
apoptotic sperm labeled with microbeads will be 
retained. As the column is rinsed, all the unla-
beled sperm will be washed out thoroughly 
(Fig.  7.2 ). These unlabeled spermatozoa repre-
sent the non-apoptotic fraction which could be 
used for fertilization in vitro.

   MACS as a technique is effective in the 
removal of apoptotic sperm but lacks the ability 
to remove white blood cells, immature germ 
cells, seminal plasma, and other extraneous com-
ponents of the seminal fl uid. Therefore, we pro-
posed to use a combination of 2-layer density 
gradient centrifugation (DGC) and MACS. The 
gradient will yield a clean sperm suspension and 
thereafter MACS will separate non-apoptotic 
sperm [ 47 ]. The average duration for the com-
bined protocol is 50 min including all processing, 
incubation, and centrifugation steps, which ren-
ders this approach simple and fast [ 49 ].  

  Fig. 7.2    Schematic diagram of magnetic cell separation 
column. The column which contains steel spheres is 
placed inside an external magnet. ( a ) The non-labeled 
cells fl ow through the column to be collected. ( b ) The 

immuno- magnetically labeled cells remain attached to the 
magnetized spheres and are retained inside the column. 
Reprinted with permission, Cleveland Clinic Center for 
Medical Art and Photography © 2013. All rights reserved       
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    MACS as a Sperm Selection Method: 
Proof of Principle 

 We described the clinical utility of using MACS 
as a sperm selection method. The proof of prin-
ciple was documented in a study that showed 
 signifi cantly higher motility and viability in non-
apoptotic sperm separated by DGC/MACS com-
bination compared to those prepared by DGC 
only [ 47 ]. As regards sperm morphology, we 
found no signifi cant difference between non- 
apoptotic sperm and controls prepared by DGC 
using the strict morphology criteria; however, 
there was signifi cant difference in the sperm 
deformity index (calculated by looking at the per-
centage of anomalies over the number of sperm 
evaluated). There was also signifi cant difference 
as regards the percentage of acrosomal damage 
and also interestingly as regards the percentage 
of sperm with cytoplasmic droplets [ 50 ]. 

 In support of the proof principle for using 
MACS, annexin-negative sperm separated by 
DGC/MACS combination had less apoptosis 
markers, specifi cally less expression of caspase-3 
and higher mitochondrial membrane potential 
compared to controls prepared by DGC only. On 
the other hand, the annexin positive sperm had 
the highest percentage of expressing apoptosis 
markers. These fi ndings were consistently 
reported in fresh and cryopreserved-thawed sam-
ples of healthy donors and patients with infertil-
ity [ 51 – 54 ]. Similarly, lower values of sperm 
DNA damage were seen in annexin-negative 
sperm of healthy donors as well as patients with 
unexplained infertility [ 53 ,  55 ]. Consistently, the 
MACS application was capable of enriching 
samples from men undergoing fertility evaluation 
with a higher percentage of spermatozoa with 
intact DNA regardless of sperm concentration, 
motility and morphology (normozoospermic vs. 
asthenoteratozoospermic vs. teratozoospermic) 
[ 56 ]. Compared to Zeta potential sperm selection 
which is based on membrane surface charge, 
MACS more effi ciently selects of sperm with 
normal acrosome and protamine content [ 57 ]. 
These fi ndings support considering MACS in 

cases where high sperm DNA fragmentation is 
suspected. 

 The benefi ts of integrating MACS in cryo-
preservation protocols were also assessed. Non- 
apoptotic sperm selected by DGC and MACS 
had the highest motility values before and after 
cryopreservation compared to samples prepared 
by DGC only, which was refl ected by displaying 
the highest cryosurvival rates. This could possi-
bly be due to the elimination of apoptotic sperm 
and sperm with cytoplasmic droplets which 
would generate reactive oxygen species [ 54 ]. 

 In vitro models were used to evaluate the 
potential benefi ts of using DGC/MACS in clini-
cal ART. Using the sperm penetration assay, the 
fertilization potential of sperm separated by 
MACS was assessed. The percentage of oocytes 
that showed sperm penetration and the sperm 
capacitation index were signifi cantly higher in the 
annexin-negative sperm compared to the annexin-
positive and compared to the control fractions 
prepared by DGC only. To emphasize the impact 
of apoptosis, the sperm motility and the percent-
age of intact mitochondria showed signifi cant 
positive correlation with the number of oocytes 
penetrated during the sperm penetration assay, 
while the percentage of activated  caspase- 3 and 
externalized phosphatidylserine showed a signifi -
cant negative correlation [ 53 ]. These fi ndings 
document that spermatozoa with the highest 
motility and the lowest expression of apoptosis 
markers will have the highest oocyte penetration. 

 Sperm chromatin decondensation following 
hamster oocyte ICSI was also used to evaluate 
sperm selected by DGC/MACS. In healthy 
donors, no benefi ts were observed [ 53 ]. However, 
in infertile men with abnormal sperm parameters, 
sperm chromatin decondensation after 18 h of 
hamster oocyte ICSI was signifi cantly higher 
using sperm selected by DGC/MACS compared 
to sperm selected by DGC [ 58 ]. Thus, it is clearly 
evident that integrating MACS in sperm selection 
protocols will yield higher quality spermatozoa 
in terms of motility, morphology, viability, cryo-
survival rates, lesser expression of apoptosis 
markers including DNA damage, and higher 
 fertilization potential (Table  7.1 ).
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       MACS as a Sperm Selection Method: 
Effects on Clinical ART 

 As regards the effect of MACS sperm selection 
on ART outcomes, there are reports for improve-
ment of pregnancy rates after IUI in humans 
and mice [ 59 ,  60 ]. Improvements were also 

reported after ICSI; however, it is not clear which 
parameter would benefi t the most. One study 
reported improvement in fertilization rate [ 61 ], 
while another contradicted this fi nding [ 62 ]. 
Alternatively it showed that the embryo cleavage 
rates and the pregnancy rates are the parameters 
that increase the most following MACS [ 62 ]. 
The difference in the quality of patients’ sample 

   Table 7.1    Summary of studies describing effects of magnetic cell selection of non-apoptotic sperm on sperm parameters   

 Author, year  Study design  Study population  Outcomes reported 

 Said et al., 2005 [ 47 ]  Prospective, controlled  Healthy donors ( n  = 15)  Motility (S) 
 Morphology (NS) 
 Viability (S) 
 Apoptosis markers (MMP, CP-3, EPS) (S) 

 Said et al., 2005 [ 54 ]  Prospective, controlled  Healthy donors ( n  = 10)  Motility (S) 
 Sperm cryosurvival rate (NS) 

 Said et al., 2006 [ 53 ]  Prospective, controlled  Healthy donors ( n  = 35)  Motility (S) 
 Apoptosis markers (MMP, CP-3, EPS) (S) 
 DNA integrity (S) 
 Oocyte penetration (S) 
 Chromatin decondensation after HICSI (NS) 

 Said et al., 2006 [ 72 ]  Prospective, controlled  Healthy donors ( n  = 19)  Motility (S) 
 Sperm recovery rate (NS) 

 Grunewald et al., 
2006 [ 52 ] 

 Prospective, controlled  Healthy donors ( n  = 10)  Apoptosis marker (MMP) following 
cryopreservation (S) 

 Aziz et al., 2007 [ 50 ]  Prospective, controlled  Healthy donors ( n  = 50)  Motility (S) 
 Morphology, SDI (S) 
 Apoptosis markers (MMP, CP-3) (S) 

 Grunewald 
et al., 2007 [ 74 ] 

 Prospective, controlled  Healthy donors ( n  = 42)  Apoptosis markers (MMP, CP-3, EPS) (S) 

 Grunewald 
et al., 2008 [ 75 ] 

 Prospective, controlled  Healthy donors ( n  = 76)  Apoptosis markers (MMP, CP-3, EPS) (S) 
 Oocyte penetration (S) 

 Grunewald 
et al., 2009 [ 58 ] 

 Prospective, controlled  Infertile men with abnormal 
sperm parameters ( n  = 21) 

 Motility (S) 
 Apoptosis markers (MMP, CP-3) (S) 
 Chromatin decondensation after HICSI (S) 

 de Vantéry Arrighi 
et al., 2009 [ 51 ] 

 Prospective, controlled  Men undergoing fertility 
evaluation ( n  = 17) 

 Apoptosis markers (EPS, MMP) (S) 

 Lee et al., 2010 [ 55 ]  Prospective, controlled  Men from couple with 
unexplained infertility and 
2 failed IUI ( n  = 60) 

 Apoptosis markers (EPS, MMP) (S) 
 DNA integrity (S) 
 IAR (S) 

 Delbes 
et al., 2013 [ 56 ] 

 Prospective, controlled  Men undergoing fertility 
evaluation: 

 Sperm DNA integrity by SCSA and 
TUNEL (S in all groups) 

 Normozoospermic ( n  = 13) 
 Asthenozoospermic ( n  = 17) 
 Teratozoospermic ( n  = 12) 

  ART = assisted reproductive techniques, Bcl = B cell lymphoma protein, CK = creatine kinase, CP-3 = caspase-3, DGC = density 
gradient centrifugation, EPS = externalized phosphatidylserine, HA = hyaluronic acid, HICSI = hamster oocyte ICSI, 
HspA2 = heat shock protein, IAR = induced acrosome reaction, ICSI = intracytoplasmic sperm injection, IUI = intrauterine 
insemination, IVF = in vitro fertilization, MACS = magnetic activated cell sorting, MSOME = motile sperm organelle morphol-
ogy examination, MMP = mitochondrial membrane potential, NS = no statistically signifi cant difference, S = statistically signifi -
cant difference, SDI = sperm deformity index, SCSA = sperm chromatin structure assay, TUNEL = terminal deoxynucleotidyl 
transferase dUTP nick end labeling  
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(normozoospermia vs. abnormal parameters) 
between these studies could be the reason for the 
discrepancy. Nevertheless, it is assuring that 
healthy live births were reported after the use of 
MACS for sperm selection before ICSI [ 63 ,  64 ]. 

 In an effort to reach a consensus, the current 
knowledge about the impact of MACS on ART 
outcomes was defi ned in a recent meta-analysis. 
The analysis included fi ve prospective controlled 
studies that encompassed 499 patients. The fi nd-
ings showed a signifi cantly higher pregnancy rate 
following MACS, but the same positive effect 
was not detected for implantation or miscarriage 
rates [ 65 ]. When it comes to which patients 
would benefi t the most from MACS, a large 
( n  = 172) case series reported that those with lev-
els of caspase-3 or DNA fragmentation are the 
ones who highest increase in pregnancy and 
implantation rates [ 66 ]. Similarly, it has been 
reported that the benefi ts of using MACS would 
be mostly recognized in patients with failed IVF/
ICSI cycles associated high levels of sperm DNA 
fragmentation and apoptosis [ 64 ,  67 ]. In support, 
the potential of MACS technique to improve 
pregnancy rates in ICSI cycles using sperm sam-
ples from patients with high level of sperm DNA 
fragmentation was recently studied. It was con-
sistently demonstrated that sperm DNA fragmen-
tation was notably lower after MACS technique 
(13.2 %) than in neat samples (22.6 %). Pregnancy 
rate in control cycles was 36.6 %, whereas in 
MACS cycles the pregnancy rate signifi cantly 
increases to 64.9 % [ 68 ].  

    Future Directions 

 Although sperm selection using MACS is techni-
cally simple and quick, the proposed protocol 
includes a combination with DGC, which will 
result in additional technical steps and added pro-
cessing times. In turn, iatrogenic damage should 
be ruled out to exclude the occurrence of sperm 
DNA damage, impaired embryo development 
and offspring disorders [ 69 – 71 ]. The proposed 
combined protocol may also result in additional 
sperm loss and limited recovery of motile sperm. 
It is estimated that samples processed by DGC 

and MACS will experience an additional 15 % 
loss of recovered spermatozoa compared to sam-
ples prepared by DGC only [ 72 ]. Therefore, sam-
ples with limited sperm counts are not the best 
candidates for this approach of sperm selection. 
The exact minimum cutoff value remains to be 
identifi ed. 

 The integration of MACS as a clinical utility 
in Andrology Laboratories warrants careful 
examination of some safety aspects such as 
unwanted sperm sex selection. Another concern 
would be the presence of paramagnetic beads in 
the annexin negative sperm fraction which is 
used for oocyte fertilization. Although MACS 
microbeads are biodegradable and do not affect 
cell viability [ 73 ], it is imperative to ensure that 
no paramagnetic beads will be carried into 
oocytes during ART. One approach would be to 
eliminate the possibility of freely fl oating para-
magnetic beads by coating glass wool separation 
columns with annexin V leading to the retention 
of apoptotic sperm [ 74 ]. 

 In conclusion, isolation of non-apoptotic sper-
matozoa using MACS has been established in 
combination with DGC as an effective sperm 
selection method. The proposed protocol has 
showed defi nitive positive outcomes in terms of 
selecting spermatozoa with higher quality (motil-
ity, viability, and morphology), lesser apoptosis 
manifestations, and higher fertilization potential. 
The initial results following IVF/ICSI are also 
very encouraging regarding the benefi cial impact 
of MACS on clinical human ART outcomes. 
While healthy live births have been reported fol-
lowing MACS application, it is important to note 
that the technique’s safety is not fully established. 
Also, further confi rmation of target cases that 
would stand to benefi t the most is still needed.     
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           Introduction 

 The application of assisted reproduction tech-
niques has provided help to many men seeking to 
father a child, although the current success of these 
procedures remains suboptimal. For many years 
the sperm selection methods were based on wash-
ing procedures with subsequent  resuspension of 
the male germ cells. Double density gradient cen-
trifugation and the swim-up procedure were used 
as standard preparations. Today some protocols 
allow sperm to be selected according to their 
ultrastructural morphology. 

 On the other hand, successful human repro-
duction relies partly on the inherent integrity of 
sperm DNA. Clinical evidence has shown that 
sperm nuclear DNA damage is closely related to 
male-derived repeated failure of ICSI attempts 
[ 1 ,  2 ]. It was also noted that the late paternal 
effect, but not the early one, is associated with 
increased sperm DNA fragmentation [ 2 ]. Sperm 
DNA damage is associated with a signifi cantly 
increased risk of pregnancy loss after IVF and 
ICSI [ 3 ,  4 ]. 

 Therefore, it is now necessary to improve the 
safety of the sperm selection method. It is urgent 
to optimize procedures to isolate spermatozoa for 
ICSI with low risk of DNA damage.    In recent 
years, one technology has attracted the attention 
of specialists as a method capable of identifying 
a spermatozoon with low risk of DNA damage: 
ultrastructural morphology sperm selection at 
high magnifi cation [ 5 ,  6 ].  

    Motile Sperm Organelle 
Morphology Examination (MSOME) 

 The accuracy with which morphological normal-
ity of spermatozoa for ICSI can be assessed 
depends on the resolution power of the optical 
magnifi cation system. Conventionally, ICSI is 
performed with a ×20/×40 objective, resulting in 
an overall optical magnifi cation of 200–400× [ 7 , 
 8 ] (Fig.  8.1 ). At this magnifi cation, only major 
sperm morphological defects can be observed, 
whereas it is more diffi cult to identify subtle 
sperm organelle malformations that seem to be 
related to the ICSI outcome. To test this latter 
hypothesis, in 2001, Bartoov’s group developed a 
new method of unstained, real-time, high- 
magnifi cation motile sperm organellar morphol-
ogy examination called MSOME. High 
magnifi cation is made possible by the use of an 
inverted light microscope equipped with high- 
power Nomarski differential interference contrast 
optics enhanced by digital imaging to achieve a 
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magnifi cation of up to 6,600× [ 5 ,  6 ]. Inclusion of 
MSOME, together with a micromanipulation sys-
tem, enables the retrieval of a single motile sper-
matozoon with strictly defi ned morphologically 

normal nucleus to be injected into the retrieved 
oocytes. Bartoov and his group named this modi-
fi ed IVF procedure intracytoplasmic morphologi-
cally selected sperm injection (IMSI) [ 5 ].

  Fig. 8.1    ( a ) The polarization inverted microscope (TE 300 Nikon, Japan) equipped with Hoffman contrast and polarizing 
lens; ( b ) Hoffman objective of 20×; ( c ) C-mount; ( d ) Camera; and ( e ) 21-inch monitor       

 

J.G. Franco Jr.



83

   Furthermore, spermatozoa appearing morpho-
logically normal at this magnifi cation (×400) may 
in fact carry various structural abnormalities that 
can only be detected at higher optical magnifi ca-
tion. The spermatozoa with vacuoles would not be 
detected in conventional ICSI [ 7 ]. This is a seri-
ous disadvantage, because microinjection of sper-
matozoa with vacuolated nuclei has been shown 
to be associated with low implantation and preg-
nancy rates, and with early miscarriage [ 9 ,  10 ].  

    Sperm Preparation and Microscopy 
Equipment for MSOME 

 In our laboratory, a 1 μl aliquot of sperm cell sus-
pension was transferred to a 5 μl microdroplet of 
modifi ed HTF medium containing 7 % polyvi-
nylpyrrolidone solution (PVP medium; Irvine 
Scientifi c). This microdroplet was placed in a 
sterile glass dish (FluoroDish; Word Precision 
Instrument, USA) under sterile paraffi n oil 
(Ovoil-100; VitroLife, Goteborg, Sweden). The 
sperm cells, suspended in the microdroplet, were 
placed on a microscope stage above an Uplan 
Apo ×100 oil/1.35 objective lens previously 

 covered by a droplet of immersion oil. In this 
manner, suspended motile sperm cells in the 
observation droplet could be examined at high 
magnifi cation by an inverted microscope (Eclipse 
TE 2000 U; Nikon, Japan) equipped with high- 
power differential interference contrast optics 
(DIC/Nomarski). The images were captured by a 
color video camera containing effective picture 
elements (pixel) for high-quality image produc-
tion, and a color video monitor (Fig.  8.2 ). 
Morphological evaluation was accomplished on a 
monitor screen and the total calculated magnifi -
cation 8,400× (total magnifi cation: objective 
magnifi cation = 100 × magnifi cation selector = 1.0 × 
video coupler magnifi cation = 1.0 × calculated 
video magnifi cation = 84.50) [ 11 ,  12 ].

       MSOME Criteria for Selected 
Sperm Cells  

    Normal Spermatozoa 

 A spermatozoon was classifi ed as morphologi-
cally normal (Fig.  8.3a ) when it exhibited a nor-
mal nucleus as well as acrosome, post-acrosomal 

  Fig. 8.2    Microscope equipment for MSOME: ( a ) DIC system; ( b ) Plan Fluor Apo ×100 oil/1.35 lens + Prism; ( c ) Color 
video camera; ( d ) Immersion oil on objective; ( e ) Video monitor 21″       
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lamina, neck, and tail, besides not presenting a 
cytoplasmic droplet or cytoplasm around the head 
[ 5 ,  6 ]. For the nucleus, the morphological state 
was defi ned by the form and content of the chro-
matin. The criterion for normality of nuclear form 
was a smooth, symmetric, and oval confi guration. 
Normal means for length and width were esti-
mated as 4.75 ± 2.8 and 3.28 ± 0.20 μm, respec-
tively, whereas the form classifi ed as abnormal 
presented variation of 2SD in at least one of the 
axes (length: ≥5.31 or ≤4.19 μm, width: >3.7 or 
<2.9 mm). For rapid evaluation of nuclear form, a 

fi xed, transparent, celluloid form of sperm nucleus 
fi tting the criteria should be superimposed on 
examined cell (chablon construction based on 
ASTM E 1951-2). In the same manner, the form 
of the nucleus was considered normal if no extru-
sion or invagination of the nuclear chromatin 
mass had been detected (regional abnormality of 
nuclear form). Chromatin content was considered 
normal if the total vacuole area was found 
to occupy less than 4 % of the nuclear area. A 
nucleus was considered normal if both nuclear 
form and chromatin content were normal.

  Fig. 8.3    ( a ) Normal 
spermatozoa, ( b ,  c ); 
Abnormality of nuclear 
form: spermatozoa with 
small or large oval nuclear 
forms ( b ); spermatozoa 
with wide or narrow 
nuclear forms ( c ); ( d – f ) 
Abnormalities in nuclear 
chromatin: spermatozoa 
with regional shape 
abnormality of nuclear 
form ( d ), spermatozoa with 
vacuoles occupying 
5–50 % of the nuclear area 
( e ), spermatozoa with large 
nuclear vacuoles (>50 % of 
the nuclear area) ( f )       
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       Abnormalities of Nuclear Form 

     (a)    Spermatozoa with small or large oval nuclear 
forms (Fig.  8.3b ). Sperm cells exhibiting an 
abnormal but oval nuclear shape and a mor-
phologically normal nucleus, content length 
≤4.19 or ≥5.31 μm.   

   (b)    Spermatozoa with wide or narrow nuclear 
forms (Fig.  8.3c ). Sperm cells with non-oval, 
abnormal nuclear shapes, but with normal 
nuclear content, width: >3.7 or <2.9 mm.   

   (c)    Spermatozoa with regional shape abnormal-
ity of nuclear form (Fig.  8.3d ). Sperm cells 
with an extrusion or invagination of the 
nuclear mass.      

    Abnormalities of Nuclear Chromatin 
Content 

     (a)    Spermatozoa with vacuoles occupying 
>4–50 % of the nuclear area (Fig.  8.3e ).   

   (b)    Spermatozoa with large nuclear vacuoles 
(Fig.  8.3f ). sperm cells with vacuoles occu-
pying >50 % of the nuclear area.     

 Sperm cells with a severe abnormality (such 
as pin, amorphous, tapered, round, multinucle-
ated head, double tail) easily identifi ed at low 
magnifi cation (200–400×) were not assessed. 
The abnormalities observed at high magnifi ca-
tion, in both form and nuclear content, also pre-
sented normal acrosome, post-acrosomal lamina, 
neck, and tail, and did not show a cytoplasmic 
droplet or cytoplasm around the head. 
Spermatozoids that presented more than one 
alteration were classifi ed as having the most 
severe alteration (small/large < wide/nar-
row < regional shape abnormality < with vacuoles 
occupying >4–50 % < with vacuoles occupy-
ing > 50 % of the nuclear area).   

    MSOME and Sperm Nuclear 
Vacuoles 

 One specifi c sperm malformation, which has 
been negatively associated with natural male fer-
tility potential, is the presence of large nuclear 

vacuoles. In 2006, Berkovitz et al. [ 9 ] carried out 
a more specifi c analysis on the impact of sperm 
cells with normal nuclear shape but large vacu-
oles, identifi ed by MSOME, on ICSI pregnancy 
outcome. They performed a comparative study 
testing the outcomes of two matched IMSI 
groups: an experimental group ( n  = 28), where 
spermatozoa with strictly defi ned normal nuclear 
shape but large vacuoles were available for 
oocyte microinjection, and a control group 
( n  = 28), where strictly defi ned morphologically 
normal spermatozoa (including nuclear shape 
and content) were retrieved for microinjection 
into the oocytes. Both groups satisfi ed the follow-
ing selection criteria: maternal age <40 years and 
three or more retrieved metaphase II oocytes in 
the present cycle. As a result, the groups showed 
no differences as to fertilization, implantation 
rates, or development of top quality embryos, 
whereas the pregnancy rate per cycle in the 
experimental IMSI groups was signifi cantly 
lower, and the early miscarriage rate per preg-
nancy was signifi cantly higher than that of the 
control group (18 % versus 50 %,  p  < 0.01, and 
80 % versus 7 %, respectively,  p  < 0.01). In this 
work, therefore, retrieval of spermatozoa with 
strictly normal nuclear shape but large vacuoles 
appeared to reduce ICSI pregnancy outcome and 
to be associated with early miscarriage. In fact, 
embryo development seemed normal at the early 
stages (no differences in top quality embryos, 
normal fertilization, or implantation), whereas it 
seemed impaired at the later ones (low pregnancy 
and high miscarriage rates). 

 On the other hand, the rate of vacuolated sper-
matozoa increases with the patient’s age, regard-
less of vacuole size (occupying less or more than 
4 % of the sperm head area) [ 13 ]. The rate of 
spermatozoa containing large vacuoles (≥50 % 
of sperm head area) also increases with patient’s 
age [ 14 ]. The vacuole area increased signifi cantly 
when semen parameters were impaired. These 
impairments included a decrease in sperm con-
centration, altered vitality, and a reduced number 
of spermatozoa with normal morphology [ 15 ]. 

 There is evidence that DNA damage may 
derive from abnormal chromatin packaging due 
to underprotamination, which induces DNA 
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strand breaks [ 16 ,  17 ]. In the same way, Franco Jr 
et al. [ 18 ] showed that the presence of large 
nuclear vacuoles refl ects the presence of abnor-
mal chromatin packaging, which may facilitate 
sperm DNA damage. 

 At the level of the sperm cell, the presence of 
large sperm head vacuoles can be considered a 
potential indicator of sperm nuclear abnormali-
ties (chromatin descondensation). At the level of 
the male population, these vacuoles relate partic-
ular male infertility factors (age, abnormal 
 chromatin compaction, increased DNA fragmen-
tation, and abnormal conventional semen param-
eters). However, the evaluation of sperm head 
vacuoles in daily practice remains nondefi nitely 
standardized, with varying methods being used 
[ 15 ,  19 ]. 

 In addition, according to Berkovitz et al. [ 20 ] 
sperm nucleus morphological normality, assessed 
at high magnifi cation, could decrease the preva-
lence of major fetal malformations in ICSI off-
spring. Recently, Cassuto et al. [ 21 ] compared 
the risk of major malformations of children born 
after standard ICSI and after IMSI, a prospective 
population-based study was conducted from 
2005 to 2010. ICSI and IMSI were performed in 
only one assisted reproduction unit. Medical data 
and follow up during 2 years of 1028 infants were 
collected. Major malformations were identifi ed 
and classifi ed by an external independent physi-
cian. The two groups were similar concerning the 
parent’s age, treatment, number of oocytes recov-
ered, days of transfer, gestational age, and birth-
weight. However, major malformations were 
signifi cantly lower with IMSI (4/450, 1.33 %) 
versus ICSI (22.578, 3.80 %) (adjusted odds ratio 
2.84, 95 % confi dential interval 0.14–0.87, 
 p  = 0.014).  

    MSOME and Embryo Development 

 Recently, it has been demonstrated that IMSI has 
no signifi cant effect on embryo quality at day 2 in 
relation to the conventional ICSI procedure [ 22 ]. 
In addition, a relationship has been shown 
between defective spermatozoa and higher early 
miscarriage rates, despite the apparent lack of 

decrease in embryo quality on day 3 [ 10 ]. Based 
on the hypothesis that the employment of sper-
matozoa with large nuclear vacuoles would not 
produce any early paternal effects on embryo 
development (up to day 3), Vanderzwalmen and 
his group [ 23 ] investigated the possible infl uence 
of such nuclear vacuoles on the embryo’s compe-
tence to develop to the blastocyst stage; accord-
ing to the researchers this may suggest a late 
paternal infl uence on embryo development after 
paternal DNA content begins to contribute to 
such advancement at around day 3 after fertiliza-
tion. The outcome of embryo development (until 
day 5) was assessed in a group of 25 patients who 
underwent sibling oocyte microinjection with 
four different grades of sperm cells:    (1) grade I 
(absence of vacuoles); (2) grade II (≤2 small vac-
uoles); (3) grade III (>2 small vacuoles or ≥1 
large vacuole); and (4) grade IV (large vacuoles 
with abnormal head shape or other abnormali-
ties). Small (<4 % of the head volume) and large 
vacuoles were defi ned according the classifi ca-
tion of Bartoov [ 5 ,  6 ], while grading was per-
formed between 6,000× and 12,000× high 
magnifi cation. To reduce the infl uence of female 
factor infertility, the inclusion criteria were 
female age less than 40 years and availability of 
at least eight oocytes at retrieval. As a whole, the 
four groups did not differ signifi cantly as to the 
number of zygotes and embryo development up 
to day 3, including the subgroup analysis; on the 
contrary, the data showed highly signifi cant dif-
ferences in the development to blastocysts and 
the blastocyst quality among the four grades 
( p  < 0.001). On the other hand, comparing the 
groups one by one with regard to development to 
blastocysts, statistically signifi cant differences 
were found between groups I (56.3 %) and II 
(61.4 %) and between groups III (5.1 %) and IV 
(0 %). Even when combining the groups into 
pairs, no signifi cant difference in terms of embryo 
development to day 3 was seen (group I/II: 
87.1 % versus group III/IV: 66.7 %), whereas the 
incidence of blastocyst and good quality blasto-
cyst formation was signifi cantly different 
between combined grades I/II and grades III/IV 
spermatozoa (43.5 and 19.1 % versus 10.1 and 
2.9 % respectively,  p  < 0.001). Based on these 
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results, the researchers postulated that the size 
and number of sperm nuclear vacuoles, identifi ed 
accurately at high magnifi cation, negatively 
affected blastocyst development, especially after 
a day-3 embryo transfer, and reinforced previous 
studies suggesting the paternal effects on initial 
embryonic development [ 23 ,  24 ].  

    MSOME for Routine Laboratory 
Semen Analysis 

 Although MSOME was initially developed by its 
creator only as a selection criterion [ 5 ], its appli-
cation as a morphological semen classifi cation 
method could represent an improvement in rou-
tine laboratory sperm analysis, with potential 
clinical implications, especially in the fi eld of 
medically assisted reproduction. In the past, only 
one study [ 6 ] has examined the relationship 
between normal spermatozoa obtained by the 
WHO routine method [ 25 ] and by MSOME in 20 
patients. As a result, no signifi cant correlation 
was found between the incidence of morphologi-
cally normal spermatozoa as defi ned by the WHO 
and by MSOME. Nevertheless, routine analysis 
reported a signifi cantly higher percentage of 
sperm normality in relation to MSOME. However, 
Oliveira et al. [ 26 ] adopted a similar approach, 
evaluating the correlation between MSOME clas-
sifi cation and a highly diffuse sperm morphology 
classifi cation (Tygerberg criteria) [ 27 ], in order 
to better understand the potential diagnostic/
prognostic value of the MSOME method. The 
study design included 97 randomly selected 
semen samples. Regression analysis showed a 
signifi cant positive correlation between the inci-
dence of normal sperm forms by Tygerberg crite-
ria and that obtained by MSOME ( r  = 0.83; 95 % 
CI: 0.75–0.88;     p  < 0.0001). Similarly to the work 
presented by Bartoov et al. [ 6 ], the MSOME cri-
teria appear to be much more restrictive, present-
ing signifi cantly lower sperm normality 
percentages for the semen samples in comparison 
to those found after routine analysis by the 
Tygerberg classifi cation (3.3 ± 3.2 %, range 
0–18 %; and 9.4 ± 4.8 %, range 2–23 % respec-
tively,  p  < 0.0001). Based on these results, the 

researchers postulated that despite the high posi-
tive correlation, MSOME represented a much 
stricter evaluation criterion for sperm morphol-
ogy, since its resolution power (≥6,000×) enabled 
the identifi cation of vacuoles and chromatin 
abnormalities that could not be described with 
the same accuracy by a Tygerberg method analy-
sis. In addition, its focus on motile sperm frac-
tions could only represent an additional advantage 
for MSOME by providing information on the 
fertilization and development potential of the 
sample fraction referred for assisted reproduction 
treatment. Therefore, our group stressed the 
importance of not only including MSOME 
among the criteria for routine laboratory semen 
analysis, but of performing this step prior to the 
conventional ICSI procedure [ 26 ]. 

 In 2006, Hazout et al. [ 10 ] reported a positive 
association between high-magnifi cation selection 
of sperm cells with normal nuclear shape and 
pregnancy outcome in patients with repeated 
conventional ICSI failures; in a subgroup of 
patients ( n  = 72) involved in the study, the level of 
sperm DNA integrity (by TUNEL assay) was 
assessed, and the outcomes of IMSI could be 
compared in patients with several degrees of 
sperm DNA damage. The improvement of clini-
cal ICSI outcomes was evident both in patients 
with an elevated degree of sperm DNA fragmen-
tation and in those with normal sperm DNA 
status. 

 In 2008, Franco et al. [ 11 ] compared the 
amount of DNA fragmentation (by TUNEL 
assay) and the incidence of denatured single- 
stranded or normal double-stranded DNA (by 
acridine orange fl uorescence method) in sperm 
cells characterized by the presence of large 
nuclear vacuoles (LNV group) and in strictly 
morphologically normal spermatozoa (NN 
group), both selected at high magnifi cation 
(8,400×). The analyses were carried out on fresh 
semen samples of 30 unselected patients. The 
authors reported a signifi cantly higher level of 
DNA fragmentation in LNV sperm cells than in 
NN spermatozoa (29.1 % versus 15.9 %, 
 p  < 0.0001). In addition, the LNV group also 
showed a signifi cantly increased amount of 
single- stranded denatured DNA with respect to 
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the NN sperm cells (67.9 % versus 33.1 %, 
 p  < 0.0001). Thus, we postulated that the high 
levels of denatured DNA in LNV sperm cells 
pointed to early decondensation and disaggrega-
tion of sperm chromatin fi bers: an unwanted high 
degree of sperm decondensation could result in 
asynchronous chromosome decondensation, and 
may lead to cytoplasmic fragments in the embryo 
[ 28 ]. Therefore, the data presented stressed the 
link between the presence of large nuclear 
 vacuoles and increased DNA damage in sperm 
cells and supported the routine selection of mor-
phologically motile spermatozoa at high magnifi -
cation (by MSOME) before conventional ICSI. 
A similar approach was adopted by Garolla 
et al. [ 29 ] in particular, after observation via a 
high magnifi cation system (×13,000), 20 strictly 
morphologically normal sperm cells (for acro-
some, head, neck, and tail, including those cells 
which had large nuclear vacuoles, but were other-
wise normal) were selected from each semen 
sample of ten patients with severe testicular alter-
ation and absent sperm motility: ten with normal 
morphology and no vacuoles (group A) and ten 
with normal morphology and at least one large 
head vacuole (group B), for a total of 200 sperm 
cells. Each spermatozoon was studied for mito-
chondrial membrane potential, DNA integrity 
(by acridine orange staining), DNA fragmenta-
tion (by TUNEL assay), and sperm aneuploidies 
(by FISH analysis). The data showed that single 
cells from group A exhibited a signifi cantly better 
physiological status than cells from group B with 
regard to mitochondrial function, DNA integrity, 
and DNA fragmentation (13.3 ± 4.9 % versus 
52.2 ± 14.7 %, 5.3 ± 3.0 % versus 71.9 ± 11.1 %, 
and 9.3 ± 4.8 % versus 40.1 ± 11.6 % respectively, 
all  p  < 0.001). No chromosomal alteration was 
present in cells from group A. Therefore, 
although the study was conducted on a highly 
restricted number of cells, the results strength-
ened the concept of an association between the 
incidence of sperm DNA damage and the pres-
ence of nuclear vacuoles and stressed the impor-
tance of a morphological selection by 
high-magnifi cation microscopy [ 24 ]. 

 In conclusion, all the publications [ 7 ,  9 ,  10 , 
 30 – 32 ] about IMSI reported not only better 

results as to implantation and clinical pregnancy 
rates but also a reduction in the miscarriage rates 
in couples whose sperm cells were strictly mor-
phologically selected at high magnifi cation 
(MSOME). In addition, the IMSI procedure 
improved the clinical ICSI outcome in patients 
with several degrees of sperm DNA damage. 

 It has been reported that the presence of vacu-
oles could refl ect molecular anomalies responsi-
ble for abnormal chromatin remodeling during 
the sperm maturation process and may contribute 
to making the spermatozoa more susceptible to 
sperm DNA impairment. The current results 
establish a crucial association between normal 
blastocyst development and both the number and 
size of vacuoles, indicating that routine morpho-
logical analysis of sperm cells, performed at high 
magnifi cation (6,000×), is of fundamental impor-
tance to improving the embryo implantation 
potential. In addition, the presence of vacuoles 
in the nuclei of spermatozoa is also associated 
with reduced pregnancy and with a high level of 
DNA damage.  

    Conclusions 

 Spermatozoa appearing morphologically normal 
at a magnifi cation of ×400 may in fact carry vari-
ous structural abnormalities. With the advent of 
MSOME it is now possible to analyze the sperma-
tozoa under high-magnifi cation, which allows the 
detection of nuclear vacuoles that may affect the 
ICSI outcomes. In light of the fi ndings, the 
MSOME method seems to be a powerful tool for 
selecting strictly morphologically normal sperma-
tozoa, with a lower incidence of DNA defects that 
cannot be detected at routine ICSI magnifi cation.     
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           Introduction 

 Sperm morphology is an important prognostic 
factor in the diagnosis of male fertility and has 
been shown to infl uence in vitro pregnancy out-
comes [ 1 – 3 ]. Intracytoplasmic sperm injection 
(ICSI) is a technique that was introduced in 1992 
and involves the selection of morphologically nor-
mal and motile sperm under a ~200–400× magni-
fi cation for microinjection into the oocyte [ 4 ]. 
This type of sperm selection has been reported to 
improve assisted treatment outcomes [ 5 ,  6 ] and 
has become a common procedure in the in vitro 
fertilization (IVF) process. 

 Sperm quality may be evaluated through a 
number of criteria such as maturity, sperm count, 
motility, and morphology. For example, sperm 
with severely abnormal head shape such as pin, 
amorphous, tapered, round, and multinucleated 
have been shown to reduce implantation and 
reproduction rates and are rejected during selec-
tion for ICSI. These defects can be identifi ed 

using microscopic observation at relatively low 
magnifi cations. However, even sperm that appear 
normal at low magnifi cations may have subtle 
organelle defects in the sperm head or sperm 
 surface that prevent fertilization. 

 Since the introduction of ICSI, a higher mag-
nifi cation examination method of sperm mor-
phology called MSOME, for motile sperm 
organelle morphology examination, was devel-
oped [ 7 ]. MSOME utilizes high-power light 
microscopy coupled with digital magnifi cation to 
examine sperm morphology at ~6,000 times 
magnifi cation. At these higher magnifi cations, it 
is possible to identify sperm whose nuclei have 
abnormal shapes or contents and are less likely to 
produce a healthy embryo [ 8 ]. The MSOME cri-
teria are based on the morphological status of six 
subcellular organelles comprising the acrosome, 
post-acrosomal lamina, neck, mitochondria, tail, 
and nucleus. Studies have shown that nuclear 
shape and the state of chromatin condensation as 
determined by the number and size of vacuoles 
present in the nucleus appear to be the most 
important parameters in infl uencing fertilization 
and pregnancy rates [ 7 ] (Fig.  9.1 ). The MSOME 
approach was subsequently adopted for the sperm 
selection process that precedes micro-injection, 
leading to the development of an advanced form 
of ICSI called IMSI, or intracytoplasmic mor-
phologically selected sperm injection [ 9 ]. In 
IMSI, sperm morphology is examined and 
selected at high magnifi cation prior to microin-
jection into the oocyte.
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   In the following sections, we will provide an 
overview of the techniques used for generating 
high-contrast, high-magnifi cation images and 
microscope instrumentation and accessories 
required for performing IMSI.  

    Hoffman Modulation Contrast 
in ICSI 

 Most living cells including spermatozoa and 
oocytes appear transparent when observed by 
brightfi eld illumination as differences in light 

absorption between the cell and its surrounding 
medium, as well as between subcellular compo-
nents are almost negligible. Therefore, various 
types of contrasting methods have been devel-
oped for the light microscope to amplify minute 
differences and generate contrast in unstained 
biological specimens. In ICSI, a simple contrast-
ing method originally developed by Robert 
Hoffman in 1975 termed Hoffman Modulation 
Contrast (HMC) is typically used to generate the 
contrast necessary to visualize sperm morphol-
ogy at low magnifi cations and to perform micro-
injection of selected sperm cells into oocytes. 

  Fig. 9.1    Images of 
sperm generated by DIC 
microscopy. Panel 
( a ) shows sperm visualized 
with a 60× oil immersion 
objective. Panel ( b ) shows 
abnormal sperm containing 
nuclear vacuoles, 
visualized with a 100× oil 
immersion lens       
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Since the advent of HMC, various manufacturers 
have introduced variants of this technique includ-
ing the Nikon Advanced Modulation Contrast 
(NAMC) system. 

 The HMC method and its variants detect and 
convert phase gradients present in the sample into 
variations in light intensity to generate a pseudo 
three-dimensional image (see Fig.  9.2 ). The basic 
microscope confi guration for HMC is a bright-
fi eld microscope with two additional compo-
nents, a slit aperture inserted at the front focal 
plane of the condenser and a HMC objective lens 
which contains a modulator or optical amplitude 
fi lter installed at its back focal plane. The modu-
lator in the objective lens contains dark, gray, and 
clear zones, each of which transmit light to differ-
ent extents. In this basic HMC confi guration, the 
slit aperture is positioned within the gray area of 
the modulator. Zero order light, or undefl ected 
light from the background or fl at areas of the 
specimen, are thereby assigned a neutral gray 
intensity. As light passes through a specimen con-
taining phase gradients, these gradients will 
defl ect light into either the dark or clear zones of 
the modulator in the objective lens depending on 
the direction of the gradient present in the sam-
ple, resulting in generation of contrast dictated by 
the position and slope of the phase gradients in 
the specimen. In more modern advanced modula-
tion contrast systems, both the condenser slit 

aperture and the modulator at the back focal plane 
of the objective lens are offset from the optical 
axis of the microscope, resulting in improved 
spatial resolution and detail (Fig.  9.3 ). In addi-
tion, the slit aperture is partially covered by a 
small piece of polarizer and a circular polarizer is 
inserted between the illumination light source 
and the slit aperture (Fig.  9.3 ). By rotating the cir-
cular polarizer and its vibration direction relative 
to the fi xed polarizer in the slit aperture, one can 
effectively change the width of the slit and conse-
quently the amount of contrast in the image. 
“Narrowing” the slit by rotating the circular 
polarizer such that its vibration direction is 90° to 
that of the polarizer in the slit aperture, results in 
increased contrast and improved optical section-
ing. When the circular polarizer is oriented such 
that its vibration direction is parallel to that of the 
polarizer in the slit, the effective width of the slit 
is at its maximum and this confi guration results in 
reduced contrast. However, the “wider” slit aper-
ture improves images of thicker objects where 
large differences in refractive index exist.

    Nikon’s NAMC system consists of a bright-
fi eld microscope equipped with NAMC objective 
lenses, matching condenser slit apertures, and a 
rotatable polarizer between the light source and 
the condenser slit aperture to vary the width of 
the slit aperture and the resulting degree of con-
trast (Fig.  9.3a ). As the slit aperture is different 
for each objective of different magnifi cation, 
most modern modulation contrast microscope 
systems also utilize a condenser “turret” that can 
hold multiple slit apertures to match a variety of 
objective lenses (Figs.  9.3a  and  9.4 ). In the 
NAMC system, both the condenser slit modules 
and the modulators inside the objective lenses 
can be individually rotated to achieve the same 
directionality in the pseudo shadow-cast appear-
ance for different objective lenses. By position-
ing the modulator/slit aperture combination in a 
perpendicular orientation to the microinjector 
pipettes, the contrast produced by the highly 
refractive glass can be minimized and the con-
trast at the tip of the pipette maximized. Further, 
by orienting the modulator/slit aperture combina-
tion in the same direction for all magnifi cation 
objectives, quick magnifi cation changes can be 

  Fig. 9.2    An image of an oocyte being microinjected 
acquired using a Nikon Advanced Modulation Contrast 
imaging system. Note the shadowed pseudo relief effect 
and level of detail present in the image       
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  Fig. 9.3    Hoffman Modulation Contrast (and NAMC) 
system. Panel ( a ) shows the Hoffman modulation contrast 
components in a typical inverted microscope setup. The 
fi rst polarizer is highlighted in  yellow ; the condenser slit 
aperture is housed in a turret ( pink ) between the polarizer 
and the condenser lens. The modulator or optical amplitude 

fi lter is housed inside a Hoffman or NAMC objective lens 
( blue ), at the back aperture plane of the objective. Panel 
( b ) shows the defl ection of oblique light rays by phase 
gradients in the sample, resulting in differential modula-
tion of amplitudes       

  Fig. 9.4    NAMC components. A condenser turret is shown on the  left , an NAMC polarizer on  top , two types of 
 condensers to its right and six different condenser slit apertures       
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made without the need to re-position the contrast 
control polarizer.

   The majority of modulation contrast objective 
lenses are achromats and planachromats. These 
types of lenses are designed with a minimal level 
of correction for optical aberrations but provide 
high transmission of light. When using achromats 
or planachromats for modulation contrast, using a 
green fi lter placed between the illumination light 
source and the polarizer can signifi cantly improve 
image quality as these lenses have been corrected 
for spherical aberration in the color green. 
Spherical aberration, when present, leads to blurri-
ness in the image. However, many major micro-
scope manufacturers also offer modulation 
contrast objectives such as fl uorites that are 
designed with a higher degree of correction for 
optical aberrations. For example, Nikon offers 20× 
and 40× Plan Fluor ELWD objectives in addition 
to 10×, 20×, and 40× Achromat LWD objectives. 

 Images obtained by HMC and NAMC contain 
excellent specimen detail and contrast and do not 
suffer from annoying halo effects often encoun-
tered with other contrasting techniques such as 
phase contrast. In addition, unlike other contrast-
ing techniques in which the sample is placed 
between two polarizers, HMC or NAMC is not 
affected by the presence of birefringent materials 
such as plastic culture dishes in or near the sample 
plane since the specimen is not placed between the 
two polarizers. The cost of modulation contrast 
accessories is also considerably lower than some 
other contrasting techniques. However, to generate 
the high level of detail necessary for evaluating 
sperm morphology based on MSOME criteria, a 
different type of contrast technique called differ-
ential interference contrast, or DIC, is used during 
IMSI as described in the following section.  

    Differential Interference Contrast 
in IMSI and Switching from MSOME 
to Microinjection 

 In order to achieve the high level of detail required 
for sperm selection based on MSOME criteria, a 
high numerical aperture, 60× or 100×, oil immer-
sion DIC objective lens is typically used. DIC, or 

differential interference contrast, utilizes a beam- 
shearing interference system to generate a mono-
chromatic shadow-cast image that effectively 
displays the gradient of optical paths as contrast. 
The images produced by DIC are not unlike those 
produced by HMC or NAMC in their pseudo 
shadow-cast appearance. However, the mecha-
nisms of contrast generation are completely dif-
ferent. Unlike in HMC or NAMC, the optical 
components required for DIC microscopy do not 
obstruct or mask the objective and condenser dia-
phragms and thus enable their full numerical 
apertures to be utilized. This results in a signifi -
cant improvement in resolution. By using high 
numerical aperture objective and condenser 
lenses, very fi ne gradients in optical paths can be 
detected and translated to contrast in the resulting 
image (see Fig.  9.1  for examples of sperm imaged 
by DIC). In extreme high-resolution versions of 
DIC, mainly used in cell biology and biophysics 
fi elds, even single microtubules of 25 nm width 
can be visualized. 

 The basic optical components required for 
achieving DIC are a strain-free objective lens, 
usually specifi ed as a DIC lens, two matched 
birefringent prisms (specifi c for the objective 
lens) and two polarizers (the second polarizer is 
commonly referred to as an “analyzer”). See 
Fig.  9.5a  for the locations of the following DIC 
components on a typical inverted microscope.
•      Linear Polarizer : The fi rst polarizer, installed 

between the illumination light source and the 
condenser turret acts to produce the necessary 
plane-polarized light for interference imaging.  

•    Condenser Prism : Linear polarized light leav-
ing the fi rst polarizer is sheared into orthogo-
nal polarized components by the fi rst prism 
housed in the condenser turret near the front 
focal plane of the condenser. The prisms used 
in DIC are birefringent compound prisms 
termed Nomarski (or Wollaston) prisms that 
act to shear incident plane polarized light into 
orthogonal polarized components which are 
spatially separated by a miniscule distance 
that is typically less than a micrometer. The 
degree of shear of the condenser prism is dic-
tated by the numerical aperture of the objec-
tive to be used. Different numerical aperture 
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objectives have corresponding prisms often 
designated as “DIC L” (<0.5 N.A.), “DIC M” 
(>0.5 to 0.9 N.A.) and “DIC H” (>0.9 N.A.).  

•    Objective Prism : These sheared, orthogonally 
polarized wavefront pairs then illuminate the 
specimen and are recombined by a matched, 
inverted Nomarski prism that’s housed near 
the back focal plane of the objective lens. In a 
Nikon DIC system, the second inverted prism 
is installed in a slot underneath the objective 
lens in the nosepiece turret. This confi guration 
allows for easy removal of the prism for non- 
DIC applications such as fl uorescence. 
Objective prisms are likewise dictated by the 
objective’s numerical aperture as well as other 
optical properties unique to the objective. 
Therefore, there can be multiple prisms avail-
able for a given magnifi cation and correct 

selection is required for optimal DIC imaging 
results.  

•    Analyzer : The second polarizer, or “analyzer”, 
is typically positioned downstream of the 
objective lens with its vibrational axis at a 90° 
angle to the fi rst polarizer, in a “cross polar-
ized” fashion (Fig.  9.5b ). In a Nikon DIC sys-
tem, the analyzer can be housed either in a 
manual slider under the objective holder or in 
a fi lter turret which can be motorized to enable 
automatic removal of the analyzer from the 
optical path for non-DIC applications. If the 
specimen has a homogenous refractive index, 
the pairs of sheared wavefronts will be 
unchanged in their phase relationship to one 
another and when recombined by the second 
prism, will produce linearly polarized light 
that is blocked by the analyzer. However, if 

  Fig. 9.5    Differential Interference Contrast setup. Panel 
( a ) shows the DIC components on a typical inverted 
microscope. In this example, a de Sénarmont compensa-
tor ( yellow ) consisting of a rotating polarizer    and fi xed ¼  λ  
plate is positioned between the light source and the con-
denser turret ( pink ). The fi rst Nomarski prism (condenser 
prism) is housed in the condenser turret ( pink ) while the 
second Nomarski prism (objective prism;  purple ) is 
located in the nosepiece, just underneath the DIC objec-
tive ( blue ). The analyzer is located underneath the nose-
piece, usually in a manual slider ( green ) or in a fi lter 
turret (not shown). Panel ( b ) shows the vibrational axes 
of the polarizer and analyzer (at 90° to each other) and 

the shear axes of the prisms, which are oriented at a 45° 
angle to the polarizer and analyzer. The ¼ wavelength 
retardation plate is oriented such that its slow axis is par-
allel to the analyzer and its fast axis is parallel to the 
polarizer. On a Nikon system confi gured for both DIC 
and NAMC, switching from DIC imaging (for MSOME) 
to NAMC microscopy for microinjection is relatively 
simple. The user simply rotates the nosepiece to position 
the NAMC objective lens in the light path, rotates the 
condenser turret to select for the appropriate slit aperture 
for the NAMC lens, and pulls out the analyzer (or rotates 
the fi lter turret to move the analyzer out of the light path; 
not shown)       
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the pairs of sheared wavefronts experience 
different optical path lengths in the specimen, 
a phase shift will occur between the pair of 
wavefronts and when recombined, will pro-
duce elliptically polarized light that will pass 
through the analyzer and interfere to form an 
image. In this confi guration, phase gradients 
are superimposed on a very dark, or black 
background and take on the appearance of a 
darkfi eld image. In addition, only large phase 
gradients present in the specimen are visible. 
In order to produce the typical three dimen-
sional, shadow-cast appearance of DIC images 
(Fig.  9.1 ), a method called bias retardation is 
introduced into the system.  

•    Compensator for Bias Retardation : There are 
a couple of different ways to introduce bias 
retardation, or phase shifts between the pairs 
of sheared wavefronts. In a Nikon DIC sys-
tem, a quarter-wavelength retardation plate is 
physically coupled to the fi rst polarizer (and 
contained in the same housing) to introduce 
bias retardation into the optical train. These 
two components together are also referred to 
as a de Sénarmont compensator. By rotating 
the polarizer relative to the fast axis of the 
retardation plate, the amount of retardation 
can be altered. Other manufacturers introduce 
bias retardation by translating one of the 
prisms, usually the objective prism, across the 
optical path of the microscope. Both methods 
of bias retardation produce the same net result 
of changing the intensity levels of phase gradi-
ents in the specimen and generating an 
orientation- dependent bright highlights and 
dark shadows superimposed on a lighter back-
ground. By altering the bias retardation users 
can modulate the degree of contrast as well as 
the shadow-cast orientation in the image.    
 DIC is a highly effective method for imparting 

contrast to very small structures and producing 
thin optical sections of specimens that provide 
sharp images at each focal plane that are devoid 
of out-of-focus blur. As such, DIC is the contrast-
ing method of choice for high-resolution, high- 
magnifi cation sperm morphology examination 
for IMSI applications. Nikon offers several 
choices for IMSI objectives including high 

numerical aperture Plan Apochromat Lambda 
100×/1.45 N.A. and 60×/1.40 N.A. oil immersion 
lenses. The 60× lens is often preferred over the 
100× lens for sperm morphology examination 
and selection because of its larger fi eld of view 
and greater depth of focus. However, there are 
several caveats for using DIC to examine sperm 
prior to microinjection. Since DIC microscopy 
relies on the placement of the specimen between 
two polarizers (see Fig.  9.4a ), birefringent mate-
rial such as plastic cell culture dishes may not be 
used as sample holders. Sperm samples must be 
plated on glass-bottom dishes for IMSI. The 
thickness of the glass-bottom must be 0.17 mm—
the thickness of a standard #1.5 coverglass. Oil 
immersion objective lenses have been corrected 
for optical aberrations arising when using a #1.5 
coverglass. Therefore, using coverslips of an 
alternate thickness (not 0.17 mm) will result in 
poor image quality. Another point to consider 
when performing IMSI is that the higher numeri-
cal aperture (N.A.) lenses used for MSOME (e.g. 
Nikon’s Plan Apo Lambda 100× and 60× oil 
immersion DIC lenses) tend to be oil immersion 
lenses whereas microinjection or ICSI is typi-
cally carried out using a lower magnifi cation dry 
objective lens such as the NAMC lenses described 
in the previous section. Therefore, when switch-
ing from MSOME to microinjection, the immer-
sion oil left on the bottom of the specimen dish 
after imaging with the high N.A. oil immersion 
lens has to be cleaned off prior to imaging with 
the dry objective. Cleaning the bottom of the 
specimen dish results in time delays in the IMSI 
procedure and can also introduce unwanted 
mechanical disturbances to the sample. To 
remove this MSOME-ICSI transition problem, 
Nikon developed a Plan LWD 100×/0.85 N.A. Dry 
DIC objective lens which can be used for 
MSOME without the need for immersion oil. To 
further aid in the switch from MSOME to ICSI or 
DIC to NAMC, Nikon’s IMSI polarizer is 
designed for use with both DIC and NAMC 
objective lenses. The only components that need 
to be moved (aside from the objective lenses) 
when transitioning between MSOME and ICSI 
are the modules in the condenser turret (DIC 
prisms and NAMC slit apertures) which are easily 
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switched by simply rotating the turret and the 
analyzer (used for DIC) which needs to be 
removed from the light path when carrying out 
NAMC microscopy for ICSI (see Fig.  9.5a  and 
fi gure legend). For those who prefer to use the 
higher numerical aperture oil immersion lenses 
for MSOME, Nikon also provides oil immersion, 
lower magnifi cation DIC lenses that can be used 
for ICSI instead of the dry NAMC objective 
lenses. When switching between Achromat- or 
Plan Fluor-type NAMC objectives and either 
Plan LWD 100× dry or Plan Apo Lambda 100× 
oil immersion lenses, parfocality issues may 
arise. To minimize the need to change focus when 
switching between these lenses, Nikon also pro-
vides parfocality shims that can be installed 
beneath each objective.  

    Generation of >6,000× 
Magnifi cation for MSOME 

 In order to examine sperm morphology and the 
status of sub-cellular organelles using the 
MSOME criteria, a magnifi cation of >6,000× is 
required. This level of magnifi cation can be 
achieved by using a high-magnifi cation objective 
lens such as a 60× or 100× combined with a mag-
nifi cation changer (such as a >1× tube lens), a 
videozoom (either in the form of a fi xed magnifi -
cation camera coupler or a zooming adaptor set 
that provides a zooming range from 0.9 to 2.25×), 
and a digital camera and imaging system to add 
digital zoom. The fi nal magnifi cation is calcu-
lated by the following formula: 

 Total magnifi cation = (magnifi cation of the 
objective lens) × (magnifi cation of the magnifi ca-
tion changer) × (magnifi cation of the video-
zoom) × (diagonal length of the fi nal display 
screen/diagonal length of the CCD). 

 For example, if using a 60× objective lens 
with a 1.5× tube lens, a 2.5× camera coupler, a 
digital camera with a 0.66 inch diagonal chip 
(such as Nikon’s digital camera DS-Qi1) and a 
19 in. monitor, the total magnifi cation would be = 
60 × 1.5 × 2.5 × (19/0.66) = 6,477×. It is interest-
ing to note that much of this magnifi cation is 

“empty magnifi cation” in which there is no gain 
in resolution. However, vacuoles in the sperm 
head and morphological detail of the sperm head 
itself become easier to detect at this level of 
magnifi cation.  

    Microscope Body Considerations 

 IMSI should be carried out on a stable micro-
scope body or base that prevents or minimizes the 
transmission of vibrations. A stable base is par-
ticularly important when performing intracyto-
plasmic microinjections as small amounts of 
vibrations in the environment can be transmitted 
to the injection and holding needles. Microscope 
bodies which offer additional magnifi cation 
changers are also very useful for generating the 
necessary >6,000× magnifi cation. Nikon’s 
Eclipse Ti-U inverted microscope provides two 
tube lenses, one for 1× magnifi cation and a sec-
ond for 1.5× magnifi cation. Users can quickly 
switch between the two magnifi cations with an 
easily accessible lever positioned at the front of 
the microscope. The Ti-U with its large, stable 
base is designed and manufactured to resist ther-
mal fl uctuations and vibrations, an ideal platform 
for carrying out vibration-free microinjections. 
The Ti-U microscope is confi gured for either left- 
side port or right-side port camera placement 
depending on user preference or stage handle 
placement. An optional model provides a beam 
splitter (20/80) that splits 20 % of the light the 
binocular port and 80 % to the left port, enabling 
simultaneous imaging by eye and the camera 
mounted on the left port. This confi guration is 
convenient for teaching purposes and for archival 
recording. The Ti-U can also be confi gured with 
a variety of different stages to suit the needs of 
the application including a basic mechanical 
stage that provides a large stable surface for 
mounting various micromanipulators and for per-
forming sperm examination and selection. As 
described in a following section, integrated stage- 
micromanipulator systems such as the Integra 
3™ by Research Instruments Ltd. can also be 
easily mounted on Nikon’s Ti-U microscope. 
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 A high-intensity light source should be used 
for performing DIC and NAMC imaging. 
Typically, a 100 W halogen light source is used. 
A heat absorbing fi lter and either a green or 
NCB11 (Nikon color balancing fi lter #11) fi lter 
are typically inserted in between the halogen 
lamp housing and fi eld diaphragm and are recom-
mended for sample viability and to obtain the 
clearest NAMC and DIC images. In recent years, 
powerful LED light sources are also becoming a 
popular choice for their fast on/off cycles, mini-
mal heat production, and longevity. For housing 
DIC and NAMC condenser modules, a turret- type 
condenser carrier that can hold multiple modules 
is preferred. Nikon offers non- motorized and 
motorized condenser turrets. For the objective 
lens holder or nosepiece, Nikon provides a DIC-
specifi c nosepiece, which contains slots under 
each objective lens for nosepiece prisms. 
Nosepieces also come in non-motorized and 
motorized versions. The fl uorescence fi lter turret, 
which can be used to house the analyzer used in 
DIC, can also be motorized. Using motorized 

components enables the acquisition software such 
as Nikon’s NIS-Elements to program specifi c con-
denser and fi lter turret positions for each objective 
lens so that the user can simply click one button in 
the software to change from DIC to NAMC imag-
ing (see Fig.  9.6  for a fully motorized inverted 
microscope confi gured for ICSI/IMSI).

       Camera and Digital Imaging 

 The camera and digital imaging system are criti-
cal components of an IMSI setup as they provide 
the additional magnifi cations necessary to 
achieve the >6,000× total magnifi cation required 
for MSOME, as described in a previous section. 
The camera is typically coupled to the micro-
scope with a camera coupler that contains either a 
fi xed magnifi er (e.g. 2.5×) or a zooming adaptor 
set that provides a zooming range (e.g. from 0.9 
to 2.25×), also to provide the additional magnifi -
cation necessary for MSOME. The camera used 
for IMSI also has to have high sensitivity and fast 

  Fig. 9.6    An example of an 
ICSI/IMSI microscope. A 
Nikon Eclipse Ti-E (a fully 
motorized version of a 
Ti-U) confi gured with a 
Nikon/Narishige NT88 V3 
micromanipulation and 
microinjection system       
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capture rates in order to capture snapshots of 
extremely fast moving sperm. Consideration to 
pixel size must also be given in order to ensure 
extraction of maximum detail from the sample. 
For example, a camera with very large pixels 
would defeat the purpose of using a high numeri-
cal aperture imaging system. Nikon’s DS-Qi1 
cooled digital camera with its small 6.45 μm pix-
els, high quantum effi ciency detector, wide 
dynamic range, fast analog-to- digital converter, 
and low read noise is a typical CCD camera used 
for IMSI applications. The new scientifi c CMOS 
cameras with their extreme frame rates, large 
chip sizes, small pixels, and high sensitivity, pres-
ent an interesting alternative to the standard inter-
line CCDs for IMSI applications.  

    Maintaining Sample Temperature 

 Maintaining the correct temperature is critical for 
sperm and oocyte viability. There are a variety of 
methods and commercially available products 
for regulating temperature during microscopic 

imaging. For example, there are ITO (indium tin 
oxide)-coated transparent glass thermal heating 
plates that can be inserted in the microscope 
stage, which impart heat to the specimen through 
the bottom of the petri dish or coverslip. However, 
the high-magnifi cation objective lenses typically 
used for MSOME have short working distances. 
These objectives cannot focus through both the 
specimen dish and the thermal plate. As a solu-
tion to this problem, Tokai Hit developed a ther-
mal plate with a hole in the center that allows 
short working distance objectives to focus 
directly through the specimen carrier (Fig.  9.7 ; 
Thermo Plate). The Thermo Plate by Tokai Hit is 
made of metal for improved thermal stability. 
Another consideration when performing MSOME 
is that oil immersion objective lenses act as heat 
syncs, drawing heat away from the specimens 
resulting in temperature fl uctuations at the sam-
ple. Utilizing a lens heater can signifi cantly 
improve temperature stability at the specimen. 
Lens heaters can come in the form of heating ele-
ments that wrap around the objective lens barrel 
such as those offered by Tokai Hit (Fig.  9.7 ) or 

  Fig. 9.7    Tokai Hit’s Thermo Plate and accessories. The 
thermo plate is made of metal for thermal stability and 
features a round cutout in the middle for use with short 
working distance objectives such as the high-magnifi cation, 

high- numerical aperture, oil immersion lenses used for 
MSOME. The insets show the control unit that accompa-
nies the Thermo Plate ( top ) as well as an objective lens 
heater made by Tokai Hit ( bottom )       
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heated air streams directed towards the objective 
lens under the stage (Research Instruments’ 
Integra 3 Thermosafe™).

       Options for Micromanipulators 

 Intracytoplasmic injection of sperm into oocytes 
requires precise and fi ne control for converting 
hand motion to the needle or pipette tip. Needles/
pipettes and samples need to be changed fre-
quently so a mechanism for easy exchange and 
the ability to quickly return the needle or pipette 
to the same prior position can be very helpful. In 
addition, many IMSI and ICSI practitioners often 
perform large numbers of injections and sperm 
selection so there is an ergonomic requirement 
for IMSI/ICSI setups. 

 Micromanipulators can be hydraulic- (using 
oil), mechanical or motor-based. Hydraulic sys-
tems, which use oil, provide smooth three- 
dimensional movements but can suffer from oil 
leakage, deterioration of oil caused by UV light, 
and entrapment of air bubbles in the lines, imped-
ing performance. Motorized micromanipulators 
are useful for recording positional information 
but the movements can be jumpy since the motors 
only move in  x  and  y  directions. Mechanical sys-
tems using gear reduction systems that convert 
coarse mechanical movement to fi ne micro- 
movements are becoming increasingly popular 
due to the smooth movements they offer as well 
as the increased reliability provided by eliminat-
ing the risk of oil leakage, deterioration, and 
trapped air bubbles. 

 Joystick orientations can be hanging or 
upright. Hanging joystick type, available on 
Nikon/Narishige NT88-V3 or the Integra 3™ by 
Research Instruments are generally preferred as 
they offer more ergonomic hand positioning for 
long periods of use.
•     Nikon/Narishige NT88 V3 Micromanipulator 

System  utilizes electronic coarse micromanip-
ulator positioning coupled with hydraulic fi ne 
control. The coarse electronic control has both 
speed control as well as “turbo” button for 

extra fast movement on an upright-type joy-
stick. The hydraulic fi ne control utilizes a 
hanging joystick for ergonomic positioning. 
See Fig.  9.6  for an example of a NT88 V3 sys-
tem on a Nikon inverted microscope.  

•    Research Instruments Ltd Integra 3™  is a 
completely integrated micromanipulator sys-
tem consisting of a XY mechanical stage with 
three-stage heating, mechanical coarse, and 
fi ne micromanipulator system with hanging 
joystick design. There are two heated metal 
plates: an inner plate with a 16 mm aperture 
and an outer plate, as well as a mechanism 
called Thermosafe that gently blows warm air 
under the stage to warm all the objectives 
eliminating heat-sync scenarios when switch-
ing between objectives. Setting and control-
ling each heater independently ensures even 
heat across the stage and at the specimen 
plane. Audible alarms are triggered and error 
logs are saved if the temperature fl uctuates 
beyond the desired mark. The mechanical 
design of this micromanipulator system allow 
for easy and precise pipette positioning as 
well as fast pipette exchange and one step 
angle adjustment. See Fig.  9.8  for an example 
of an Integra 3™ system on a Nikon inverted 
microscope.
      Microinjectors are used to deliver microliter 

volumes of liquid into cells. They are also used to 
aspirate small quantities of liquid, or in the case 
of IMSI a single spermatozoon. Microinjectors 
with appropriate sized pipette types can be used 
for a variety of applications including oocyte 
holding, microinjection/ICSI, as well as polar 
body, blastomere, and trophectoderm biopsies. 
Microinjectors can be oil-fi lled or pneumatic 
(air). Both systems offer precise control for hold-
ing, aspiration, and injection. Oil-fi lled syringes 
present similar drawbacks to oil hydraulic micro-
manipulators namely, leakage and oil breakdown 
due to UV exposure. Pneumatic microinjector 
series SAS and SAS-SE, often referred to as 
“mushroom” due to their upright handle and large 
base design, offered by Research Instruments 
Ltd., are well accepted and widely used.  
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    Conclusion 

 IMSI requires higher magnifi cation, higher reso-
lution imaging capability than the normal ICSI 
microscope. A standard ICSI microscope utilizes 
a 40× objective with numerical aperture ranging 
from 0.55 to 0.6 N.A. as the highest magnifi ca-
tion objective. In order to visualize the most mor-
phologically normal sperm, thereby increasing 
the potential for successful IVF, higher magnifi -
cation, and numerical aperture objectives with 
DIC capability as well as a high-magnifi cation 
digital imaging strategy needs to be employed. 
Increasing magnifi cation without increasing 
numerical aperture only produces “empty magni-
fi cation” as no additional information is being 
resolved. As magnifi cation and corresponding 
numerical aperture increase, the need for thinner 
coverglass dishes is required. In order to achieve 
the highest possible magnifi cation/numerical 
aperture combination possible, oil immersion 

becomes a necessity, thereby requiring the oil to 
be removed after IMSI and prior to ICSI. This 
can be diffi cult to achieve and may in fact dis-
lodge the selected sperm from their holding drop-
let of PVP. Nikon has introduced a LWD 100× 
dry objective that offers the best compromise 
between high magnifi cation (100×), high numeri-
cal aperture (0.85 N.A.), long working distance 
(0.95–1.3 mm) and comes with a correction col-
lar to correct for optical aberrations that may 
occur at different imaging depths or when using 
coverglass of varying thicknesses. Differential 
Interference Contrast (DIC) is the desired con-
trasting technique as it utilizes the full apertures 
of the objective and the condenser to maximize 
the resolving power of the imaging system. DIC 
also produces crisp, clean, pseudo three- 
dimensional images that are optimal for visual-
izing the morphology of sperm and their 
intracellular detail. Because DIC is dependent 
upon polarized light, plastic dishes cannot be 
used and glass-bottom dishes need to be used. 

  Fig. 9.8    Research Instruments Ltd Integra 3™ system confi gured on a Nikon Eclipse series inverted microscope. 
The integrated stage, heating, and micromanipulator system is shown in the  inset        
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 Microscope features such as a 1.5× internal 
magnifi cation factor and high-magnifi cation video 
couplers are desired in order to achieve the 
>6,000× magnifi cation required for successful 
IMSI imaging. Digital camera selection with a 
large chip and fast processing speed is required. 
Careful consideration must also be given to heat-
ing (and maintaining a stable temperature), and 
the types of micromanipulator and microinjectors 
to be used as these factors will affect both MSOME 
and ICSI steps which are typically performed on 
the same microscope with the same equipment 
within minutes of each other during IMSI.     
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        IMSI ( I ntracytoplasmic,  m orphologically selected 
 s perm  i njection) is high magnifi cation analysis of 
the sperm head ultrastructure (Fig.  10.1 ) prior to 
ICSI in order to exclude abnormal sperm from 
being microinjected. Besides abnormal head shape 
and size, the main structures to select against with 
IMSI are vacuoles in the sperm head. As a side 
effect, midpiece and tail defects will be detectable 
as well. Several publications addressed the applica-
tion and the positive outcome of using IMSI instead 
of ICSI on selected patient collectives [ 1 – 8 ].

   The main difference between conventional 
ICSI and IMSI is sperm selection which for IMSI 
is done under much higher optical resolution and 
magnifi cation than for ICSI. Appropriate techni-
cal equipment as well as suffi cient time and expe-
rience are required to integrate the IMSI 
procedure into daily routine. 

 In some way IMSI—on a basic level—was 
always done during ICSI procedures [ 9 ]. 
Typically, ICSI is done using a 20× lens and 10× 
eyepieces. Alternatively, the embryologist was 
using a 40× objective combined with the interme-
diate magnifi cation to have a closer look at sperm 
morphology. 

 The total magnifi cation of a microscope 
(Fig.  10.2 ) is the product of the magnifi cations of 
both the lens and the eyepieces. The resolution of 
a microscope basically depends on the numerical 
aperture (N.A.) of the condenser lens and the 
objective used. The typical N.A. of 20× and the 
40× lenses is ranging between 0.3 and 0.5. Most 
long working distance condensers used for IVF 
have an N.A. between 0.35 and 0.6. Working dis-
tance is a limiting factor as most micromanipula-
tors need at least 30–40 mm distance between the 
front lens of the condenser and the microscope 
stage. The working distance of the objective is 
determined by the thickness of the bottom of a 
culture dish and possibly by the use of a heated 
glass stage.

   All this limits the resolution and the possible 
useful magnifi cation factor for sperm morphol-
ogy assessment during standard ICSI. For IMSI 
the sperm are observed and checked with much 
better resolution and magnifi cation in order to 
select against morphological abnormalities with 
the best possible accuracy. Several optical and 
opto-electronic components combined with spe-
cial software are needed for upgrading a standard 
ICSI workplace to an IMSI station. 

 An important factor with respect to image 
quality is the use of glass bottom dishes. Plastic 
dishes have many advantages for routine IVF 
but several disadvantages restricting their use 
for IMSI. The advantages are price, an easier 
workfl ow (no need to transfer sperm to other 
dishes for assessment) and better handling. 
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A major disadvantage, however, is an inferior 
optical quality which will limit the resolution of 
the whole  optical system. Second, the thickness 
of the plastic layer (typically 1 mm) limits the 
number of suitable objectives with appropriate 
working distance. 

 Figure  10.3  shows the typical image quality at 
the end of the nineties using analog cameras. Both 
the resolution and image quality strongly were 
limiting the potential of detecting morphological 
details of the sperm head like vacuoles [ 10 ].

   The fi rst study on living sperm ultramorphol-
ogy, done by Bartoov et al. [ 1 ] signifi cantly 
improved this situation by using higher resolution 
optics and cameras; however, his technology was 

based on a combination of standard components 
from the microscope manufacturers. His system 
was based on classical Nomarski interference 
contrast, also called differential interference con-
trast (DIC) using a 100× oil immersion lens 
which could only work on glass bottom dishes. 

 In 2007, OCTAX ®  Microscience GmbH 
showed the fi rst oil-free IMSI system called cyto-
Screen™. It combined a conventional relief con-
trast condenser of minimum 0.5 N.A. with a 60× 
high resolution dry objective, a custom-made 
high-resolution digital camera and adapted soft-
ware featuring a digital zooming function. The 
system was able to signifi cantly improve image 
quality and at the same time target the practical 

  Fig. 10.1    Human spermatozoon       

  Fig. 10.2    Modern microscope intended for IMSI (micromanipulators not shown)       
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needs of the embryologist, offering a system 
which could work without DIC and oil immer-
sion—a fundamental difference to the systems 
used by Bartoov [ 3 ]. Needless to say, this kind of 
system was much more universal to use and could 
easily combine with existing ICSI stations. 

 In a second step, both the versatility and image 
quality of cytoScreen™ were further improved 
in 2012, resulting in the second generation 
 cytoScreen Flex™ (Figs.  10.4 ,  10.5 , and  10.6 ). 
The main components of the new system are:
•       A high-resolution, long working distance 

Adaptive Electronic Condenser (AEC)™, 
N.A. 0.6, offering a wide variety of contrast 
patterns for all IVF applications.  

•   A customized, long working distance optics 
(60× large fi eld of view, NA 0.7, working 
 distance up to 2 mm), specially adapted to the 
AEC™.  

•   A fast high-resolution camera (>3 Megapixels 
up to 40 fps) with integrated hardware zoom-
ing function.  

•   A special software with live image refi nement 
features like sophisticated edge and contrast 
enhancement and electronic relief contrast.    
 As cytoScreen Flex™ is mainly based on opto-

electronic and software components, expensive 
optical parts, e.g., a zoomable c-mount or inter-
mediate magnifi cation can be omitted, combining 
all the necessary features like high resolution and 

  Fig. 10.3    Typical image 
of human sperm, taken in 
the 1990s with an analog 
camera       

  Fig. 10.4    High-
magnifi cation relief 
contrast image as seen with 
cytoScreen™ FLEX       

 

 

10 The Technical Background of Advanced IMSI Systems



108

a zooming function with unprecedented fl exibility 
and working speed. Finally, the imaging results 
get very close to the quality of an expensive and 
cumbersome DIC/Nomarski contrast system. 

 The name affi x “Flex” is derived from the 
variety of conditions cytoScreen Flex™ is able to 
cope with: the system should be used with glass 
bottom dishes for the reasons indicated above but 
can also work with conventional plastic dishes. It 
can be attached to inverted microscopes equipped 
with either a heated glass insert or an insert plate 
with a central hole. Finally, it might even be com-
bined with the use of OCTAX LaserShot™ or the 
movable OCTAX NaviLase™ which are working 
on the same software platform to immobilize 
sperm [ 11 ,  12 ] for detailed IMSI analysis.    
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           Introduction 

 Since the beginning of the 1990s and the estab-
lishment of intracytoplasmic sperm injection 
(ICSI) [ 1 ] it is nowadays possible to help infertile 
couples due to male factors, e.g., severe oligoast-
enoteratozoospermia or azoospermia by injecting 
single spermatozoa from ejaculate, [ 2 ], epididy-
mal or testicular sperm [ 3 ]. 

 Under in vivo conditions or conventional 
in vitro fertilization (IVF), there is continuous 
natural selection against inherited factors which 
reduce fertility. Natural barriers occur within the 

male and female tract to remove faulty gametes. 
If we keep in mind that ICSI bypasses the natural 
barriers of spermatozoa selection, fertilization 
with abnormal spermatozoon bears the danger of 
potential genome enrichment with pathological 
alleles for the future generations [ 4 ]. 

 With such an conceivable scenario that genetic 
infertility factors may be propagated via subfertile 
males, it might be reasonable to develop specifi c 
techniques for more accurate spermatozoa selec-
tion. As still few possibilities are available for a 
“positive” selection of spermatozoa, which can be 
later on used for injection of oocytes, particularly 
refi ned morphology assessment would be eligible. 

 The assessment of sperm morphology by 
Kruger´s strict criteria (spermocytogramme) is 
routinely applied and widely accepted as one of 
the most important predictor that correlated with 
a reduction of the fertilizing potential [ 4 ,  5 ]. This 
highlights the notion that sperm morphology 
evaluation is a very important task in the treat-
ment of infertile couples. 
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 Bartoov et al. [ 6 ] reported that quantitative 
ultramorphological sperm analysis using scan-
ning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) is clinically 
informative, and is recommended when the male 
infertility factor cannot be clearly diagnosed by 
routine tests prior to fi rst assisted reproductive 
technique (ART) trial. However, such as for clas-
sical spermocytogramme, morphological assess-
ment is performed after fi xation and staining 
processes. 

 In order to counteract the problem of mor-
phological evaluation on stained spermatozoa, 
Bartoov et al. [ 7 ] introduced the MSOME. With 
the use of Nomarski differential interference con-
trast optics (DIC), a better three-dimensional view 
of the head became available. It is possible to 
observe in real time details, such as the so- called 
vacuoles, on the surface of motile sperm head. 

 Cephalic vacuoles are the subject of debates 
and controversies [ 8 ] and raised several issues 
regarding their origin, the reason for the occur-
rence of vacuoles and their pathological character 
with potential implications in infertility.  

    In Vivo Formation of Vacuole-Like 
Structures 

    When Are They Produced? 

 Using DIC optic, vacuoles appear as depressions 
at the cell surface, like lunar craters that are visi-
ble with the tangent sunlight. This observations 
shows that the terminology “vacuole” for these 
structures is misleading. With different micro-
scopic approaches, the vacuole-like structures on 
the sperm head were termed craters [ 9 ] concavi-
ties [ 10 ], hollows [ 11 ] or lacunae [ 12 ]. Boitrelle 
et al. [ 10 ] observed that the sperm plasma mem-
brane was intact and invaginated nearby the vac-
uole and that the sperm-head’s thickness falls to 
300 nm at the site of the large vacuole. They con-
cluded that vacuole-like structures are nuclear 
depressions which correspond to a concavity in 
the plasma membrane rather than a hole. 

 The origin of vacuoles is still not fully eluci-
dated. Literature referring to animal models 

[ 13 ,  14 ] as well as to human spermatozoa [ 15 –
 18 ] describes the formation of nuclear vacuoles 
during the spermiogenesis. The same hypothesis 
was set up for human spermatozoa, in 1989 
Baccetti et al. suggested that the nuclear and 
acrosomal invaginations are formed during sper-
miogenesis [ 15 – 18 ] According to these fi ndings, 
the presence of vacuoles is already noticeable in 
elongated spermatids after testicular retrieval. 
The presence of vacuoles in round spermatids 
was demonstrated recently by Tanaka et al. [ 18 ]. 
Based on the classifi cation of Clermont et al. 
[ 19 ], Tanaka et al. [ 18 ] and Mansour et al. [ 20 ] 
there are low rates (18 %) of vacuoles in sperma-
tids entering cap phase (stage Sb1), their occur-
rence increases during stage Sb2 to reach a high 
level of 93.8 % when they are at the acrosomal 
phase (stage Sc; these stages of spermiogenesis). 

 If it is obvious that small and large vacuoles 
are observed in the majority of ejaculated sper-
matozoa and their frequency differs according to 
the severity of the male infertility. If it is often 
diffi cult to observe vacuole-free sperm cells in 
ejaculates from infertile men, in contrast to 
semen derived from proven fertile men. Tresholds 
were established for fertility, for example, 
Falagario et al. [ 21 ] identifi ed a cut off of 20 % 
for sperm nuclear vacuolization on the total of 
sperm in a seminal sample. According to De Vos 
et al. [ 22 ] the prevalence of vacuoles in normal 
shaped spermatozoa seems to be low. Under high 
magnifi cation, they analyzed the frequency of 
vacuoles in 330 male infertility semen. They 
reported that almost 33.3 % of the spermatozoa 
were morphologically normal and exhibited less 
than two small vacuoles. Normal shape sperma-
tozoa with more than two small vacuoles or at 
least one large vacuole represent 12.3 % of the 
population. Finally 54.4 % showed abnormal 
head shapes with or without large vacuoles in 
conjunction with other abnormalities. 

 Silva et al. [ 23 ] investigated the infl uence of 
paternal age on sperm quality by MSOME. The 
frequency of large nuclear vacuoles was signifi -
cantly higher in the older group (>41 years age) 
compared to the younger age groups. Such obser-
vation corroborated the study of De Almeida 
Ferreira Braga et al. [ 24 ].  
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    How to Consider Vacuole-Like 
Structures: As a Sign of Nuclear 
Dysfunction or as a Normal Stage 
in the Acrosomial Process? 

   Vacuole-Like Structure and Nuclear 
Dysfunction 
 The most interesting question in connection with 
vacuoles is, whether these large intranuclear lacu-
nae or structure like vacuoles are the morphologi-
cal manifestation of nuclear dysfunction. 
Assuming that they seem to appear during the last 
maturation step of round spermatids, do they 
originate from a natural process or, more likely, 
from pathological (stress) situations during sper-
miogenesis or even early in the fi rst stage of the 
spermatogenesis? In other words, what hides 
behind spermatozoa with large nuclear vacuoles? 

 The literature is controversial, while some 
studies report that there is no relationship between 
the presence of sperm head vacuoles and sperm 
function suggesting that sperm vacuoles should 
be regarded as a normal feature of the sperm head 
[ 11 ,  18 ], others mentioned that it is related to 
male subfertility [ 25 ]. However, Tanaka et al. 
[ 18 ] highlighted that the size of the vacuoles is of 
importance and suggested that spermatozoa with 
large vacuoles should not be used for injection. 

 A multitude of studies concluded that vacu-
oles reveal indirectly nuclear dysfunction in 
terms of lower mitochondrial potential [ 26 ], 
DNA integrity, aneuploidy rate and problems 
related with chromatin condensation. 

 Out of ten studies [ 10 ,  11 ,  26 – 31 ] determining 
the degree of DNA fragmentation usually with 
Tunnel assay, fi ve [ 24 ,  27 ,  29 ,  31 ,  32 ] reported 
that vacuole-free spermatozoa yields lower rates 
of DNA fragmentation as compared with vacuo-
lated spermatozoa. Perdrix et al. [ 27 ] observed 
for vacuolated spermatozoa a signifi cant increase 
in the rates of aneuploidy and diploidy. However, 
for Boitrelle et al.[ 30 ] and de Almeida Ferreira 
Braga et al. [ 24 ], the presence of sperm aneu-
ploidy was not correlated with the presence of 
nuclear vacuoles. Assuming that DNA fragmen-
tation is mostly due to oxidative attack, and that 
sperm DNA condensation is a protection against 
ROS (reactive oxygen species), it may result that 

the apparent divergences between these papers 
could be explained by different levels of oxida-
tive stress in patients, leading to different levels 
of DNA fragmentation [ 33 ]. 

 Several DNA and chromatin staining assays 
including aniline blue and chromomycin A3 
(CMA3) were applied in order to assess more 
precisely information about integrity of DNA in 
vacuolated spermatozoa. A negative correlation 
between the incidence of vacuoles and  abnormally 
condensed chromatin was observed in all the nine 
conducted studies [ 10 ,  11 ,  26 – 32 ]. In these man-
uscripts, spermatozoa with large vacuoles were 
selected by micromanipulation before being 
studied by different microscopy and immunocy-
tochemistry techniques. All the conducted stud-
ies concluded that vacuoles did not take their 
origin in the acrosome but that they are linked to 
areas of chromatin decondensation [ 10 ]. 

 The presence of craters most likely refl ect 
molecular defects responsible for anomalies of 
sperm chromatin packaging and abnormal chroma-
tin remodeling during sperm maturation [ 34 – 36 ]. 
Boitrelle et al. [ 10 ,  30 ] observed chromatin con-
densation at the site of the vacuole and concluded 
that a large vacuole appears to be a nuclear 
“thumbprint” linked to failure of chromatin con-
densation. This was also confi rmed in another 
study of Boitrelle and colleagues for small head 
vacuoles [ 10 ] Perdrix et al. [ 37 ] recently published 
their observations of the correlation between the 
presence of large nuclear vacuoles and chromo-
some architecture modifi cations, adding a new 
argument for the association between nuclear vac-
uole-like structure and chromatin disorganization. 

 According to the growing body of literature 
adding new arguments for the association 
between vacuoles and chromatin disorganization, 
an association between the two becomes more 
and more obvious. With the disorganization of 
the chromatin and the vacuoles in the sperm 
head, the spermatozoa and its DNA becomes 
more assailable to attacks by ROS [ 38 – 40 ]. 
Thereby, DNA fragmentation would depend on 
two steps, the occurrence of vacuoles in connec-
tion with insuffi cient chromatin condensation 
and on the presence of ROS. This could explain 
why the correlation between the presence of 
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 vacuoles on the rate of DNA fragmentation is not 
observed unanimously. 

 Chemes and Alvarez Sedo [ 41 ] studied the 
morphology of the sperm head by TEM. They 
proposed that the small lacunae observed in sper-
matozoa nucleus characterize the site of a normal 
proteolytic activity linked to histone to protamine 
transition. However, Haraguchi et al. [ 42 ] sug-
gested that larger lacunae may be the result of a 
deregulated histone-protamine transition during 
spermiogenesis due to an overactive or disregu-
lated ubiquitin proteasome system. 

 Could vacuoles be a selective mechanism for 
defective sperm to be removed in the natural 
selection-process? We know that in sperm 
“incomplete apoptosis” is a common phenome-
non [ 43 ]. Spermatozoa which do not pass the 
“quality control” due to, e.g., DNA-defects or 
other aberrations during spermatogenesis 
undergo the normal pathway towards apoptosis 
but are not removed by phagocytes. Maybe the 
formation of vacuoles is a mechanism for abnor-
mal spermatozoa to be attacked by ROS during 
storage and thereby being discarded. 

 In the light of these studies, we know that dur-
ing spermiogenesis, spermatids undergo a com-
plex restructuring program in which, in addition 
to acrosome and sperm tail formation, DNA is 
tightly packed leading to a drastic reduction in 
the size of the nucleus. These unique cellular 
reconstruction process requires spermatid- 
specifi c genes to execute their regulatory roles. It 
is estimated that 600–1.000 germ cell-specifi c 
genes participate in spermiogenesis, and specifi c 
genes such as Prm1, Prm2, Tnp1, Tnp2, and H1t2 
are involved in chromosomal packaging [ 44 ]. 

 Chromatin condensation takes place during 
spermiogenesis allowing protection of the pater-
nal genome during the transit from the male to 
the oocyte prior to fertilization. The chromatin is 
radically reorganized and undergoes an extreme 
condensation resulting in a shift from a 
nucleosome- based genome organization to the 
sperm-specifi c, highly compacted nucleoprot-
amine structure [ 45 ]. About 85 % of human 
sperm histones is replaced with protamines, 
whereas only 15 % of the DNA remain organized 
by histones or is attached to the nuclear matrix 

[ 46 ]. Recently, Rousseaux et al. [ 47 ] demon-
strated a new key stone in DNA compaction in 
humans and murines. They found that a testis- 
specifi c protein called bromodomain testis- 
specifi c protein (BRDT), which possesses two 
bromodomains capable of interactions with 
hyperacetylated histones, is likely to be at least 
partially responsible for the replacement of his-
tones by protamines. The genome-wide 
 incorporation of a new histone variant called tes-
tis-specifi c histone 2B (TH2B) might also play 
an important role in this histone to protamine 
transition as shown in murine models [ 48 ]. 

 Prior to histone replacement by protamines, 
the nucleosomes are destabilized by hyperacety-
lation and by DNA methylation [ 49 ,  50 ]. 
Moreover the distribution of the remaining 15 % 
nucleosomes after the 85 % nucleosomes to 
nucleoprotamine replacement is not random but 
concerns gene regions involved in the epigenetic 
control and the early embryonic development 
[ 46 ,  50 – 52 ]. On the other side, the ratio between 
the two protamine subtypes protamine 1 and 2, 
which should normally be close to 1, can have a 
signifi cant negative impact on fertility when dis-
turbed [ 53 ]. Taken together, these data supports 
the idea that bad condensation of sperm DNA has 
a great impact on male fertility. All these poten-
tial epigenetic pattern disturbances may represent 
the basis of numerous human disorders. 

 Beside that epigenetic role of sperm chroma-
tin condensation, particular organization of 
sperm DNA is also important for its protection, 
especially against fragmentation, during sperma-
tozoa journey through male and female genital 
tracts [ 43 ].  

    Vacuole-Like Structure: A Receptacle 
of Acrosomal Enzymes? 
 As vacuoles are mostly localized in the anterior 
part of sperm head, in the region of the acrosome, 
one of the hypothesis on the origin of vacuoles 
was that they were mostly of acrosomal origin 
[ 54 ]. Kacem et al. stated that sperm nuclear vacu-
oles are mainly associated with the presence of 
acrosomal enzymes such as trypsin-like acrosin 
that may induce a harmful effect after oocyte 
injection. As consequence, they concluded that a 
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large majority of normal, regularly shaped sper-
matozoa showing no vacuoles have already 
undergone their acrosome reaction and should be 
selected for injection. 

 Montjean et al. [ 55 ] tested the effect of induc-
ers of the acrosome reaction. After incubation of 
sperm in either hyaluronic acid or follicular fl uid 
for 90 min, they observed a highly signifi cant 
decrease in the presence of vacuoles as a conse-
quence of the acrosome reaction. 

 The study of Neyer et al. [ 56 ] did not corrobo-
rate those of Kacem and Montjean [ 54 ,  55 ]. In a 
time-lapse set-up they monitored single sperma-
tozoa in sperm capture channel during 24 h and 
observed that the induction of the acrosome reac-
tion using calcium ionophore A23587 did not 
lead to any modifi cations in pre-existing vacuole 
appearance, disappearance or formation [ 56 ]. 

 In a recent paper, Gatimel et al. [ 57 ] described 
the MSOME performed on the semen of two men 
suffering from globozoospermia. In these two 
patients, all the spermatozoa totally lacked acroso-
mal structures, as confi rmed by TEM and SEM, 
but vacuoles were present in the majority of cells 
(92 and 76 %), at a rate comparable to that observed 
in fertile controls. From those studies, we may 
conclude that there is a negative relation between 
the presence of vacuoles and the sperm capacity to 
undergo acrosome reaction. For Boitrelle et al. [ 10 , 
 30 ], sperm membrane and acrosome cap are intact 
at the site of these depressions. 

 Likewise, Perdrix et al. [ 27 ] demonstrated an 
exclusive nuclear origin of these large head sur-
face depressions using TEM supporting their 
severe impact on sperm quality.    

    In Vitro Formation of Vacuole-Like 
Structures: A Reality? 

 Peer et al. [ 58 ] compared the impact of incubat-
ing prepared sperm at 37 °C or at 21 °C. They 
concluded that after 2 h of incubation at 37 °C in 
culture media, the incidence of spermatozoa with 
vacuolated nuclei was signifi cantly higher, so 
that prolonged sperm manipulations for assisted 
reproduction therapy should be performed at 
21 °C rather than 37 °C. Schwarz et al. [ 59 ] 

reported a signifi cant increase in sperm nuclear 
vacuolization in washed sperm but not in swim-
 up sperm. They concluded that the method used 
for sperm preparation infl uences sperm nuclear 
vacuolization and that vacuolization is unaffected 
by temperature in motile sperm isolated by 
swim-up. 

 Neyer et al. [ 56 ] developed a system called 
sperm-microcapture channels that permits an 
accurate observation of the same population of 
living spermatozoa over a period of 24 h. They 
analyzed whether incubation temperature (20 or 
37 °C) or oxidative stress stimulates the forma-
tion of nuclear vacuoles. They observed that nei-
ther incubation at 37 °C nor induction of oxidative 
stress induce de-novo formation of nuclear vacu-
oles. According to these observations, they con-
cluded that nuclear vacuoles on the sperm head 
are already produced at earlier stages of sperm 
maturation and are not induced or modulated by 
routine laboratory procedures. 

 However, Boitrelle et al. [ 60 ] observed that 
cryopreservation of human spermatozoa induces 
nuclear vacuolization and increases the propor-
tion of spermatozoa with noncondensed chroma-
tin, while Gatimel et al. [ 61 ] did not corroborate 
this conclusion.  

   Vacuole-Like Structure and Embryo 
Development 

 If vacuoles are associated with impaired chroma-
tin packaging and with DNA fragmentation, one 
crucial question to investigate concerns the sig-
nifi cance of vacuoles on the outcome in terms of 
fertilization, embryo development, pregnancy, 
miscarriage and health babies born. 

 This question was studied and reported by a 
few recent papers. It has been demonstrated that 
sperm nuclear vacuole size and number, as seen 
with DIC Nomarski optics, negatively affects 
blastocyst development. In four successive papers 
[ 62 – 65 ] it was shown that the occurrence of large 
nuclear vacuoles and/or abnormal shape reduces 
the percentage of good-quality embryos reaching 
the blastocyst stage after culture until day 5. 
Following the outcome of each embryo after 
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injection of spermatozoa, they clearly demon-
strated that the use of spermatozoa with no vacu-
oles or less than two small vacuoles can be 
associated with signifi cantly higher blastocyst 
rates than injection with spermatozoa showing 
more than two small vacuoles or one large vacuole 
with or without abnormal shape. These studies 
support the previously issued hypothesis that the 
impact of male infertility may be at an early stage 
(early paternal effect), when spermatozoa is not 
able to attain, penetrate and/or activate the oocyte, 
or at a late stage (late paternal effect) when it 
could not support embryo development, implanta-
tion and pregnancy to term. Late paternal effects 
are observed after paternal genome activation and 
blastocyst development failure is one of their fi rst 
manifestations [ 66 – 68 ]. 

 The link between sperm head vacuoles and 
impaired chromatin condensation, and the occur-
rence of DNA fragmentation in the presence of 
ROS may explain why vacuoles can be related 
with impaired human embryo development [ 39 , 
 65 ,  69 ] and pregnancy outcomes [ 67 ,  70 – 72 ]. 

   Vacuole-Like Structures, Pregnancies, 
and Miscarriages 

 A more specifi c analysis of the impact of sperm 
cells with normal nuclear shape but with large 
vacuoles was fi rst carried out by Berkovitz et al. 
[ 73 ] on two matched IMSI groups of 28 patients 
each. Spermatozoa with strictly defi ned normal 
nuclear shape but large vacuoles were selected 
for injection and compared to a control group that 
included normal nuclear shape spermatozoa lack-
ing vacuoles. 

 No difference in the fertilization and early 
embryo development up to day 3 were reported. 
However, injection of spermatozoa with strictly 
normal nuclear shape but large vacuoles appeared 
to signifi cantly reduce pregnancy outcomes 
(18 % versus 50 %) and seemed to be associated 
with early abortions (80 % versus 7 %). 

 Other studies showed also that selection of 
normal shape spermatozoa with a vacuole-free 
head was positively associated with pregnancy 
and lower abortion rates after day 3 or day 5 

embryo transfers in couples with previous and 
repeated implantation failures [ 62 ,  74 – 82 ], in 
patients with an elevated degree of DNA frag-
mented spermatozoa [ 36 ] and in patients with a 
high degree of teratozoospermia [ 83 ]. In a recent 
prospective randomized study, Setti et al. [ 84 ] 
show the benefi cial effect of performing IMSI in 
cases of advanced maternal age (women 
age ≥ 37 years old). 

 However, some other studies failed to show 
any effect of selecting vacuole-free sperm on 
ART outcome [ 82 ,  85 ,  86 ]. One possible explana-
tion therefore is the patient selection. Probably 
IMSI indications are not precise enough, and 
doing IMSI in an unselected or a bad-selected 
population will not be advantageous. Another 
point is that IMSI seems to promote blastocyst 
development when selecting vacuole-free sper-
matozoa (see precious point on vacuoles and 
embryo development). So in addition to implan-
tation and pregnancy rates, we have to take in 
account pregnancies obtained with frozen-thawed 
supernumerary embryos, and to calculate cumu-
lative pregnancy rate (fresh + frozen/thawed 
embryo transfers) per follicle puncture. Knez 
et al. [ 65 ] showed that there was no signifi cant 
difference in the pregnancy rates between IMSI 
and ICSI procedures after blastocyst transfer. 
However, after ICSI more pregnancies terminated 
by spontaneous abortion, whereas after IMSI 
there was no spontaneous abortion. One explana-
tion could be that IMSI procedure permits to 
select spermatozoa without defect and as conse-
quence provide more “healthy” blastocysts, pos-
sibly, in spite of very comparable development 
and morphology in ICSI-derived blastocysts.  

   Vacuole-Like Structures 
and Postnatal Data 

 Still concerns remain about the long-term safety 
of injecting spermatozoa carrying vacuoles. We 
have to be cautious, especially in the light of 
Aitken’s work [ 33 ] on the putative negative 
effects of sperm DNA fragmentation for the next 
generation. Depending on the level of sperm 
nuclear DNA fragmentation, oocytes may partially 

P. Vanderzwalmen et al.



117

repair fragmented DNA, producing blastocysts 
able to implant and develop up to live offspring. 
However the incomplete repair may lead to 
long-term pathologies. The work of Fernandez-
Gonzalez et al. [ 87 ] on the mouse model indi-
cates that the use of DNA-fragmented 
spermatozoa in ICSI can generate effects that 
only emerge in later life, such as, aberrant growth, 
premature aging, abnormal behavior and tumors 
derived from the mesenchymal lineage. Moreover 
the association of vacuoles with defects in chro-
matin packaging, which has an important role in 
epigenetic control of paternal genome as dis-
cussed earlier, is an argument in favor of the 
selection of vacuole-free sperm for oocyte 
injection. 

 Up to now, there are in suffi cient numbers 
published studies concerning the health of chil-
dren born after ICSI to draw any fi rm conclusions 
about the long-term safety of this procedure. 
However, it is important to emphasize that animal 
data are absolutely unequivocal on this point and 
clearly indicate that DNA damage in the male 
germ line is potentially hazardous for the embryo 
and therefore for the resulting offspring. 
According to two recently published papers, 
paper, sperm nucleus morphological normalcy, 
assessed at high magnifi cation, could decrease 
the prevalence of de novo major fetal malforma-
tions in ICSI children [ 88 ,  89 ].   

    Conclusions 

 The introduction of MSOME and IMSI points to 
embryologists that more attention has to be paid 
during sperm selection, even when it is done with 
a conventional optic. 

 It is now confi rmed in the literature that the 
occurrence of vacuole-like structures on the 
sperm head is related with sperm chromatin 
immaturity. However, the background and the 
relation between the two are still unclear. Do we 
face a chicken-and-egg problem? Do both, vacu-
oles and abnormal chromatin condensation occur 
at the same time or is one the consequence of the 
other? At this point the most probable explana-
tion is that the vacuoles, which are in fact 

 concavities in the sperm head membrane, fi rst 
appear during the spermiogenesis rendering the 
nucleosome and DNA and connected molecules 
more vulnerable to intrinsic or extrinsic attacks 
by ROS. According to the level of ROS, DNA 
fragmentation may appear. More research on this 
area will bring light in these processes. 

 So the application of IMSI leads to more blas-
tocysts of higher quality, increasing the chance to 
transfer an embryo with a high implantation 
potential and to obtain the birth of a healthy baby. 

 Seeing that this simple, noninvasive technique 
still arises debates and scepticism exists about its 
effi ciency, mainly due to a low number of con-
trolled randomized studies published yet, one 
fundamental question is whether we should—
with the knowledge that sperm vacuoles are 
related with abnormal chromatin packaging and 
possibly with DNA fragmentation—select sper-
matozoa with these defects for injection if we 
have only to change the optics? As far as we 
know, there is no reason for not selecting the 
morphologically best spermatozoa.     
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           MSOME and Conventional Semen 
Analysis 

 Evaluation of sperm morphology plays a crucial 
role in the diagnosis of male fertility potential 
and has demonstrated a predictive value for IVF- 
ICSI treatments [ 1 – 3 ]. MSOME provides an 
accurate description of spermatozoa abnormali-
ties, particularly the presence of head vacuoles 
[ 4 ]. However, no consensus has been established 
concerning normal or abnormal MSOME crite-
ria, despite being essential to transposing 
MSOME analysis into routine evaluation of male 
infertility [ 5 ]. Therefore, some studies have ana-
lyzed the relationship between sperm normalcy 
according to the World Health Organization 
(WHO) or Tygerberg criteria and MSOME. 

 Bartoov et al. [ 4 ] investigated the relationship 
between normal spermatozoa according to the 
WHO reference values [ 6 ] and MSOME in 20 

patients and found no signifi cant correlations 
between the percentage of morphologically nor-
mal spermatozoa as defi ned by the WHO and the 
percentage of morphologically normal spermato-
zoa as defi ned by MSOME. Conversely, a strong 
positive correlation between the percentage of 
normal sperm forms according to the Tygerberg 
criteria and MSOME was observed by Oliveira 
et al. [ 7 ]. Nevertheless, both studies found that 
MSOME was shown to be much more restrictive, 
presenting signifi cantly lower normality percent-
ages for the semen samples in comparison to 
those observed after analysis according to the 
Tygerberg or WHO criteria. 

 Later, Cassuto et al. [ 8 ] found signifi cant cor-
relations between the incidence of score-0 sper-
matozoa (presenting an abnormal head, one or 
several vacuoles, and an abnormal base) and 
sperm concentration, motility, and morphology. 

 Conventional semen analysis and MSOME 
evaluation were performed simultaneously in 
sperm samples from 440 patients [ 5 ]. The results 
showed that sperm head vacuoles were signifi -
cantly larger in abnormal semen samples. 
Relative vacuolar area (RVA), defi ned as vacuole 
area (μm 2 )/head area (μm 2 ) × 100, was the most 
discriminative MSOME criterion between nor-
mal and abnormal semen samples, and was nega-
tively correlated with poor sperm morphology. 

 It is noteworthy that routine morphological 
examination is performed on the entire semen 
sample, whereas the most remarkable feature of 
MSOME is the focus on motile sperm fractions, 
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providing information about the sperm fraction 
referred for ICSI. Moreover, MSOME is a reli-
able technique for analyzing semen and has 
been suggested as a routine technique for semen 
analysis [ 9 ].  

    MSOME and Sperm Preparation 
and Manipulation 

 During semen sample liquefaction, the spermato-
zoa are exposed to round cells and leukocytes, 
both potential sources of reactive oxygen species 
(ROS) that are positively correlated with sperm 
head morphological abnormalities [ 10 ]. 
Moreover, the concentration of ROS may pro-
duce crater defects in the form of deep vacuoles 
in mammals [ 11 ]. 

 Despite the origin of sperm vacuoles remains 
disappointingly unknown, the use of MSOME 
may be a helpful tool for the selection of sperma-
tozoa. However, whether or not specifi c in vitro 
conditions during sperm preparation and manipu-
lation results in the formation of sperm vacuoles 
is still under debate. 

 It has previously been demonstrated that 
extended in vitro culture at 37 °C may reduce 
sperm viability [ 12 ]. Since the morphological 
evaluation of sperm under high magnifi cation is a 
time-consuming technique [ 13 ], there has been 
some investigation regarding the impact of semen 
sample incubation at 37 °C on the sperm nucleus 
morphology. It has been demonstrated that after 
2 h of incubation at 37 °C there was a signifi cant 
increase in the frequency of vacuolated nuclei 
[ 14 ]. No signifi cant morphological changes in 
sperm nuclei were observed upon prolonged 
incubation at 21 °C. Additionally, after 2 h of 
incubation, the incidence of spermatozoa with 
vacuolated nuclei was signifi cantly higher at 
37 °C compared with 21 °C [ 14 ]. Similarly, 
Schwarz et al. [ 15 ] reported a negative impact of 
temperature on the morphological integrity of 
sperm nuclei. Conversely, using the sperm- 
microcapture channels in a 24-h period, Neyer 
et al. [ 16 ] demonstrated that sperm vacuoles are 
not generated by incubation at 37 °C. 

 Several semen preparation techniques have 
been established to separate the sperm fraction for 
use in assisted reproductive techniques. The most 
commonly used protocols are density- gradient 
centrifugation and swim-up [ 17 ]. Several studies 
addressed whether there was any differences 
between these two methods regarding sperm 
motility and concentration after semen prepara-
tion and the outcomes of intrauterine insemina-
tion [ 18 – 22 ]. It is of great importance to select a 
processing technique that improves the sample 
with spermatozoids that show a low amount of 
nuclear vacuolization after preparation. 

 Monqaut et al. [ 23 ] evaluated sperm morphol-
ogy under high magnifi cation before and after 
swim-up and density gradient centrifugation and 
classifi ed recovered spermatozoa according to 
the degree of vacuolization. Despite both meth-
ods showed a positive effect on sperm quality, the 
swim-up method produced signifi cantly higher 
incidence of morphologically normal spermato-
zoa than gradient centrifugation. 

 Borges et al. [ 24 ] compared the results of 
intracytoplasmic morphologically selected sperm 
injection between cycles in which the swim-up or 
the density gradient centrifugation techniques 
were used for sperm preparation. Implantation, 
pregnancy, and miscarriage rates were not statis-
tically different between the groups. Both tech-
niques recovered improved sperm fractions and 
resulted in similar IMSI outcomes.  

    MSOME and Sperm 
Cryopreservation 

 Human sperm cryopreservation has been rou-
tinely practiced for several years. Despite the 
success of sperm cryopreservation technique, the 
freezing–thawing process has proven to be asso-
ciated with modifi cations in seminal quality, par-
ticularly the decrease in sperm motility and 
increase in morphological abnormalities [ 25 ]. 

 During the cryopreservation of spermatozoa, 
both the formation of intracellular ice crystals 
[ 26 ] and the crystallization of the extracellular 
medium [ 27 ] are associated with mechanical 
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damage and may result in rupture of the plasma 
membrane and disturbance of cellular organelles 
[ 28 ]. Moreover, sperm cryopreservation has been 
correlated with an increase in the levels of some 
apoptosis markers [ 29 ]. Lastly, cryopreservation 
was found to induce chromatin decondensation 
[ 30 ], DNA denaturation [ 31 ] and increased sperm 
DNA fragmentation [ 32 ]. However, it is still 
under debate whether or not cryopreservation can 
induce sperm nuclear damage. Most of the tech-
niques used to evaluate sperm damage are inva-
sive. It would be advantageous to recognize 
negative effects of cryopreservation that might 
appear in post-thaw spermatozoa. Hence, a few 
studies evaluated the sperm morphology by 
MSOME in frozen-thawed sperm. 

 Boitrelle et al. [ 33 ] evaluated whether or not 
cryopreservation modifi es motile sperm morphol-
ogy under high magnifi cation and/or is associated 
with chromatin decondensation. Cryopreservation 
induced sperm nuclear vacuolization, decreased 
the incidence of grade I + II spermatozoa and the 
sperm viability rate and increased the incidence of 
sperm with noncondensed chromatin. 

 Conversely, Gatimel et al. [ 28 ] demonstrated 
that the cryopreservation has no effect on human 
sperm vacuoles. The main difference between the 
two studies is that Boitrelle et al. studied men 
from infertile couples, while only samples from 
recently fertile men were included in the study by 
Gatimel et al. Moreover, the dilution ratio with 
the cryoprotectant was different; and Boitrelle 
et al. used a morphological classifi cation that 
included not only vacuoles but also other sperm 
abnormalities.  

    Conclusion 

 The available literature seems to support that 
MSOME is a much stricter criterion of sperm 
morphology evaluation, since it identifi es vacu-
oles that are not identifi ed by the conventional 
semen analysis. Any technique that increases 
the quality of recovered spermatozoa and/or 
decreases the extent of vacuolated sperm could 
present an advantage in treatment’s outcomes. 
Nevertheless, it appears that both the swim-up 

and the density-gradient centrifugation techniques 
recover improved sperm fractions and result in 
similar IMSI outcomes. Sperm cryopreservation 
may result in the appearance of vacuoles due to 
mechanical stress during the procedure. As long 
as the precise reasons for vacuole formation are 
still unknown, it is  important to avoid prolonged 
sperm manipulation.     
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        Since the fi rst use of intracytoplasmic sperm 
injection (ICSI) in the early 1990s [ 1 ], this tech-
nique has become a powerful tool for infertile 
couples—particularly in cases of severe male 
infertility and low sperm counts [ 1 ]. However, 
although the “best-looking” or the “morphologi-
cally most normal” live spermatozoon is chosen 
in ICSI, it is well known that this selection does 
not guarantee nuclear quality or enable nuclear 
defects to be detected [ 2 ,  3 ]. Over the last decade, 
several methods for better evaluation of the 
nuclear quality of live spermatozoa have been 
developed. For example, motile sperm organelle 
morphology examination (MSOME, using 
Nomarski differential interferential contrast 
microscopy and high magnifi cation, >6,300×) 
was fi rst performed in the early 2000s [ 4 ]. This 
sperm observation technique reportedly enables 
better assessment of a spermatozoon’s morphol-
ogy and better visualization of sperm head vacu-
oles—structures that are not visible at a 
conventional ICSI-like magnifi cation (particu-
larly if the vacuole is small, i.e., if it occupies 
<4 % of the sperm head’s area) [ 4 ]. Sperm head 

vacuoles can be classifi ed in terms of their size 
(large or small), position (anterior or posterior), 
depth (deep or superfi cial), number (single or 
multiple), and frequency. They are found in 
semen with normal characteristics as well as in 
semen with abnormal characteristics. In a recent 
systematic review of the literature [ 5 ], we dis-
cussed the links between the presence of vacu-
oles and embryo development following 
intracytoplasmic morphologically selected sperm 
injection (IMSI). In fact, individual spermatozoa 
differ in their ability to produce an embryo capa-
ble of implanting. Several studies have concluded 
that IMSI with morphometrically normal sper-
matozoa with no vacuoles or only one small vac-
uole is associated with signifi cantly higher 
blastocyst and/or pregnancy rates [ 6 ,  7 ] (relative 
to IMSI with morphometrically abnormal sper-
matozoa or morphometrically normal spermato-
zoa with two or more small vacuoles or one large 
vacuole). Hence, we sought to answer the follow-
ing questions. What underlies the putative rela-
tionships between blastocyst and/or pregnancy 
rates, sperm chromatin status and the spermato-
zoon’s vacuolar status? Are vacuoles markers of 
sperm quality? Are they nuclear in nature and 
related to sperm chromatin status? And if vacu-
oles do refl ect sperm chromatin status, is there 
any value in selecting vacuole-free spermatozoa 
for oocyte injection? Before studying the rela-
tionships between vacuoles and chromatin status, 
we fi rst summarize links between vacuoles and 
chromatin structural abnormalities. 
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    Structural Aspects of Vacuoles: 
Links Between Vacuoles 
and Chromatin Structural 
Morphology 

 A normal sperm nucleus has been described as 
being convex, smooth, homogeneous and regu-
lar [ 8 ]. Human sperm vacuoles were fi rst 
described as “nuclear holes” when examined by 
electron microscopy and two-dimensional imag-
ing [ 9 ]. Using the same techniques, Chemes 
et al. reported that vacuoles were chromatin 
lacunae that could function as proteolytic cen-
ters to eliminate protein residues in sperm nuclei 
[ 10 ]. Thanks to the availability of higher-resolu-
tion techniques and technical progress in micros-
copy, it was shown that vacuoles were nuclear 
concavities rather than nuclear holes [ 11 – 13 ]. 

Atomic force microscopy is a nanometer-resolution 
type of scanning microscopy. Using this tech-
nique, large vacuoles (i.e., occupying more than 
25 % of the sperm head area) have been described 
as thin nuclear areas where the plasma membrane 
was intact but sunken [ 11 ] or where the sperm 
plasma membrane subsided [ 12 ]. The vacuoles 
were then referred to as “hollows” or “concavities” 
(for more details, see Fig.  13.1  (reproduced from 
[ 11 ])). Use of three-dimensional (3D) deconvolu-
tion microscopy (a technique with a resolution of 
about 100 nm) confi rmed that large and small 
vacuoles were respectively thumbprint-like and 
pocket-like nuclear concavities [ 11 ,  13 ]. Three- 
dimensional deconvolution microscopy with 
4′,6-diamino-2-phenylindole (DAPI) staining of 
the DNA provided a description of the surround-
ings of the nucleus (for more details, see 
Fig.  13.2  (reproduced from [ 11 ]) and Fig.  13.3  

  Fig. 13.1    Atomic force microscopy images. ( a ) a “top” 
spermatozoon observed under high magnifi cation 
(10,000×) light microscopy with Nomarski contrast; ( b ) 
the same “top” spermatozoon observed using atomic force 
microscopy (AFM), with a z color scale indicating the 
thickness profi les of the head region; ( c ) the same “top” 
spermatozoon viewed with AFM, with a scale bar to measure 

the length and width. ( d ) a spermatozoon with a large 
vacuole observed under high magnifi cation (10,000×) light 
microscopy with Nomarski contrast; ( e ) the same “vacuo-
lated” spermatozoon observed using AFM, with a z color 
scale indicating the height profi les of the head region; ( f ) 
the same “vacuolated” spermatozoon using AFM with a 
scale bar to measure the length and width. Figure from [ 11 ]       
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  Fig. 13.2    Three-dimensional (3D) deconvolution micros-
copy images. ( a ) a “top” spermatozoon observed under high 
magnifi cation with Nomarski contrast (differential interfer-
ence contrast, DIC) (a1), a DIC/DAPI merge (a2) and a 

DIC/PSA ( Pisum sativum  agglutinin)  lectin  merge (a3). 
(a4–a6) 3D-reconstructed images of the same “top” sper-
matozoon. DAPI fl uoresces blue (a4) and PSA lectin fl uo-
resces green (a5). Colocalization of fl uorescent probes (a6). 
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(reproduced from [ 13 ])). Interestingly, use of a 
3D reconstruction software package revealed that 
small vacuoles were deep, pocket-like, DAPI-
negative concavities (for more details, see 
Fig.  13.4  (reproduced from [ 13 ])). These concav-
ities were larger and deeper than expected from 
surface imaging alone (e.g., the vacuole indicated 
by a white arrow in the Figure). In summary, 
structural studies have described vacuoles as 
nuclear concavities of various sizes and at vari-
ous depths. Hence, one could hypothesize that 
the presence of chromatin concavities in the 
sperm nucleus might have a negative impact on 
chromatin organization and status. In order to test 
this hypothesis, we and others have compared the 
chromatin status of various types of spermatozoa 
(vacuole- free spermatozoa and spermatozoa with 
small or large vacuoles).

          The Relationship Between Sperm 
Head Vacuoles and Sperm 
Chromatin Condensation Status 

 Physiologically, a sum of complex events causes 
the sperm chromatin to condense very tightly (by 
up to six times more than in a somatic cell). 
Chromatin condensation takes place during the 
late stage of spermatogenesis (i.e., spermiogene-
sis), when most of the histones are replaced fi rst 
by transition proteins and then by protamines. 
This replacement process leads to the generation 
of a mature spermatozoon with correctly 
 condensed chromatin, i.e., chromatin in which 
85 % of the DNA is bound to protamines and 
only 15 % remains bound to histones (for 
a review, see [ 14 ]). This histone–protamine 

Fig. 13.2 (continued) ( b  and  c ) two spermatozoa with a 
large vacuole observed under high magnifi cation with DIC 
(b1, c1), a DIC/DAPI merge (b2, c2) and a DIC/PSA lectin 
merge (b3, c3). (b4 and c4, b5 and c5, b6 and c6) 3D recon-

structed images of the same “vacuolated” spermatozoa. 
DAPI fl uoresces blue (b4, c4) and PSA lectin fl uoresces 
green (b5, c5). Colocalization of fl uorescent probes (b6, 
c6). Figure from [ 11 ]         

F. Boitrelle and M. Albert



131

replacement is the end result of many complex 
epigenetic events, including the incorporation of 
histone variants and posttranslational histone 
modifi cations (e.g., methylation and acetylation). 
These events appear to infl uence embryo devel-
opment after fertilization [ 15 ,  16 ]. Furthermore, 
it has recently been reported that sperm samples 
containing a high number of spermatozoa with 

non-condensed chromatin were involved in 
recurrent implantation failures [ 17 ,  18 ]. 

 Several assays are available for quantifying 
protamines and evaluating chromatin condensa-
tion in spermatozoa, including direct methods 
(such as protamine extraction, electrophoretic 
separation and staining with Coomassie Blue) 
and indirect methods (such as chromomycin A3 

  Fig. 13.3    3D deconvolution microscopy images. ( a  and  e ) 
two morphometrically normal spermatozoa with a vacuole- 
free head, observed at high magnifi cation with DIC. ( b – d  
and  f – h ) 3D-reconstructed images of the same, normal 
spermatozoon. DAPI fl uoresces blue ( b  and  f ) and PSA 
fl uoresces green ( c  and  g ). Colocalization of the fl uorescent 

probes ( d  and  h ). ( i  and  m ) two morphometrically normal 
spermatozoa with multiple, small vacuoles observed at high 
magnifi cation with DIC. ( j – l  and  n – p ) 3D reconstructed 
images of the same spermatozoa. DAPI fl uoresces blue 
( j  and  n ) and PSA fl uoresces green ( k  and  o ). Colocalization 
of fl uorescent probes ( l  and  p ). Figure from [ 13 ]       

 

13 MSOME and Sperm Chromatin Status



132

staining and aniline blue staining). For vacuoles, 
the two most frequently used chromatin conden-
sation assays are chromomycin A3 (CMA3) 
staining (based on in situ competition with 
protamines) and aniline blue (AB) staining 
(based on the detection of residual histones in the 
sperm head). 

 As we recently reported in a review article 
[ 19 ], the relationship between the presence of 
vacuoles and the degree of sperm chromatin con-
densation has been extensively studied (for an 
overview, see Table  13.1  (reproduced from [ 19 ])). 
Some researchers have focused on chromatin 
condensation in spermatozoa with large vacuoles. 

Below, we deliberately mention whether the 
studies in question assessed the chromatin con-
densation of spermatozoa with large vacuoles 
(regardless of the potential presence of other 
sperm abnormalities) or with a single, large vacu-
ole as the only abnormality (i.e., in otherwise 
morphologically normal sperm). Indeed, we have 
found that spermatozoa’s morphology (and par-
ticularly the size and shape of the head) is related 
to chromatin status (unpublished data). Hence, 
when seeking to establish robust links between 
vacuoles and chromatin status, we consider that it 
is essential to study vacuolated spermatozoa with 
no other morphological abnormalities.

  Fig. 13.4    Three-dimensional microscopy images (viewed 
in several planes) of the nucleus of the spermatozoon 
labelled as “ m ” in Fig.  13.3 . ( a ) The nucleus surface (face  a  
of the schematic cube) of spermatozoon  m . ( b ) Posterior 
view (face  b ) of the nuclear contents. The  white arrow  

shows a nuclear pocket (concavity) linked to a surface vac-
uole. ( c ) Right-side view (face  c ) of the nuclear contents. 
( d ) Sagittal section of the nucleus (face  d  of the schematic 
cube), showing internal features. The  white arrow  shows a 
nuclear pocket linked to a surface vacuole. Figure from [ 13 ]       
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   Firstly, in Cassuto et al.’s study of 26 patients, 
spermatozoa with an abnormally shaped head 
(i.e., an abnormal base and/or an asymmetric 
nuclear extrusion) and at least one large vacuole 
(although the size was not specifi ed) were selected 
under high magnifi cation [ 20 ]. This type of sper-
matozoa was referred to as “score-0.” The 
researchers compared the degree of chromatin 
condensation (according to AB staining) of 
score-0 spermatozoa with that seen in unselected 
spermatozoa (i.e., those present in the sperm after 
two-layer density centrifugation). The proportion 
of spermatozoa with chromatin condensation fail-
ure was higher for the score-0 sample than for 
unselected spermatozoa (19.5 % vs. 10.1 %, 
respectively;  p  < 0.0001). Perdrix et al. studied 20 
patients and selected spermatozoa with one large 
vacuole (occupying >13 % of the sperm head 
area), regardless of whether or not the spermato-
zoa presented other morphological abnormalities 
[ 21 ]. The proportion of spermatozoa with chroma-
tin condensation failure (according to AB stain-
ing) was higher for spermatozoa with large 
vacuoles than for spermatozoa from whole sperm 
(50.4 % vs. 26.5 %, respectively;  p  < 0.0001). 
Franco et al. [ 22 ] studied 66 patients and 
selected spermatozoa with one or more large 
 vacuole (occupying ≥ 50 % of the sperm head 
area)—again, regardless of whether or not these 
spermatozoa presented other morphological 
abnormalities. The researchers found that the 
spermatozoa with large vacuoles were more likely 
to present abnormal chromatin packaging (as 
assessed by the CMA3 assay) than morphologi-
cally normal, vacuole-free spermatozoa were 
(53.2 % vs. 40.3 %, respectively;  p  < 0.0001). 
Once again, we consider that it is essential to study 
vacuolated spermatozoa with no other morpho-
logical abnormalities when seeking to establish 
robust links between vacuoles and chromatin sta-
tus. We have thus adopted this approach. In a 
study of 15 patients, morphologically normal 
spermatozoa with one large vacuole (>25 % of the 
head area) were more likely to present chromatin 
condensation failure (as assessed by AB staining) 
than vacuole-free, morphologically normal sper-
matozoa (36.2 % vs. 7.6 %, respectively; 
 p  < 0.0001) [ 11 ]. In summary, the above- mentioned 
studies all reported an association between the 

presence of one or more large vacuoles on one 
hand and chromatin condensation failure on the 
other. However, only one group has studied the 
nature of small vacuoles [ 13 ]. Spermatozoa with 
more than two small vacuoles (each occupying 
less than 4 % of the sperm head area) but that were 
otherwise normal (i.e., free of morphological 
abnormalities) were more likely to have non-con-
densed chromatin (as assessed by AB staining) 
than morphologically normal spermatozoa with-
out vacuoles (39.8 % vs. 9.3 %, respectively; 
 p  < 0.0001). Hence, several concordant studies 
have established links between the presence of 
vacuoles and chromatin condensation failure. 
One can thus legitimately hypothesize that human 
sperm-head vacuoles refl ect nuclear quality. This 
notion is important for understanding how IMSI 
could benefi t patients with recurrent implantation 
failures following ICSI or recurrent miscarriages; 
by giving us a “clearer view” of spermatozoa, 
IMSI enables better selection of spermatozoa with 
correctly condensed chromatin and helps avoid 
“at-risk” spermatozoa with vacuoles and chroma-
tin condensation failure. 

 In addition to these links between vacuoles 
and chromatin condensation status, it is important 
to bear in mind that chromatin condensation is 
necessary for protecting the spermatozoon’s 
nucleus during its long journey though the male 
and female genital tracts. Indeed, chromatin con-
densation failure confers susceptibility to exter-
nal damage and then nuclear DNA damage (DNA 
denaturation or fragmentation, for example). 
Again, one can hypothesize that the presence of 
sperm vacuoles is associated with the degree of 
sperm DNA damage. Several research groups 
have studied these putative links (for a review, see 
[ 19 ]), which are discussed in another chapter. 

 In conclusion, most of the data gathered to 
date indicate that vacuoles are nuclear in nature 
and are associated with chromatin condensation 
failure and a potential increase in susceptibility to 
DNA damage. Hence, a decade after the fi rst 
description of MSOME in the 2000s, this nonin-
vasive technique enables (1) the visualization of 
nuclear structures that are associated with nuclear 
chromatin condensation failure and (2) the selec-
tion of spermatozoa with the highest quality 
nuclear chromatin.     

F. Boitrelle and M. Albert
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           Introduction 

 Motile sperm organellar morphology examina-
tion (MSOME) has been introduced to human 
reproductive medicine as a tool for detecting 
subtle sperm morphological abnormalities, not 
detectable at the magnifi cation used in standard 
intracytoplasmic sperm injection (ICSI) [ 1 ]. 
Intracytoplasmic morphologically selected sperm 
injection (IMSI), which uses MSOME for sperm 
selection, has been shown to improve assisted 
reproduction outcomes in some, though not all, 
andrological indications (reviewed in [ 2 ]). 

 The rationale of the use of MSOME-ICSI was 
to overcome the negative paternal effects on the 
early embryo development after conventional 
ICSI [ 3 ,  4 ]. Among these paternal effects, two 
patterns have been distinguished. The one, called 
the early paternal effect, impairs morphology and 
cleavage speed of the early embryonic cleavage 
divisions, whereas the other, called the late pater-
nal effect, impairs implantation and the early 
post-implantation development without produc-
ing perceptible perturbations of embryo cleavage 
and blastocyst development [ 4 ]. The late paternal 

effect, but not the early one, has been shown to be 
associated with sperm DNA fragmentation [ 5 ,  6 ]. 

 It has been suggested that MSOME can serve 
to select spermatozoa with intact DNA to be 
injected to oocytes [ 7 ], but confl icting observa-
tions have been reported in the literature. In this 
chapter the place of MSOME/IMSI in assisted 
reproduction in cases with pathologically increased 
sperm DNA damage is critically reviewed with 
regard to the current knowledge of etiology and 
diagnosis of sperm DNA damage, and alternative 
treatment methods to overcome its consequences.  

    Sperm DNA Fragmentation 

 The phenomenon of human sperm DNA fragmen-
tation, and its relationship with sperm fertilizing 
ability and the developmental potential of the 
embryo, has been studied extensively over the past 
10 years [ 7 – 9 ]. Abundant information is now avail-
able as to the etiology of sperm DNA fragmenta-
tion, methods of its evaluation, and its impact on 
sperm reproductive potential in vivo and in vitro. 

    Etiology of Sperm DNA 
Fragmentation 

 Sperm DNA fragmentation can be caused by dif-
ferent etiological factors. These include abnor-
malities of sperm chromatin remodeling during 
spermiogenesis [ 10 ,  11 ], an incomplete process 
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of programmed cell death [ 12 ], and oxidative 
stress [ 13 ,  14 ]. 

 Sperm chromatin remodeling during mamma-
lian spermiogenesis involves the formation of 
DNA strand breaks in elongating spermatids [ 15 ]. 
In mice, these DNA strand breaks are normally 
marked by a histone phosphorylation event and 
later repaired by topoisomerase [ 16 ]. Failure of 
this repair process can be expected to lead to the 
persistence of the DNA strand breaks, created dur-
ing spermiogenesis, in mature spermatozoa [ 17 ]. 

 Programmed cell death is a physiological pro-
cess in the testis, which is responsible for the regu-
lation of the cell number ratio between germ cells 
and Sertoli cells [ 18 ] but also for the removal of 
damaged germ cells in different pathological con-
ditions (reviewed in [ 7 ]). Germ cells undergoing 
programmed cell death in the human testis are 
removed through phagocytosis by Sertoli cells, 
and they are not released to the lumen of the semi-
niferous tubules [ 19 ]. Thus, DNA damage detected 
in ejaculated spermatozoa is unlikely to be caused 
by the classical programmed cell death pathway, 
as also supported by the lack of association 
between DNA fragmentation in human ejaculated 
spermatozoa and the presence of the typical mark-
ers of programmed cell death, such as caspase 
activity [ 19 ] or expression of  Bcl- x   and  p53  [ 12 ]. 

 Oxidative stress appears to be the main factor 
responsible for DNA fragmentation in human 
spermatozoa. In spite of its protection by the 
highly condensed protamines, sperm nuclear 
DNA is still exposed to the action of reactive 
oxygen species (ROS) [ 17 ]. The risk of sperm 
DNA damage by ROS is especially high when 
the concentration of ROS in the proximity of 
spermatozoa is pathologically elevated or when 
the concentration of physiological antioxidant 
protective factors in the epididymis or seminal 
plasma is pathologically low. 

 Excessively high ROS concentrations can be 
generated by spermatozoa themselves [ 20 ], but they 
can also derive from leukocytic infi ltration into the 
ejaculate caused by infection [ 21 ,  22 ]. Loss of anti-
oxidant production, in its turn, can be related to 
smoking [ 23 ], or a decrease in the levels of antioxi-
dant factors, such as vitamin C [ 24 ], carnitin [ 25 ] 
and co-enzyme Q 10  [ 26 ], in the seminal plasma.  

    Evaluation of Sperm DNA 
Fragmentation 

 A number of diagnostic tests for the evaluation of 
sperm DNA fragmentation have been proposed. 
These include TUNEL [ 27 ], comet [ 28 ], chromo-
mycin A3 assay [ 29 ], in-situ nick translation 
[ 30 ], DNA breakage detection fl uorescence in 
situ hybridization [ 31 ], sperm chromatin disper-
sion test (SCD) [ 32 ], and the sperm chromatin 
structure assay (SCSA) [ 33 ]. Of these, TUNEL, 
SCSA, SCD, and Comet are the most currently 
used ones nowadays [ 7 ]. These tests evaluate the 
percentage of spermatozoa with fragmented 
DNA in a sperm sample. However, their results 
have to be interpreted in the context of available 
clinical comparisons between the percentage of 
DNA-fragmented spermatozoa and the outcome 
of an assisted reproduction attempt. This evalua-
tion is not easy because it may be infl uenced by a 
number of factors not related to sperm DNA frag-
mentation, such as the age of the female partner, 
the technique of assisted reproduction used, and 
the characteristics of different evaluation meth-
ods. As a matter of example, Table  14.1  shows 
the supposed published thresholds of DNA integ-
rity normalcy with TUNEL and SCSA in the 
clinical context of intrauterine insemination, 
in vitro fertilization, and ICSI [ 7 ].

   The clinical context in which sperm DNA 
integrity is evaluated is of utmost importance. 
The number of previous failed assisted reproduc-
tion attempts, the female age, and the ovarian 
reserve are very important factors to predict the 
chance of assisted reproduction success with a 
given value of sperm fragmentation test [ 7 ].  

    Sperm DNA Fragmentation 
and Fertility 

 Excessive sperm DNA fragmentation has been 
reported to be associated with infertility, miscar-
riage, and birth defects in the offspring (reviewed 
in [ 9 ]). This condition is also known to impair 
results of assisted reproduction, including ICSI 
(reviewed in [ 7 ]). More specifi cally, sperm DNA 
fragmentation has been shown to be related to the 
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so called “late paternal effect” on embryo devel-
opment [ 5 ,  6 ]. This means that, rather than impair-
ing fertilization and the development of early 
cleaving embryos, sperm DNA fragmentation has 
an impact on blastocyst formation [ 34 ], implanta-
tion and post-implantation development [ 35 ].   

    The Concept of MSOME 

 The concept of Motile Sperm Organellar 
Morphology Examination (MSOME) has been 
introduced by Bartoov et al. [ 1 ,  36 ,  37 ]. This 
method is based on a morphological analysis of 
isolated motile spermatozoa in real time at high 
magnifi cation (up to ×6,600). MSOME has been 
applied to the selection of spermatozoa for 
ICSI—this combination has been given the name 
of Intracytoplasmic Morphologically selected 
Sperm Injection (IMSI) [ 1 ,  36 – 38 ]. 

 The fi rst publications demonstrated an 
increase in the pregnancy rate using IMSI com-
pared with ICSI [ 1 ,  37 ]. However, subsequent 
studies comparing the success rates of IMSI and 
ICSI gave contradictory results. Some studies 
have shown that IMSI improves reproductive 
outcomes in case of male infertility factor and/or 
previous failed ICSI attempts in terms of implantation 

and clinical pregnancy rate as compared to 
conventional ICSI [ 39 ,  40 ]. On the other hand, 
IMSI and conventional ICSI seem to provide 
comparable laboratory and clinical results when 
an unselected infertile population is evaluated 
[ 41 ,  42 ]. Hence, the advantage of using IMSI 
instead of ICSI appears to be associated with 
some particular sperm pathologies. Indirect evi-
dence has suggested that sperm DNA fragmenta-
tion may be one of them [ 7 ,  43 ].  

    How Can Spermatozoa 
with Damaged DNA Be Detected 
by MSOME? 

 It is well known that, in addition to its ability to 
identify common sperm organellar alterations, 
such as abnormalities of acrosome, postacro-
somal lamina, neck, mitochondria, and tail, 
MSOME is also able to identify anomalies of 
sperm chromatin packaging refl ected by the pres-
ence of sperm head vacuoles [ 1 ]. It was suggested 
that spermatozoa suffering this chromatin abnor-
mality are particularly prone to DNA damage, 
and their use for assisted reproduction should 
thus be avoided [ 7 ]. However, this view has been 
contested by several other studies, and it is only 

   Table 14.1    Discriminating threshold values of SCSA and TUNEL suggested for prediction of assisted reproduction 
treatment outcome (presented in chronological order of publication)   

 Technique  Threshold (%)  Clinical context  Reference 

 TUNEL (M)  12; TUNEL+ a   IUI     Duran et al. [ 71 ] 
 TUNEL (M)  18; TUNEL+ a   ICSI  Benchaib et al. [ 72 ] 
 TUNEL (M)  24.3; TUNEL+ a   ICSI  Henkel et al. [ 73 ] 
 TUNEL (M)  36.5; TUNEL+ a   IVF  Henkel et al. [ 73 ,  74 ] 
 SCSA (FC)  27; DFI b   IVF, ICSI  Larson-Cook et al. [ 75 ] 
 SCSA (FC)  30; DFI b   IVF, ICSI  Virro et al. [ 61 ] 
 SCSA (FC)  27-30; DFI b   IUI, IVF  Evenson and Wixon [ 76 ] 
 TUNEL (M)  15; TUNEL+ a   ICSI  Greco et al. [ 64 ] 
 TUNEL (FC)  30; TUNEL+ a   ICSI  Hazout et al. [ 43 ] 

  Reprinted from Tesarik (2006) [ 7 ] 
  FC  fl ow cytometry,  ICSI  intracytoplasmic sperm injection,  IUI  intrauterine insemination,  M  microscopy,  SCSA  sperm 
chromatin structure assay,  TUNEL  terminal deoxyribonucleotidyl transferase-mediated dUTP fl uorescein–dUTP nick-
end labeling 
  a TUNEL+ stands for the percentage of TUNEL-positive spermatozoa determined in a sample 
  b DFI is DNA fragmentation index, calculated as a product of the number of red-stained spermatozoa (single-stranded 
DNA) divided by the sum of red-stained and green-stained (double-stranded DNA) spermatozoa  
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recently that the relationship between the pres-
ence of intranuclear vacuoles and sperm DNA 
damage has been demonstrated unequivocally. 

    Biological Considerations 

 Sperm intranuclear vacuoles were fi rst observed 
by transmission electron microscopy [ 44 ]. These 
vacuoles were later observed by atomic force 
microscopy (a very-high-resolution type of scan-
ning electron microscopy) and shown to corre-
spond to pocket-like nuclear concavities linked 
to failure of chromatin condensation [ 45 ]. As 
compared with these high-resolution observa-
tional techniques that cannot be applied to living 
cells, MSOME, which works with living sper-
matozoa, cannot locate the vacuoles unequivo-
cally with respect to other sperm-head structural 

 components such as the plasma membrane and 
the acrosome (Fig.  14.1 ). Even though some 
vacuoles observed in the sperm head by MSOME 
may be of acrosomal origin, there are strong 
arguments supporting the nuclear location of 
these structures. For instance, MSOME has 
revealed vacuoles also in the heads of spermato-
zoa from patients with globozoospermia which 
lack an acrosome [ 46 ], and the induction of the 
acrosome reaction, leading to acrosomal vesicu-
lation, did not modify the percentage of sperma-
tozoa with sperm head vacuoles observed by 
MSOME [ 45 ,  47 ]. It is thus evident that most of 
the sperm head vacuoles observed by MSOME 
correspond to nuclear regions with defective 
chromatin condensation.

   Sperm chromatin condensation occurs during 
spermiogenesis, and the replacement of the 
nuclear basic proteins histones by protamines is a 

  Fig. 14.1    Images of human spermatozoa by MSOME. 
( a ) A spermatozoon with normal head shape and a few 
small vacuoles (<4 % of the head volume). ( b ) A sperma-

tozoon with abnormal head shape and one large and sev-
eral small vacuoles.  Arrows  indicate vacuoles. Reprinted 
from Greco et al. (2013) [ 60 ]       
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key-event in this process. Evidently, testicular 
pathologies impairing this fi nal phase of sper-
matogenesis can disturb this process. In fact, sev-
eral concordant studies have established links 
between the presence of vacuoles and chromatin 
condensation failure [ 45 ,  48 ,  49 ]. 

 The replacement of histones with protamines, 
required for sperm chromatin condensation dur-
ing spermiogenesis, is known to protect sperm 
nuclear DNA against damage after the release of 
spermatozoa from the testis and their passage 
through epididymis [ 50 ,  51 ]. Oxidative stress, 
leading to sperm DNA fragmentation, is a major 
adverse factor to which spermatozoa are exposed 
after their release from the protective environ-
ment created by Sertoli cells with the testicular 
seminiferous tubules [ 7 ]. It is thus reasonable to 
suspect that sperm nuclear DNA is particularly 
prone to oxidative DNA damage in regions with 
defects of chromatin condensation, visualized as 
intranuclear vacuoles by MSOME. In fact, indi-
vidually selected spermatozoa with large 
 vacuoles [ 52 ,  53 ] or several large or small vacu-
oles [ 54 ,  55 ] have been found to present high lev-
els of DNA damage. 

 Moreover, a recent study evaluating simulta-
neously sperm head morphology and the pres-
ence of nuclear vacuoles, on the one hand, and 
sperm DNA fragmentation, on the other hand, in 
the same single spermatozoa confi rmed these 
observations [ 56 ]. In the latter study individual 
spermatozoa were fi rst selected by MSOME and 
then subjected to Sperm Chromatin Dispersion 
(SCD) test to assess DNA integrity status 
(Fig.  14.2 ). The results show that all spermatozoa 
presenting a normal morphology and no traces of 
vacuolization by MSOME are free of DNA dam-
age. As to spermatozoa with abnormal head mor-
phology and/or intranuclear vacuoles, they are at 
risk of bearing fragmented DNA, but many of 
them are free of DNA damage [ 56 ]. These obser-
vations match perfectly with the idea that defects 
of sperm chromatin condensation expose sper-
matozoa to an increased risk of DNA damage 
when exposed to risk factors [ 7 ]. On the other 
hand, it seems that spermatozoa with defects of 
nuclear chromatin condensation can be entirely 

free of DNA damage if not exposed to potential 
DNA damaging factors. In agreement with this 
hypothesis, unpublished results obtained at our 
clinic show that the probability of DNA damage 
in a population of MSOME-selected spermato-
zoa with intranuclear vacuoles is higher as com-
pared to vacuole-free spermatozoa only in cases 
in which the proportion of DNA-fragmented 
spermatozoa is pathologically increased, but not 
in cases with normal degrees of sperm DNA 
fragmentation.

       Clinical Considerations 

 Several studies have shown that the chance of 
ongoing pregnancy after ICSI performed with 
spermatozoa with abnormal sperm head mor-
phology and/or sperm head vacuoles, as evi-
denced by MSOME (IMSI), is lower as compared 
to cases with normal sperm head morphology 
[ 37 ,  39 ,  40 ,  57 ]. Accordingly, blastocyst develop-
ment after sperm selection at high magnifi cation 
is associated with the size and the number of 
nuclear vacuoles [ 58 ]. 

 On the other hand, IMSI and conventional 
ICSI seem to provide comparable laboratory and 
clinical results when an unselected infertile pop-
ulation is evaluated [ 41 ,  59 ]. These fi ndings are 
not surprising in the light of the observation that 
the presence of sperm nuclear vacuoles is not 
associated with an increased risk of DNA frag-
mentation in patients in whom the percentage of 
DNA-fragmented spermatozoa in the ejaculate is 
not pathologically elevated. 

 In some cases no morphologically normal and 
vacuole-free spermatozoa can be found by 
MSOME in the sperm sample to be used for 
IMSI. A recent study shows that this condition 
entails a signifi cant impairment of pregnancy, 
implantation, and live birth rates as compared to 
cases in which morphologically normal and 
vacuole- free spermatozoa can be selected [ 60 ]. It 
has been suggested that sperm DNA fragmenta-
tion produces a so-called late paternal effect on 
early embryonic development, which means that 
the paternal effect can infl uence negatively late 
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  Fig. 14.2    Visualization of sperm morphology using 
MSOME and DNA fragmentation assessment using SCD 
test in selected spermatozoa. Normal spermatozoa show-
ing absence of vacuoles ( a ) and absence of DNA damage 
in the same spermatozoa ( b ). Two highly abnormal 

spermatozoa ( c ) and presence of DNA fragmentation in 
both cases ( d ). Three spermatozoa showing presence of 
vacuolization ( e ) and lack of DNA fragmentation 
( f ). Reprinted from Gosálves et al. (2013) [ 56 ]       
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pre-implantation and post-implantation embryo 
development as well as the clinical outcomes in 
the absence of any detectable impairment of 
zygote development, cleaving speed, and early 
pre-implantation embryo quality [ 5 ,  6 ]. In agree-
ment with this idea, other studies have shown that 
blastocyst development [ 34 ,  61 ] and pregnancy 
outcome [ 6 ,  62 ] are impaired in cases of patho-
logically increased rates of sperm DNA 
fragmentation.   

    The Place for MSOME as Part 
of Diagnostic and Therapeutic 
Methods to Be Used in Cases 
of Pathologically Increased Sperm 
DNA Fragmentation 

    MSOME and Diagnosis of Sperm DNA 
Fragmentation 

 As outlined in the previous sections, MSOME 
is not a direct measure of sperm DNA damage 
extent. It provides information about sperm 
chromatin condensation status which is related 
to the vulnerability of sperm DNA to different 
kinds of potentially damaging factors. Hence, 
MSOME is probably not an examination to 
begin with if sperm DNA damage is suspected. 
In fact, MSOME outcomes can be properly 
interpreted only on the basis of previous knowl-
edge about sperm DNA fragmentation, pro-
vided by direct tests detecting sperm DNA 
integrity. 

 In cases in which no excessive sperm DNA 
damage is detected the recourse to MSOME as a 
diagnostic tool may not be required. On the other 
hand, MSOME is important to evaluate the 
chance of avoiding the injection of DNA- 
damaged spermatozoa by IMSI if the rate of 
DNA fragmentation, determined by direct tests, 
is pathologically elevated. The chance of preg-
nancy by IMSI is higher when at least a few mor-
phologically normal and nonvacuolated 
spermatozoa can be found, and this information 
is important for the choice of the optimal therapy 
in patients with pathologically elevated sperm 
DNA fragmentation (see below).  

    MSOME and Treatment of Sperm DNA 
Fragmentation 

 Several in vivo and in vitro treatments have been 
proposed to increase the chance of success of 
assisted reproduction in cases of pathologically 
elevated sperm DNA fragmentation. Oral treat-
ment with high-dose anti-oxidants during 2 
months prior to an ICSI attempt can be consid-
ered as an approach of the fi rst choice [ 7 ], since it 
has been shown to decrease signifi cantly the per-
centage of DNA-fragmented spermatozoa in 
76 % of the patients treated [ 63 ] and to improve 
the ICSI outcome [ 64 ]. MSOME and IMSI can 
be used after previous antioxidant treatment to 
further improve the chance of success. This com-
bination is even more interesting in the light of 
the fi nding that antioxidant treatment can pro-
duce defects in sperm chromatin condensation 
[ 65 ]. Because the presence of sperm head vacu-
oles, detectable by MSOME, has been shown to 
refl ect defects in chromatin condensation (see 
above), the combination of in vivo antioxidant 
treatment and subsequent MSOME/IMSI can be 
expected to enable the selection of DNA- and 
chromatin-intact spermatozoa for fertilization. 

 If oral antioxidant treatment fails to lower the 
percentage of DNA-fragmented spermatozoa, 
MSOME is one of the available in-vitro sperm 
selection methods to be applied. These include the 
use of Annexin-V columns [ 66 ,  67 ] and a sperm 
selection method based on sperm–hyaluronic acid 
binding [ 68 ,  69 ], both of which have been shown 
to signifi cantly reduce the percentage of spermato-
zoa with DNA fragmentation. Additional selection 
by MSOME of spermatozoa previously selected 
by these techniques may further improve the effi -
cacy of these techniques, which might be espe-
cially important in cases in which only few oocytes 
are available for the assisted reproduction attempt. 

 Finally, if all in vivo and in vitro treatments 
fail, ICSI with testicular spermatozoa has been 
reported to signifi cantly improve pregnancy rates 
in cases with pathologically elevated sperm DNA 
fragmentation [ 70 ]. MSOME, in combination 
with the other in vivo and vitro treatment tech-
nique may avoid the necessity of having recourse 
to this invasive technique of the last chance.   
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    Conclusions 

     (a)    MSOME can detect spermatozoa with chro-
matin packaging defects whose DNA is par-
ticularly sensitive to damage when exposed 
to destabilizing factors.   

   (b)    If the degree of sperm DNA fragmentation, 
as determined by direct tests, is normal, 
abnormal spermatozoa, detected by 
MSOME, are unlikely to have their DNA 
fragmented.   

   (c)    If the degree of sperm DNA fragmentation, 
as determined by direct tests, is pathologi-
cally elevated, abnormal spermatozoa, 
detected by MSOME, are likely to bear frag-
mented DNA.   

   (d)    ICSI with MSOME-selected spermatozoa 
(IMSI) is not indicated in cases with normal 
sperm DNA, as detected by direct tests, 
unless other indications for IMSI are 
present.   

   (e)    MSOME-IMSI can be used in cases of patho-
logically elevated sperm DNA fragmentation 
which do not improve after in vivo treatment 
with antioxidants.   

   (f)    MSOME-IMSI can be used in cases of patho-
logically elevated sperm DNA fragmentation 
with a good response to oral antioxidant 
treatment to further decrease the risk of 
injection of a DNA-fragmented spermato-
zoa, especially if only few oocytes are 
available.   

   (g)    MSOME-ICSI can be combined with other 
in vitro selection techniques to increase 
sperm selection effi ciency.   

   (h)    In cases of repeated failure of MSOME- 
IMSI, eventually combined with other treat-
ment strategies, the recourse to ICSI with 
testicular spermatozoa may be needed as a 
treatment of the last chance.         
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           Introduction 

 It is estimated that one in seven couples will 
experience fertility issues throughout their repro-
ductive lives. The male factor, which is the single 
most common cause of infertility, is solely respon-
sible in 30 % and contributory in an additional 30 % 
of cases [ 1 ,  2 ]. Assisted reproductive technologies 
(ART) are often considered as the fi rst-line treat-
ment to achieve pregnancy in infertile couples. 

 ART bypasses seminal abnormalities, such as 
a reduced sperm count, motility and percentage of 
morphologically normal cells. Traditionally, the 
evaluation of male fertility potential has relied 
upon microscopic assessment to determine semen 
quality [ 3 ]. Evaluation of sperm morphology has 
been known as the best prognostic indicator of 
spontaneous pregnancies [ 4 ], intra-uterine insem-
ination [ 5 ], and conventional IVF [ 6 ] success. 

 However, the standard morphology evaluation 
on random stained cells from the ejaculate is of 

limited value during intracytoplasmic sperm 
injection (ICSI). Because the ICSI procedure 
involves the direct injection of the spermatozoon 
into the oocyte, embryologists considered that 
the morphological evaluation of male gametes 
was of secondary importance [ 7 ]. 

 It is now well established that the spermato-
zoon is not only a genetic material carrier to the 
oocyte. The human spermatozoon is crucial for 
contributing three components: (1) the paternal 
genome, (2) the signal to initiate oocyte activa-
tion, and (3) the centriole, which participates in 
the initial zygote development [ 8 ]. Therefore, 
ICSI has created concerns over the possibility of 
a paternal infl uence because the fertilizing sper-
matozoon have highly dynamic and essential par-
ticipation in embryogenesis that and may be 
determinant of compromised embryo develop-
ment [ 8 – 12 ]. 

 A spermatozoon considered as morphologi-
cally normal under a magnifi cation of 400× 
(Fig.  15.1 ) may carry minor morphological 
defects that impair the fertilization process and 
embryonic development. In the past decade a 
new approach involving real-time, high- 
magnifi cation (up to 6,600×) observation of 
unstained spermatozoa, named "motile sperm 
organelle morphology examination" (MSOME), 
has been introduced [ 13 ] (Fig.  15.2 ). MSOME is 
able to identify mainly sperm head vacuoles, 
considered as nuclear defects (Fig.  15.3 ) [ 13 ] that 
may be associated with DNA and chromosomal 
abnormalities.
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     Because all the available tests for functional 
and genetic sperm assessment are extremely 
cytotoxic, sperm DNA integrity, and chromo-
somal constitution cannot be assessed in the 
sperm cell used for ICSI.  

    Sperm Chromosomal Constitution 

 In males, meiosis begins with puberty and occurs 
continuously throughout adulthood. Through 
meiosis I (MI), primary spermatocytes divide into 

  Fig. 15.1    Spermatozoa visualized under a magnifi cation of 400×       

  Fig. 15.2    Spermatozoa visualized by MSOME (6,600×)       
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two secondary spermatocytes, and through meio-
sis II (MII) each secondary spermatocyte divides 
into two spermatids, which will differentiate and 
maturate into a spermatozoon (Fig.  15.4 ).

   The human spermatozoon is an haploid cell 
( n  = 23) that contains 22 autosomes and one sex 
chromosome, either the X or Y. Anomalies in the 
sperm genetic information are known as 
 numerical and structural chromosomal abnor-
malities. Numerical abnormalities comprise 
aneuploidies and polyploidies and structural 
abnormalities include chromosome breaks, gaps, 
inversions, insertions, deletions, translocations, 
and acentric fragments [ 14 ].  

    Techniques for Sperm 
Chromosomal Analysis 

 Tremendous progress has been made studying 
the cytogenetics of male gamete. In 1970, the 
fi rst chromosomal studies of spermatozoa were 
developed, using the differential staining of 

  Fig. 15.3    Sperm with a large nuclear vacuole under 
MSOME (6,600×)       

  Fig. 15.4    Gamete formation in males (spermatogenesis)       
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specifi c regions of chromosomes [ 15 ]. An aver-
age aneuploidy rate of ~2 % per chromosome 
was reported, giving a total aneuploidy rate of 
38 % if all chromosomes were considered 
together [ 16 ]. However, due to nonspecifi c stain-
ing of chromosomes, these estimates were con-
sidered excessive and untrustworthy. Thus, a 
more reliable technique was necessary. 

 In 1978, Rudak et al. [ 17 ] settled a system in 
which human sperm were introduced to hamster 
eggs which then proceeded through the initial 
stages of development. After that, cells were 
fi xed and stained using karyotyping methods to 
observe metaphase nuclei, creating the fi rst 
extended cytogenetic observation of human chro-
mosomes, in which numerical as well as struc-
tural abnormalities could be analyzed. 

 In the 1990s, the fi rst fl uorescent in situ 
hybridization (FISH) assay was developed, offer-
ing a rapid, accurate and reliable technique for 
the identifi cation of aneuploidy and polyploidy in 
human sperm [ 18 ]. However, due to the small 
size of the sperm head, FISH cannot be per-
formed for all chromosomes because signals 
would overlap. Therefore, FISH is habitually per-
formed for chromosomes related to aneuploidies 
that can result in live birth (chromosomes 13, 18, 
21, X, and Y) [ 19 ].  

    Male Infertility and Chromosome 
Abnormalities 

 Human male infertility and chromosome abnor-
malities are frequently closely related. It has been 
reported that, in sperm of fertile men, the fre-
quency of numerical and structural chromosome 
abnormalities varies from 1 to 2 % and 7 to 14 %, 
respectively [ 14 ]. Infertile patients have an 
increased incidence of chromosomal abnormali-
ties [ 20 ], being the most common the aneuploi-
dies, Y chromosome structural abnormalities, 
Robertsonian and reciprocal translocations, and 
chromosome inversions [ 21 ]. 

 Alterations of semen parameters, including 
oligozoospermia, asthenozoospermia, and terato-
zoospermia, appear to be associated with 
increased sperm aneuploidy. Oligozoospermia 

was proven to be related to sperm chromosomal 
alterations [ 22 ,  23 ], but the highest levels are 
reported in men affected by severe oligoasthe-
noteratozoospermia and in men suffering from 
non-obstructive azoospermia [ 24 ,  25 ]. 

 Despite aneuploid spermatozoa are still able 
of fertilizing eggs, their use for ICSI is associated 
with reduced pregnancy rates, recurrent abortion, 
and chromosomal aberrations in the offspring 
[ 26 ,  27 ].  

    MSOME and Chromosomal 
Abnormalities 

 Sperm chromosomal constitution cannot be 
assessed in the sperm cell used for ICSI, there-
fore, several studies have investigated the rela-
tionship between sperm morphology by MSOME 
and sperm chromosomal status. 

 Garolla et al. [ 28 ] evaluated the mitochondrial 
status, DNA integrity, DNA fragmentation, and 
sperm aneuploidies in normozoospermic subjects 
and in two groups of patients with primary tes-
ticular damage or partial obstruction of the semi-
nal tract. Moreover, in patients with severe 
testicular impairment, mitochondria, DNA, and 
chromosomes were reanalyzed on a single sper-
matozoon, selected at a magnifi cation of 13,000× 
on the basis of normal morphology. Patients with 
testicular damage showed increased sperm aneu-
ploidies as compared to the controls. In contrast, 
in the PO group the mean percentage of sperm 
aneuploidies was not different from controls. 
From semen samples of the ten patients with tes-
ticular damage, a total of 20 single immotile 
sperm cells per patient were retrieved and classi-
fi ed on the basis of normal morphology and 
absence or presence of vacuoles. FISH analysis 
in these cells showed that no chromosomal alter-
ation was present in morphologically normal 
sperm cells. It is important to highlight that in 
this study a different equipment    setting, able to 
multiply the sperm image up to 13,000×, was 
adopted. The authors showed that no matter the 
initial status of the whole sperm sample, sperma-
tozoa selected by this method have lower inci-
dence of DNA and chromosome alterations and 
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concluded that, especially in patients with severe 
testicular damage, the amplifi ed use of MSOME 
could increase the effi cacy and safety of the ICSI 
procedure, thus improving the outcome of male 
factor infertility treatment, above all in patients 
with severe testicular damage. 

 de Almeida Ferreira Braga et al. [ 29 ] investi-
gated whether there was a connection between 
morphologic sperm normalcy evaluated through 
high magnifi cation and sperm DNA integrity and 
sperm aneuploidy. The authors performed 
MSOME and FISH techniques in 200 sperm cells 
from 50 patients undergoing ICSI as a result of 
male infertility. The results showed that despite 
the presence of vacuoles and abnormal nuclear 
cell size was positively correlated with sperm 
DNA fragmentation, there was no correlation 
between these morphological features and aneu-
ploidy. This result is in disagreement with the 
fi ndings of Garolla et al. [ 28 ] and the authors jus-
tifi ed that the studies’ designs were very differ-
ent, since de Almeida Ferreira Braga et al. 
analyzed the incidence of sperm aneuploidy in 
200 cells, and Garolla et al. evaluated a single 
cell under high magnifi cation and analyzed for 
sperm aneuploidies, which could explain the dif-
ferences found between the studies. 

 Perdrix et al. [ 30 ] evaluated evaluate acro-
some morphology, chromatin condensation, 
DNA fragmentation and sperm aneuploidy in 
spermatozoa with vacuoles occupying >13.0 % 
of sperm head area. For each of the 15 patients 
included in the analysis, results were compared 
with those obtained in spermatozoa from native 
semen sample. Results showed that aneuploidy 
and diploidy rates were signifi cantly increased in 
sperm with large vacuoles. Nevertheless, due the 
low number of analyzed subjects, these results, as 
the authors themselves noted, should be inter-
preted with caution. 

 Watanabe et al. [ 31 ] utilized a human sperm 
chromosome assay to investigate whether the 
sperm vacuoles are related to DNA damage. 
Morphologically normal sperm (selected under 
400× magnifi cation) obtained from 17 patients 
and 3 fertile donors were analyzed for the pres-
ence of vacuoles under a magnifi cation of 1,000×. 
In three patients and two donor samples, structural 

chromosomal damage was evaluated in normal 
sperm containing large vacuoles. The frequency 
of chromosomal abnormalities in sperm selected 
under high-magnifi cation was not signifi cantly 
different from that obtained for sperm examined 
under 400× magnifi cation. Nevertheless, it is 
important to note that the incidence of normal-
shaped sperm with large vacuoles was sporadic 
and therefore chromosome analysis dealt with 
low numbers. Since the incidence of chromo-
somal abnormalities was twofold higher in vacu-
olated sperm than the value in normal-shaped 
sperm without vacuoles obtained from the same 
patients, one might argue that that difference 
could reach statistical signifi cance in the analysis 
of a larger number of patients. In addition, it is 
worth mentioning that in this study sperm mor-
phology was examined under a magnifi cation of 
1,000× while in the majority of studies a magni-
fi cation of at least 6,000× was applied. 

 Boitrelle et al. [ 32 ] performed high- 
magnifi cation morphological evaluation 
(10,000×), in 15 infertile patients, to select 450 
morphologically normal spermatozoa and 450 
spermatozoa with a large vacuole (occupying 
≥25 % of the head area). Subsequently, chroma-
tin condensation, DNA fragmentation and the 
status of chromosomes X, Y, and 18 in these sper-
matozoa were analyzed. The results showed that 
despite the presence of a vacuole was associated 
with impaired chromatin condensation, normal 
and vacuolated spermatozoa did not differ sig-
nifi cantly in terms of aneuploidy. 

 It has been proven that in patients with macro-
cephalic sperm head syndrome normal-head 
spermatozoa can be retrieved but these spermato-
zoa are often aneuploid [ 33 ]. Chelli et al. [ 34 ] 
investigated two infertile males with macroce-
phalic sperm head syndrome originated from 
North Africa. Norma-headed spermatozoa were 
selected under 400× and 1,000× magnifi cation 
and the FISH analysis was performed on those 
selected spermatozoa. A total of 39 spermatozoa 
were selected under 400× and 6 were selected 
under 1,000×. A statistically signifi cant decrease 
in diploidy and an increase in haploidy were 
observed in MSOME-selected spermatozoa as 
compared to sperm selected under 1,000×. 
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Despite the selection by MSOME resulted in 
 signifi cant elimination of sperm polyploidy and 
diploidy it did not eliminate the select of aneu-
ploid spermatozoa. The authors highlighted that 
their results should be viewed with caution 
because only six spermatozoa were retrieved. 
Nevertheless, the absence of vacuoles after 
MSOME analysis was not a guarantee of normal 
chromosome content in these patients. 

 Another study evaluated whether high- 
magnifi cation observation of spermatozoa in 
translocation carriers is related to sperm mor-
phology and chromosomal content. Nine men 
carrying either a balanced reciprocal or a 
Robertsonian translocation were included in the 
study. The results showed that the absence of 
sperm vacuoles by MSOME was not suffi cient to 
avoid spermatozoa with an unbalanced chromo-
somal content in patients carrying a reciprocal or 
a Robertsonian translocation [ 35 ]. 

 Individual chromosomes reside in distinct ter-
ritories [ 36 ,  37 ] and the preferential longitudinal 
positioning has been recognized for 11 chromo-
somes in human sperm [ 38 ]. Chromosomes X, Y, 
and 18 positioning has also been compared 
between spermatozoa with large vacuoles and 
normal spermatozoa analyzed and the results 
showed that chromosome architecture was modi-
fi ed in spermatozoa with large vacuoles com-
pared with normal spermatozoa [ 39 ].  

    Conclusion 

 Recently, the MSOME, a noninvasive technique 
of sperm selection has been proposed to best pre-
dict ICSI outcome. The MSOME allows the 
selection of sperm cells with better physiological 
status and has been reported to result in improved 
implantation and pregnancy rates and reduced 
miscarriage rates. Few studies have investigated 
the chromosomal contents of morphologically 
normal and abnormal sperm cells selected by 
MSOME; however, to date, the results are still 
controversial. These discrepancies may be 
explained by (1) the lack of defi nition regarding 
the size of a large nuclear vacuole, (2) the differ-
ence in the total calculated magnifi cation applied 

in sperm analysis, and (3) the characteristics of 
the patients analyzed in each study. Therefore, 
further studies are necessary to determine 
whether or not the presence of sperm vacuoles 
correlates with sperm chromosomal status.     
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           Introduction 

 The Intracytoplasmic Sperm Injection (ICSI) 
story started in 1992, with the fi rst attempt offer-
ing a new and large opportunity in the fi eld of 
male factor infertility treatment    [ 1 ]. The success 
obtained in cases of oligoasthenoteratozoosper-
mia (OAT) was, at this time, revolutionary. 

 Ten years later, technical progress permitted a 
high magnifi cation of the spermatozoon with a 
new vision of Motile Sperm Organelle 
Morphology Examination (MSOME) [ 2 ] prior to 
Intracytoplasmic Morphologically Selected 
Sperm Injection (IMSI) improving the preg-
nancy rate [ 3 ,  4 ]. This can achieve magnifi cation 
ranging from 6,100× to more. Several approaches 
were used to classify morphological abnormali-
ties of human spermatozoa at high magnifi ca-
tion, invisible with the standard optical of 400×, 
which is commonly used for selecting spermato-
zoon in ICSI routine. Recently, it has been 
reported that ICSI of sperm with vacuoles tends 
to result in decreased blastocysts and pregnancy 
rates [ 5 ,  6 ] and causes early miscarriages, [ 7 ] 
and it has been proposed that vacuoles are not 
just a polymorphism but pose a risk for an abnor-
mality that is associated with DNA injury [ 8 ]. 

On the other hand, examining the incidence of 
vacuoles in spermatozoa at various developmen-
tal and maturation stages, other authors per-
formed an IMSI using motile normal-shaped 
sperm with or without vacuoles; surprisingly 
they found that human sperm vacuoles did not 
affect ICSI outcomes [ 9 ]. However, a consensual 
defi nition of a “so-called” normal spermatozoon 
is still unknown and this is the reason why the 
results are still confl icting. 

 In this chapter we try to clarify the main indica-
tions of IMSI according to our proper classifi ca-
tion and experience and discuss unsolved matters.  

    Materials and Methods 

    Sperm Preparation and Technical 
Considerations 

 The intracytoplasmic morphologically selected 
sperm injection (IMSI) uses a Nomarski system 
which enables to choose and select spermatozoon 
at high magnifi cation (6,100×) as opposed to 
ICSI, performed at low magnifi cation (400×). 

 These techniques are completely similar but 
differ in the observation time that is longer for 
IMSI. The examination of the sperm head and 
nucleus by MSOME allows one to see what 
remain invisible with standard ICSI. According 
to the description given by Bartoov [ 2 ] the mor-
phological normalcy of the spermatozoon is eval-
uated with the nucleus in terms of shape (smooth, 
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symmetric, and oval) and chromatin content 
(homogeneous chromatin containing no more 
than one vacuole that occupies <4 % of the 
nuclear area). But for neck, cytoplasmic droplet, 
and tail, low magnifi cation is enough. The prob-
lem is that today, even in light of the work of 
Tanaka [ 9 ] nobody is able to defi ne normal sperm 
or assess the real impact of nuclear vacuoles. 

 This new approach is still a matter of debate 
because some authors fi nd that the completion 
time is long and that the price of the material is 
high in relation to the results.  

    Spermatozoon Selection 

 After preparation in a centrifuged bilayer gradi-
ent (low density and high density), the motile 
spermatozoa were observed in three dimensions 

(3D) at high-magnifi cation under an inverted 
microscope equipped with Differential Inferential 
Contrast (DIC) optics called Nomarski, produc-
ing 3D vision thanks to a polarization light. This 
provided high magnifi cation of 1,500× with a 
zoom of up to 6,100× and higher. 

 In a glass-bottom culture dish the fresh washed 
pellet was placed and the motile spermatozoon 
examined. Assessment of morphology was carried 
out as previously described by Cassuto–Barak 
[ 10 ]. Briefl y, we established a detailed classifi ca-
tion scoring scale ranging from 0 to 6. The mor-
phology of spermatozoon defi ned the head and 
base shape, the presence or absence of vacuole in 
the nucleus. The formula for the scoring scale 
counts two points for a normal head, three for a 
head without vacuole, and one for a normal base. 
A range of spermatozoa with different scores and 
grading sketches are shown in Fig.  16.1 .

g h i

a b c d e f

  Fig. 16.1    Sperm-scoring sketches according to the Cassuto–
Barak Classifi cation: 2HN + 3VN + 1BN (HN =  normal head; 
VN = no vacuole; BN = normal base). Maximum score is 6. 

( a ) Score 6: HN + VN + BN. ( b ) Score 5: HN + VN. ( c ) Score 
4: VN + BN. ( d ,  e ) Score 3: HN + BN or VN ( f ). ( g ) Score 2: 
HN. ( h ) Score 1: BN. ( i ) Score 0       
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   A “top” spermatozoon with a score of 6 points 
is shown in Fig.  16.2 .

   A score of 0 was defi ned by a nuclear-shape 
disorder with an abnormal base and/or a nuclear 
asymmetrical extrusion and/or invagination of 
the nuclear membrane and at least one large or 
several vacuoles (Fig.  16.3 )   .

       Impact of Sperm Morphology 

 According to our sperm classifi cation, there was 
a clear positive correlation between the head 
morphology of the spermatozoon, fertilization, 
and expanded blastocyst rate. Cassuto et al. have 
shown that ultramorphological criteria previously 

established with a scoring scale according to 
sperm head, vacuole, and base appear to be unre-
lated to chromosomal abnormalities [ 11 ] but 
related to DNA damage, particularly with chro-
matin decondensation which may affect embryo 
development [ 8 ]. 

 Spermatozoa chosen for ICSI may have mor-
phological abnormalities which could decrease 
the implantation and pregnancy rates [ 12 ]. 
However, when using high magnifi cation, sev-
eral studies have shown an increased blastocyst 
and pregnancy rates by selecting physiologi-
cally normal spermatozoa [ 4 ,  5 ,  13 ,  14 ]. The 
contribution of maternal age in correlation to 
sperm score revealed a distinction between 
oocytes originating from women younger than 
30 years and oocytes from women aged 30 and 
older [ 10 ]. 

 Moreover, in a recent study, it has been shown 
that in couples with advanced maternal age, IMSI 
performance results in higher blastocyst forma-
tion, implantation, and clinical pregnancy rates as 
compared with conventional ICSI [ 15 ]. More 
recently it has been shown that the use of IMSI 
minimizes the risk of major malformations in off-
spring [ 16 ].  

    Impact of Sperm DNA Structure 

 The clinical signifi cance of DNA damage in the 
male germ line has been the subject of much dis-
cussion and the source of some confusion. 

 There is an extensive literature addressing the 
relationship between DNA damage in spermato-
zoa and fertility, defi ned in a variety of ways and 
under diverse circumstances including natural 
conception [ 17 ]. These data mainly showed a 
weak relationship between DNA damage and fer-
tility. The most powerful associations appear to 
be with natural conceptions, IUI, and IVF, but 
weak with ICSI. This has led some societies not 
to recommend sperm DNA testing under the pre-
text that they are not really helpful. In reality, it 
would appear clear that there is no direct relation-
ship between the status of DNA in a sperm 
nucleus and the fertilizing potential of the cell. 
The sperm nucleus is tightly compacted, inert to 

  Fig. 16.2    Score-6 Top Spermatozoon with a normal base       

  Fig. 16.3    Score-0 Spermatozoon at high and low magni-
fi cation. Bar = 5 μm       
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the point of transcriptional silence and plays no 
active role in the processes of capacitating and 
fertilization [ 18 ]. 

 DNA in the sperm nucleus is more sensitive 
to oxidative damage than to the mechanisms 
regulating sperm fertilization. That may be due 
to collateral damage to the sperm plasma mem-
brane as a result of extensive lipid peroxidation. 

 Moreover, perfectly normal spermatozoa, in 
terms of both their appearance and function, may 
still carry DNA damage, creating a problem when 
it comes to selecting spermatozoa for ICSI [ 19 ]. 
The signifi cance of DNA damage in spermatozoa 
is not about predicting fertility but rather about its 
potential to modify the genetic constitution of the 
embryo. It is today indisputable that DNA dam-
age in the father’s sperm can infl uence embryonic 
development. The assessment of such damage is 
underestimated because of the repair capacity of 
oocytes, particularly in young women, explaining 
the confl icting results of several studies. 

 High magnifi cation is a tool permitting to iden-
tify and to discard abnormal sperm with a chroma-
tin decondensation, in real time.  

    Review of the Literature and Results 

 IMSI has a theoretical potential to improve repro-
ductive outcomes among couples undergoing 
assisted reproduction techniques (ART). 

 In a recent Cochrane database [ 20 ] study com-
paring ICSI and IMSI, the authors retrieved 294 
records; from those, nine parallel design studies 
were included, comprising 2,014 couples 
(IMSI = 1,002; ICSI = 1,012). Live birth was eval-
uated by only one trial and there was no 
signifi cant evidence of a difference between IMSI 
and ICSI (risk ratio (RR) 1.14, 95 % confi dence 
interval (CI) 0.79–1.64), but these results con-
cerning only 168 women, the evidence was of low 
quality. IMSI was associated with a signifi cant 
improvement in clinical pregnancy rate (RR 1.29, 
95 % CI 1.07–1.56, 9 RCTs, 2,014 women, 
 I (2) = 57 %, with very-low-quality evidence also). 
In their study the authors did not fi nd a signifi cant 
difference in miscarriage rate between IMSI and 
ICSI (RR 0.82, 95 % CI 0.59–1.14, 6 RCTs, 552 
clinical pregnancies,  I (2) = 17 %, very-low- quality 

evidence). None of the included studies reported 
congenital abnormalities. Thereby results from 
RCTs do not support the clinical use of IMSI. 
There is no evidence of effect on live birth or mis-
carriage and the fact that IMSI improves clinical 
pregnancy is of very low quality. 

 Recently, Klement et al. [ 21 ] studied 1,891 
IVF-ICSI cycles and 577 IVF-IMSI cycles. In 
the fi rst IVF treatment, pregnancy rates (PRs) 
were 46 % and 47 %, respectively, and delivery 
rates were 23 % versus 30 %, respectively. In 
the second cycle to follow a failed ICSI, PRs 
and delivery rates were signifi cantly higher for 
patients who chose to shift to the IMSI tech-
nique compared with patients who chose to go 
through a second IVF-ICSI cycle (56 % vs. 
38 % PRs and 28 % vs. 18 % delivery rates, 
respectively). In the following cycles a signifi -
cant difference was demonstrated in both PR 
and delivery rates in favor of patients shifting 
between treatments. In a multivariate analysis 
an approximate threefold increased chance 
existed for both pregnancy and delivery only in 
case of couples failing an ICSI attempt who 
shifted to IMSI. The authors recommend IMSI 
only after ICSI failures. 

 Marci et al. [ 22 ] studying the outcome after 51 
IMSI and 281 ICSI in an unselected patients 
group found no statistically signifi cant differences 
between implantation rate (ICSI: 16.83 %; IMSI: 
16.67 %), fertilization rate (ICSI: 77.27 %; IMSI: 
80.00 %), and pregnancy rate (ICSI: 25.30 %; 
IMSI: 23.50 %). Both groups were comparable 
when considering live birth rate (ICSI: 11.39 %; 
IMSI: 13.72 %), ongoing pregnancy rate (ICSI: 
7.47 %; IMSI: 5.88 %), and miscarriage rate 
(ICSI: 17.78 %; IMSI: 5.26 %). The subgroup 
analyzed did not show a statistical difference 
between ICSI and IMSI neither in male factor 
infertility subgroup nor in patients with more than 
one previous ICSI attempt. A trend towards better 
laboratory and clinical outcomes was detected in 
the male factor infertility subgroup when IMSI 
was applied. They concluded that IMSI technique 
does not signifi cantly improve IVF outcome in an 
unselected infertile population. 

 De Vos et al. [ 23 ] in a randomized sibling 
oocyte study, focusing on the presence of nuclear 
vacuoles in 350 ICSI cycles, graded the semen 
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samples (fi ve grades) and microinjected 3,105 
oocytes showing the same fertilization rate 
between IMSI and ICSI as well as the same preg-
nancy rate. They concluded that the clinical out-
come was similar for IMSI and conventional ICSI. 
No fi rm conclusions could be drawn on cycle rank 
as a possible indication for IMSI. However, 
according to semen sample quality (either real-
time IMSI morphology or total number of pro-
gressive motile spermatozoa in the semen sample), 
IMSI and ICSI showed similar clinical effi ciency. 

 In a clinical randomized study Balaban et al. 
[ 24 ] compared the clinical outcome of 87 IMSI 
cycles with 81 conventional (ICSI) cycles in an 
unselected infertile population. IMSI did not pro-
vide a signifi cant improvement in the clinical 
outcome compared with ICSI although there 
were trends for higher implantation (28.9 % ver-
sus 19.5 %), clinical pregnancy (54.0 % versus 
44.4 %), and live birth rates (43.7 % versus 
38.3 %) in the IMSI group. However, severe male 
factor patients benefi ted from the IMSI  procedure 
as shown by signifi cantly higher implantation 
rates compared with their counterparts in the 
ICSI group (29.6 % versus 15.2 %,  P  = 0.01). 
These results suggest that IMSI may improve 
IVF success rates in a selected group of patients 
with male factor infertility. 

 Several previous studies demonstrated, on the 
contrary, a real benefi cial effect of IMSI in 
selected infertile populations. 

 Antinori et al. [ 13 ] in a prospective random-
ized study compared ICSI and IMSI in cases of 
446 male severe OATS using ICSI in 219 couples 
and IMSI in 227 couples. The data showed that 
IMSI resulted in a higher clinical pregnancy rate 
(39.2 % versus 26.5 %;  P  = 0.004) than 
ICSI. Despite their initial poor reproductive prog-
nosis, patients with two or more previously failed 
attempts benefi ted the most from IMSI in terms 
of pregnancy (29.8 % versus 12.9 %;  P  = 0.017) 
and miscarriage rates (17.4 % versus 37.5 %). 

 In a meta-analysis Souza et al. initially 
retrieved a total of 37 studies from the literature 
[ 25 ]. Only fi ve published studies, which analyzed 
the relationship between ICSI and IMSI outcomes, 
were considered for inclusion [ 2 ,  4 ,  6 ,  13 ,  26 ]. 
The articles were analyzed independently. The 
studies had to be comparative or randomized 

and homogenous. Three studies were retained 
(Bartoov et al. [ 4 ]; Berkovitz et al. [ 6 ]; Antinori 
et al. [ 13 ]). 

 The main outcome measures were fertilization, 
implantation, pregnancy and miscarriage rates. 
Two of the three studies analyzed the percentage 
of top-quality embryos [ 4 ,  26 ] and the outcome. 
Results demonstrated no signifi cant difference in 
fertilization rate between ICSI and IMSI groups. 
However, a signifi cantly improved implantation 
(odds ratio (OR) 2.72; 95 % confi dence interval 
(CI) 1.50–4.95) and pregnancy rate (OR 3.12; 
95 % CI 1.55–6.26) was observed in IMSI cycles. 
Moreover, the results showed a signifi cantly 
decreased miscarriage rate (OR 0.42; 95 % CI 
0.23–0.78) in IMSI as compared with ICSI cycles. 
In this analysis IMSI cycles they demonstrated a 
statistically signifi cant improvement in implanta-
tion and pregnancy rates and a statistically signifi -
cant reduction in miscarriage rates. 

 Interestingly, in a more recent paper the same 
authors [ 15 ] analyzed IMSI procedure prospec-
tively in cases of advanced maternal age in a ran-
domized study. They demonstrated that, in 
couples with advanced maternal age (≥37 years 
old), IMSI performance results in higher blasto-
cyst formation, implantation, and clinical preg-
nancy rates as compared with conventional ICSI. 

 High spermatozoon magnifi cation and IMSI 
emphasized the fact that the sperm nucleus seems 
to be the most important thing. However since 
the origin of sperm vacuoles remains unknown, 
some studies suggested that sperm vacuoles are a 
normal feature of the sperm head [ 9 ,  27 ], while 
others suggested that it is related to male subfer-
tility, with higher incidence of chromosomal 
abnormalities [ 28 ,  29 ]; and sperm chromatin 
packaging/DNA abnormalities [ 2 – 4 ,  8 ,  30 – 35 ]. 

 The impact of large nuclear vacuoles in the 
embryo development was widely discussed par-
ticularly by Tanaka et al. [ 9 ] who suggest that 
vacuoles occur naturally in a physiological pro-
cess during sperm maturation. However the same 
author concludes that spermatozoa with large 
vacuoles must not be used for injection. 

 Montjean et al. [ 36 ] evaluated 35 sperm sam-
ples that were incubated with the follicular fl uid 
and with hyaluronic acid and analyzed for sperm 
DNA condensation and morphology through 
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MSOME, in order to determine if there was a cor-
relation between the presence of vacuoles and 
acrosome reaction. In accordance with the fi ndings 
from Kacem et al. [ 37 ], the authors showed that the 
presence of sperm vacuoles negatively infl uences 
sperm capacity to undergo acrosome reaction and 
are a refl ection of sperm physiology rather than an 
expression of abnormalities in the nucleus. 

 Cassuto et al. [ 8 ] investigated whether DNA 
damage of 26 infertile men with OAT and IVF 
failures were linked to sperm-head abnormalities 
identifi ed at high magnifi cation. The analysis of 
10,400 spermatozoa showed that the sperm 
chromatin- decondensation rate of abnormal, 
spermatozoa (presenting abnormal head, one or 
several vacuoles, and an abnormal base) was 
twice as high as the controls (19.5 % versus 
10.1 %;  P  < 0.0001). 

 Hammoud et al. [ 38 ] recently analyzed differ-
ent types of spermatozoa in eight patients with a 
high degree of sperm DNA fragmentation in 
terms of incidence; if the spermatozoon was 
vacuole- free it showed a signifi cantly lower inci-
dence of DNA fragmentation (4.1 ± 1.1 %) than 
the other types. 

 Finally in the most recent paper, and one of the 
most signifi cant, Cassuto et al. [ 16 ] demonstrated 
that birth defects and particularly major malfor-
mations were signifi cantly lower with IMSI 
(6/450, 1.33 %) versus ICSI (22/578, 3.80 %; 
adjusted odds ratio 0.35, 95 % confi dence interval 
0.14–0.87,  P  = 0.014), mainly affecting boys 
(Adjusted odds ratio 2.84, 95 % confi dence inter-
val 1.24–6.53,  P  = 0.009). The authors concluded 
that IMSI signifi cantly decreased risk of major 
birth defects after multivariate adjustment and 
highlighted the benefi cial effect of sperm selec-
tion at high magnifi cation before ICSI.  

    Personal Data 

    Presented at Venice at the 15th World 
Congress on Human Reproduction 
 Prospective studies of 350 spermatozoa from infer-
tile men were used for ICSI in women less than 36 
with normal ovarian status. The spermatozoon was 
fi rst selected routinely (400×), then observed at 
high magnifi cation (6,100×) and scored according 

to our scoring system. To clarify the methodology 
we decided to compare scores 6 + 5 (Group A) 
versus scores 1 + 0 (Group B). Overall we fol-
lowed 202 extreme ranges spermatozoa (Group 
A + B) from 350. Each oocyte was individually 
cultured in order to follow the outcome of each 
embryo until the blastocyst stage. Results: In 
group A, 94 injected spermatozoa permit to 
obtain 78 embryos, and 34 blastocysts including 
14 “top blastocysts”. In group B, 108 injected 
spermatozoa permitted to obtain 62 embryos and 
24 blastocysts including 4 “top blastocysts.” 
Comparing the two groups we found a signifi cant 
difference in terms of fertilization rate ( p  = 0.007) 
and “top” blastocysts ( p  = 0.01). Regarding “top” 
blastocysts obtained in the two groups according 
to pregnancies there is a signifi cant difference 
( p  = 0.03). Finally, 12 ongoing pregnancies occur 
in group A and only 1 in group B ( p  = 0.0003). 
These data validate our classifi cation and scoring 
system, permitting to discard the worst spermato-
zoa from ICSI and giving a guideline for the 
choice of the spermatozoa likely to be injected.   

    Discussion and Indications 

 In light of the numerous and confl icting studies 
described above, one might conclude that the 
IMSI indications remain unclear. 

 However, whether we refer to randomized or 
no randomized studies, or to selected or 
unselected populations, one thing remains clear: 
the lack IMSI’s impact on fertilization rates 
(except in the last studies of Cassuto et al. [ 10 , 
 16 ]). This is not surprising because the majority 
of studies did not rate either the spermatozoon 
prior to microinjection or the DNA defects. From 
all recent and documented studies, it is clear that 
the majority of authors have used the IMSI pro-
cedure mainly in case of ICSI failures. 

 Those most reluctant to use IMSI think that a 
more subtle selection of sperm does not suffi ce to 
signifi cantly increase the chance of success com-
pared to ICSI. These authors have generally 
worked on unselected populations using IMSI in 
fi rst intention. In these conditions only huge 
numbers could refl ect a difference in favor of the 
IMSI groups. 
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 The last work of Cassuto et al. [ 16 ] further 
demonstrates a signifi cant reduction in major 
birth defects after IMSI in all women under 39. 

 This higher risk of major malformation with 
ICSI, mainly affects the urogenital system and 
more often boys. 

 This argument seems crucial to us, and should 
be enough to convince critics of the IMSI tech-
nique as it is important to understand that, unlike 
the initial goal, the key is not to select the best 
spermatozoon, which nobody could defi ne, but 
rather to discard the worst. 

 Moreover, it is also possible that the sperm 
selection under high magnifi cation itself can 
account for the improvement of blastocyst qual-
ity, implantation, and pregnancy rates, regardless 
of sperm chromatin packaging, DNA status or 
oocyte capacity to repair. 

 We must also take into account that the « best 
looking » spermatozoon prior to ICSI does not 
necessarily refl ect its DNA quality. 

 Consequently studies suggest that the injec-
tion of DNA-damaged spermatozoa is related to 
blockage of embryonic development during or 
after the embryos’ implantation, which refl ects a 
late paternal effect [ 26 ,  39 ,  40 ]. 

 Sperm DNA integrity and chromosomal consti-
tution cannot be assessed in the sperm cell used for 
ICSI. We have already demonstrated that sperm 
chromatin-decondensation rate of abnormal sper-
matozoa (Score 0 presenting abnormal head, one or 
several vacuoles and an abnormal base) was twice 
as high as the controls [ 8 ]. It is known that, prior 
to histone replacement by protamine, the nucleo-
somes are destabilized by hyperacetylation and 
DNA methylation levels rise [ 41 ,  42 ]. These poten-
tial epigenetic mechanisms could be implied in 
chromatin condensation failures. 

 Whereas an oocyte may partially repair sperm 
DNA damage, it is postulated that more extensive 
defects and less DNA repair will result in the 
introduction of mutations and these have been 
associated with poor fertilization or embryo 
development rates and recurrent miscarriages. 

 In this respect the recent work of Setti et al. [ 15 ] 
among elderly women is instructive because it 
authenticates the idea that lesser repair capabilities 
of “older” oocytes justify the use of IMSI for the 
sole purpose of not adding a further disadvantage. 

 Tanaka's endeavor to explain the presence and 
signifi cance of vacuoles in the sperm nucleus: 
Vacuolar formation occurs naturally during the 
process of sperm nuclei condensation, and 
should not be regarded as degeneration but as 
physiological change. However, after ICSI/IMSI 
their study was not able to detect a difference 
because of the limited number of examinations. 

 After the fi rst publication of Bartoov et al., and 
“a fortiori” after our ICSI failures, we tried to clas-
sify the various sperm defects on a scale from 0 to 
6 [ 10 ]. It gradually became apparent that the shape 
head and base and structure of the sperm nucleus 
represented the main selection criteria. We were 
convinced it would be very diffi cult to isolate a 
perfectly normal sperm, because, as we explained 
beforehand, we had no objective certainty. 

 Considering only the presence or absence of 
vacuoles is insuffi cient and partly explains the 
discrepancies between different studies results. 
Only the combination of abnormalities of the 
sperm head and base may constitute an argument 
to exclude sperm usually carrying nucleic struc-
tures abnormalities. 

 Thus, we would recommend IMSI, fi rstly, for 
OAT with a high level of spermatozoon score 0 
(more than 40 %) and/or for women over 35, and 
secondly for patients of all ages who have experi-
enced unexplained ICSI failures, and early 
repeated abortions. This point is crucial and high-
lights the fact that ICSI is unable to detect the 
0-rated spermatozoon in the pellet before 
microinjection.   

    Conclusion 

 A sperm selection method represents today diag-
nostic and therapeutic arguments applicable to 
selected populations of infertile men where most 
sperm characteristics cannot be tested. On the 
other hand, using scoring scale at high magnifi ca-
tion prior to ICSI procedure helps eliminate the 
worst spermatozoon. 

 It is impossible to use spermatozoon for 
microinjection that has been tested. 

 The sole tool we have today is morphology. 
High magnifi cation improves choice with a real 
impact on early embryo development. 
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 Confl icting results were probably due to sperm 
inclusion criteria and women’s age. More ran-
domized trials are needed to confi rm the encour-
aging results already obtained by several authors. 

 But high magnifi cation permits to avoid 
immature spermatozoa with expanded chroma-
tin, and highlights the impact of spermatozoon 
selection by deselecting the worse before ICSI 
and decreasing the risk of major malformations.     
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     Abbreviations 

   AZF    Azoospermia factor   
  CGH    Comparative genomic hybridization   
  CNV    Copy number variation   
  HBPs    Heparin-binding proteins   
  NOA    Nonobstructive azoospermia   
  OA    Obstructive azoospermia   
  SNP    Single nucleotide polymorphisms   

          Introduction 

 Despite rapid growth in the understanding of the 
genetic basis for male infertility, much remains 
poorly defi ned. Current estimates indicate that 
genetic abnormalities contribute to 15–30 % of 
male infertility [ 1 ,  2 ]. Many men have their condi-
tions uncharacterized and are subsequently diag-
nosed as idiopathic infertility. It has been postulated 
that these men actually have  unrecognized genetic 
aberrations [ 1 ,  2 ]. Unfortunately, even with the cur-
rent genetic tools at a clinician’s disposal (i.e., 
karyotype, Y-chromosome microdeletion assay, 
cystic fi brosis testing), there are many genetic 
causes that remain unrecognized. 

 Men with oligospermia and non-obstructive 
azoospermia (NOA) have a known predisposition 
to genetic abnormalities and comprise 40–50 % of 
all infertile men [ 3 ]. Current guidelines recom-
mend genetic testing when either sperm density is 
<5 million/mL, NOA is present, or there are clini-
cal signs of an abnormality [ 4 ]. The limitations of 
contemporary testing are refl ected in the growth of 
recognized genomic and proteomic contributors 
towards male infertility [ 2 ]. Indeed, while much 
work needs to be done, it appears that future utili-
zation of genetic evaluations will be determined 
with more direct delineation. As such, the current 
chapter aims to provide a background regarding 
the genetic tests that are currently available to clini-
cians investigating male infertility. Furthermore, 
advanced methodologies are discussed with recent 
advances in genomics and proteomics highlighted.  
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    Genomics: Chromosomal 
Abnormalities 

    Karyotype 

 The advent of modern genetic techniques has led 
to a rapid proliferation of tests and technologies 
that have the potential to alter the treatment of 
male infertility. However, in spite of large numbers 
of individuals affected by male infertility, genetic 
analysis has been slow to identify causes. The abil-
ity to identify genetic causes of male infertility is 
benefi cial several reasons. First, by understanding 
the genetic basis of disease, one can hope to 
develop novel treatments for the future. Second, 
determination of signal transduction pathways 
underlying male infertility may yield better com-
prehension of mechanisms of disease. Importantly, 
investigators today believe that the majority of 
male infertility has a genetic basis [ 5 ]. Lastly, 
when using in vitro fertilization, natural selection 
is bypassed, thus opening up the possibility of 
transmitting unknown diseases to offspring. If cli-
nicians can identify and control for these changes, 
risks for transmission would be decreased. 

 With respect to genetic testing, the karyotype 
was one of the earliest techniques developed for 
assessing human chromosomes. Using light 
microscopy, the number and appearance of chro-
mosomes as well as variations in DNA composi-
tion of >4 megabases (Mb) in size became 
possible [ 6 ]. The technique documented the 
basics of human disease with the identifi cation of 
numerical defects such as Down’s syndrome 
(extra chromosome 21) and Turner’s syndrome 
(XO) identifi ed in the early 1950s [ 7 ,  8 ]. With 
regards to male subfertility, karyotypic chromo-
somal abnormalities was shown to occur at 5 
times greater rates compared to the normal popu-
lation [ 9 ]. In men with NOA, the prevalence 
numerical and structural chromosomal abnor-
malities is ~10–15 % [ 10 ] whereas in men with 
severe oligospermia (defi ned as <5 million 
sperm/mL), this rate correspondingly decreases 
and approaches ~5 % [ 11 ,  12 ]. Over the years, as 
the technology and accuracy has expanded, these 
numbers have increased. Most recently, Yatsenko 

and colleagues recorded that >11 % of men with 
NOA had abnormalities identifi ed on karyotype 
[ 10 ]. Interestingly, men with normal sperm con-
centrations demonstrated <1 % prevalence of 
karyotype-associated abnormalities [ 11 ,  12 ] 
while the frequency of karyotypic abnormalities 
amongst infertile men is ~12.6 % [ 13 ]. 

 Karyotype is currently recommended in men 
with NOA or severe oligospermia (<5 million/
mL) [ 4 ]. In azoospermic men, sex chromosome 
abnormalities predominate, whereas in oligo-
spermic men, autosomal anomalies (i.e., 
Robertsonian and reciprocal translocations) are 
more frequent [ 11 ]. Chromosomal inversions in 
autosomes 1, 3, 4, 6, 9, 10, and 21 are also more 
common in infertile men [ 14 ]. 

 Klinefelter’s syndrome (KS) represents the 
most common genetic cause and karyotypic 
abnormality found in infertile men (47, XXY). 
Present in 11 % of men with azoospermia, KS 
occurs in 1 of 500 live births [ 11 ,  15 ,  16 ]. The 
majority (95 %) of affected males present in 
adulthood with infertility [ 17 ]. Most will have 
normal libido and erectile function with only 
25 % demonstrating characteristic KS features of 
gynecomastia, tall stature, and small fi rm testes 
(8–10 cm 3 ) [ 18 ,  19 ]. 

 KS results from a meiotic nondisjunction 
event in most cases; however, up to 3 % of men 
with KS are mosaic 46,XX/47,XXY [ 15 ,  18 ]. 
Mosaic males tend to have less severe phenotypic 
changes and many may be fertile. Spermatogenesis 
is typically profoundly affected in non-mosaic 
KS resulting in azoospermia in most with ~8.4 % 
of men may having sperm in the ejaculate [ 20 –
 22 ]. In addition, follicle stimulating hormone 
(FSH) and luteinizing hormone (LH) levels are 
markedly increased. FSH is increased in response 
to abnormal spermatogenesis with an increase in 
LH refl ecting maximal simulation of Leydig cells 
to produce androgen [ 20 – 23 ]. 

 Karyotypic diagnosis is essential when KS is 
suspected since these patients are at increased 
risk for breast cancer, non-Hodgkin lymphoma, 
extragonadal germ cell tumors, and likely lung 
cancer [ 24 – 26 ]. Spermatogenic potential declines 
with advancing age in KS patients; however, the best 
approach to the adolescent with KS and adequate 
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virilization is currently unclear [ 19 ,  27 – 29 ]. 
Some have suggested testicular sperm extraction 
with cryopreservation of sperm or testicular tis-
sue [ 30 ] while others have argued in favor of 
waiting for extraction in coordination with IVF-
ICSI when paternity is desired [ 31 ]. Another con-
cern in men with KS is the high rates of sperm 
aneuploidy [ 27 ,  31 – 33 ]. Despite these issues, 
many 46, XX and 46, XY live births have been 
reported in the literature [ 34 – 36 ]. Micro- TESE, 
coupled with ICSI, has proven to be a successful 
strategy for the majority of patients with azo-
ospermia and KS [ 15 ]. 

 There are no universally agreed-upon clinical 
or laboratory fi ndings that predict successful 
sperm retrieval in KS; however, testis volume, 
testosterone level and age <35 are generally 
thought to be positive indices [ 19 ,  29 ,  37 ,  38 ]. 
Unfortunately, the primary diffi culty with karyo-
typic analysis is that baseline resolution of the 
technique is unable to detect small DNA aberra-
tions and as personalized medicine comes to the 
forefront, newer techniques are supplementing 
the karyotype.  

    Fluorescence In Situ Hybridization 

 A more advanced test compared to the karyotype 
focuses on fl uorescent probes that are able to 
detect and localize specifi c DNA sequences on 
chromosomes [ 39 ]. This technique, termed 
Fluorescence in situ Hybridization (FISH), was 
developed to detect sperm aneuploidy as well as 
to determine the presence/absence of specifi c 
DNA sequences [ 40 ]. Sperm FISH is unaffected 
by functional defi ciencies [ 39 ] and while it 
assesses defects in men with normal karyotypes 
(described above), it is limited by the cost of 
commercially available probes. Specifi cally, 
chromosomes X, Y, 13, 18, and 21 are the main 
probes used in sperm FISH since alterations in 
these chromosomes results in viable offspring 
[ 6 ]. The test is thus unable to detect aberrations in 
other chromosomes beyond these limited few, 
because of cost constraints. 

 As a method of further clarifying genetic 
abnormalities, FISH is used clinically as an 

adjunct to the karyotype. Some have proposed 
that FISH should be used to more accurately 
identify men with mosaic Klinefelter’s syndrome 
[ 41 ]. Indeed, retrospective and prospective stud-
ies have noted that elevated aneuploidy obtained 
via sperm FISH correlated to fetal aneuploidy 
and IVF failure [ 39 ,  42 ,  43 ]. At the present time, 
sperm FISH is used as a screening tool as well as 
for patient counseling and clinical decision mak-
ing. In certain situations and depending upon the 
clinical diagnosis, preimplantation genetic diag-
nosis and ICSI could be used to select genetically 
unaffected embryos.   

    Genomics: Gene Mutations 

    Cystic Fibrosis 

 Congenital bilateral absence of the vas deferens 
(CBAVD) is found in ~1 % of infertile males and 
up to 6 % of those with obstructive azoospermia 
[ 1 ,  19 ]. CBAVD is due to a mutation in the  CFTR  
(Cystic Fibrosis Transmembrane Conductance 
Regulator) gene located on chromosome 7 [ 44 , 
 45 ] and results from gene mutations that cause 
cystic fi brosis (CF) or alterations in the genetic 
mechanisms controlling mesonephric duct differ-
entiation [ 19 ]. CF is an autosomal recessive dis-
ease, affecting 1 in 1,600 people of Northern 
European background. It occurs with variable 
frequency in different geographic and ethnic 
populations. Genetic testing typically accounts 
for ethnicity and recognizes >850 genetic vari-
ants associated with CF [ 23 ,  46 – 50 ]. Most cases 
of CBAVD result from mutations in both the 
maternal and paternal copies of the genes that 
encode for the CFTR. Eighty percent of azo-
ospermic men with CBAVD and one-third of 
men with unexplained obstruction will have 
CFTR mutations [ 51 ,  52 ]. The prevalence of 
CFTR mutations is increased in men with azo-
ospermia related to congenital bilateral obstruc-
tion of the epididymis and those with unilateral 
vasal agenesis [ 4 ]. 

 CBAVD is reliably diagnosed on physical 
exam with vasa absent bilaterally and seminal 
vesicles classically absent or atrophic. 
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Occasionally, the seminal vesicles can be large 
and cystic [ 19 ]. Testis size is also preserved and 
correspondingly, spermatogenesis is unaltered. 
The efferent ductules and caput of the epididymis 
are present and full with fl uid from the testis. 
Transrectal ultrasound may reveal absence of the 
ampullae of the vas deferens or seminal vesicle 
abnormalities [ 53 ]. 

  CFTR  encodes an ion channel that maintains 
the viscosity of epithelial secretions via regula-
tion of the sodium/chloride balance [ 19 ]. Analysis 
of the ejaculate will reveal thin, watery, low vol-
ume (<1.5 mL), and acidic (pH 6.5–7.0) fl uid, as 
it is comprised primarily of prostatic secretions 
[ 19 ]. Pulmonary and pancreatic function in 
patients with CBAVD is unaltered [ 44 ]. Nearly 
all men with clinically detected CF demonstrate 
CBAVD [ 23 ,  54 ]. 

 Signifi cant genotypic differences are seen in 
CF and CBAVD. In males with CBAVD, the 
majority (~88 %) has a severe mutation resulting 
in absent CFTR function in combination with an 
allelic mutation that preserves some CFTR func-
tion [ 23 ,  55 – 57 ]. A three-base-pair deletion of 
CFTR, termed ΔF508, is the most common 
mutation found in both CF and CBAVD [ 19 ,  57 ]. 
When the patient is ΔF508 homozygous, clinical 
CF is apparent whereas CBAVD commonly 
results from a polymorphism within intron 8, 
sometimes termed the 5T allele, coupled with a 
ΔF508 mutation [ 19 ,  57 ,  58 ]. Several studies 
have demonstrated variable penetrance of the 5T 
allele, which results in a lowered effi ciency of 
splicing that subsequently lowers levels of CFTR 
mRNA and protein required for maintenance of 
normal function [ 23 ,  55 – 57 ]. 

 Failure of appropriate mesonephric duct dif-
ferentiation before week 7 of gestation may 
underlie a second genetic etiology of CBAVD 
[ 19 ,  59 ]. If an isolated, unilateral injury occurs to 
one of the developing mesonephric ducts, unilat-
eral renal and vasal agenesis may be present. In 
contrast, the presence of a genetic aberration that 
compromises mesonephric duct differentiation 
would affect both renal and reproductive ductal 
units, as in Potter’s syndrome [ 19 ,  59 ]. Indeed, 
some patients may have unilateral vasal agenesis 
due to a non-cystic-fi brosis mediated embryologic 

defect, which is associated with unilateral 
absence of the kidney. A renal ultrasound is 
therefore indicated in these patients [ 60 ]. 
Unilateral renal atrophy/dysgenesis can also be 
associated with ipsilateral hydroureter and ecto-
pic insertion into other genitourinary structures 
such as the seminal vesicles [ 61 ]. 

 In patients found to have an abnormality on 
CFTR testing, the partner should similarly be 
screened. Microsurgical or percutaneous sperm 
retrieval in coordination with in vitro fertilization 
and intracytoplasmic sperm injection (IVF-ICSI) 
remains an option for these couples. If the partner 
is a carrier of a CF mutation, preimplantation 
genetic diagnosis can be employed to prevent the 
transfer of any embryos that will be predicted to 
have CF or CBAVD. Failure to detect a CFTR 
mutation in either partner does not exclude the 
presence of a mutation, which is not identifi able 
by routine analysis performed by most clinical 
genetics laboratories for diagnosing CF and not 
CBAVD, and therefore the progeny of the couple 
remains at some risk unless the entire gene is 
sequenced. Patients demonstrating CFTR muta-
tions should therefore be referred for genetic 
counseling prior to IVF [ 62 ,  63 ].   

    Genomics: Y-Chromosome 
Microdeletions 

 The Y chromosome contains 60 million base pairs 
and is composed of a short arm (Yp) and a long 
arm (Yq). The  SRY  gene is located on Yp and is 
essential to sex-specifi c embryogenesis and deter-
mination of the bipotential gonad [ 19 ,  64 – 66 ]. 
The male-specifi c region of the Y-chromosome 
(MSY) is the chromosomal material bridging the 
two polar pseudoautosomal regions, located at the 
tips of Yp and Yq, and comprises 95 % of the 
entirety of the Y chromosome [ 64 ,  65 ]. Many of 
the genes in this MSY region are poorly charac-
terized but are involved in spermatogenesis. 
Included in the MSY region are three important 
zones that infl uence spermatogenesis. These 
Azoospermia Factor (AZF) regions are recog-
nized as AZFa, (proximal), AZFb (central), and 
AZFc (distal). Known spermatogenesis genes 
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within these confi nes include  USP9Y  and  DBY  in 
AZFa and  DAZ ,  RBMY1 , and  BPY2  in AZFb and 
AZFc [ 19 ,  64 – 66 ]. 

 There are eight palindromic sequences 
throughout the length of the Yq and, as the MSY 
region has no genetic partner sequence to pair or 
repair, it is postulated that this organization helps 
to maintain the genetic integrity of the Y chromo-
some [ 19 ,  64 – 67 ]. Sub-segments within these 
palindromic sequences, known as amplicons, can 
occasionally fuse resulting in loss of all interven-
ing chromosomal material [ 19 ,  64 ,  65 ,  67 ]. When 
this occurs, it is termed a microdeletion, as despite 
the loss of a large magnitude of genetic material, 
it is undetectable on a karyotypic analysis [ 19 , 
 67 ]. The subsequent genes within this sequence 
are lost, resulting in impaired spermatogenesis 
and possibly other undefi ned consequences. 

 The overall prevalence of Y chromosome 
microdeletions in patients with sperm counts 
greater than    5 × 10 6 /mL is low (~0.7 %) [ 68 ]. A rate 
that increases to 4 % in oligospermic men and 
11 % in azoospermic men [ 68 ]. Other studies 
have identifi ed microdeletions in 6–12 % of men 
with impaired spermatogenesis—a value that can 
increase to 16 % in men with azoospermia [ 69 ]. 
Within the AZF regions, AZFc deletions are the 
most common, being seen in 13 % of men with 
NOA and 6 % of severely oligospermic men [ 19 , 
 70 ,  71 ]. The  DAZ  (Deleted in Azoospermia) 
gene, which encodes a transcription factor pres-
ent in men with normal fertility, resides in the 
AZFc region. In contrast, microdeletions within 
the AZFa region occur in approximately 1 % of 
NOA men and do not involve any of the afore-
mentioned palindromic sequences [ 19 ]. 

 The location of AZF deletions impacts the 
likelihood of spermatogenesis and is prognostic 
in regards to the success of micro-TESE. Men 
with AZFc microdeletions have quantitatively 
impaired spermatogenesis with either severe oli-
gospermia or azoospermia. The quality of sperm 
produced is typically normal in terms of fertiliza-
tion, embryo development, and live birth [ 19 , 
 72 ]. The level of spermatogenesis is typically 
stable among individuals, and micro-TESE with 
ICSI remains a therapeutic option [ 4 ,  19 ,  73 ]. In 
contrast, deletions of the AZFa or AZFb regions 

portend a very poor prognosis for sperm retrieval 
[ 19 ,  74 ,  75 ]. In a study by Hopps et al. [ 76 ], a 
total of 78 men with AZF deletions were ana-
lyzed with respect to the ability to identify sperm 
following diagnostic testes biopsies or 
TESE. Men with an isolated AZFc deletion had 
sperm identifi ed in 56 % of cases [ 76 ]. 

 With regards to heredity, men with 
Y-chromosome microdeletions will pass the 
abnormality to their sons who consequently may 
also be infertile. Although limited data exists, 
microdeletions of the Y-chromosome are known 
to have minor somatic health consequences (i.e., 
permanent tooth size [ 77 ] and short stature [ 78 ]) 
or testicular abnormalities [ 19 ]. It is possible 
however, that transmission of AZF microdele-
tions may have unrecognized consequences to 
offspring. Couples may elect to forgo use of the 
partner’s sperm, utilize the ejaculated or testicu-
lar sperm for IVF-ICSI or elect for preimplanta-
tion genetic screening to transfer only female 
embryos. Therefore, men exhibiting NOA or 
severe oligospermia should be offered a 
Y-chromosome microdeletion assay and genetic 
counseling prior to pursuing micro-TESE for 
IVF-ICSI [ 19 ]. Indeed, molecular studies of 
patients with Y-chromosome microdeletions 
have shown previously unknown Y structural 
variations in NOA men [ 79 ]. 

 Infertile men can have other Y chromosome 
structural abnormalities including, ring Y, trun-
cated Y, isodicentric Y and various other mosaic 
states which may be present on karyotype analy-
sis [ 10 ,  11 ,  19 ,  80 ,  81 ]. Early work hypothesized 
that the Y-chromosome contained a region that 
was initially thought to contain no X-Y crossing 
over; however, it has recently been shown to have 
extensive recombination and is termed the male- 
specifi c region (MSY) [ 64 ]. This area is fl anked 
by pseudoautosomal regions (PAR) where X-Y 
crossing over is normal [ 64 ]. Indeed, 
Y-chromosome microdeletions can also include 
PAR defects causing genetic disorders such as 
SHOX [ 82 ]. The sequencing of the MSY region 
has been conducted [ 64 ] and further studies have 
found that high mutation rates resulting in struc-
tural polymorphisms in the human Y-chromosome 
exist with selective constraints possible [ 83 ]. 
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In all cases, a Y-chromosome microdeletion assay 
is a necessary complementary test to determine 
the presence of the AFZ regions and direct coun-
seling [ 10 ,  11 ,  19 ,  80 ].  

    Genomics: Advanced Techniques 

 Given the limits of detection and resolution of the 
above-mentioned techniques (karyotype, FISH, 
etc.), new approaches are being developed that 
test the current limits of genomic resolution. One 
of these involves detection of Copy number varia-
tions (CNVs). CNVs are defi ned as small (~1 kb) 
pieces of DNA that vary between individuals. 
Affecting ~20 % of the human genome, CNVs are 
either additions/duplications or deletions within 
the genome [ 84 ] that are critical sources of genetic 
diversity. Given that they lie within regions that 
are potentially invisible to karyotype analysis, 
novel techniques were developed to assess the 
impact of CNVs on human disease. 

 Array comparative genomic hybridization 
(aCGH) is one approach that focuses on single 
nucleotides in the human genome. It has the 
capacity to identify both small and large-scale 
changes by examining the relative quantities of 
DNA between samples. Gene copy number are 
optimally analyzed and depicted as a function of 
chromosome location with fl uorescence identify-
ing copy number gain or loss [ 85 ]. In the context 
of the microarray platform, resolution of aCGH 
has improved to <1 kb [ 86 ] with the ability to 
scale the testing in order to perform thousands of 
experiments in a single run [ 6 ]. Indeed, genome- 
wide assays are gradually replacing karyotyping 
for prenatal genetic diagnoses [ 87 ]. 

 While aCGH has been applied to numerous 
malignancies including those of the breast, naso-
pharynx, ovary, stomach and bladder, others are 
using the technology to probe for alterations in 
infertile men [ 88 ]. Array CGH has already been 
used in the context of male infertility to identify 
Y-chromosome microdeletions in infertile males 
[ 82 ]. An earlier study ascertained whether CNVs 
were involved in patients with oligospermia/azo-
ospermia compared to controls [ 89 ]. Several 
genes and genomic regions were identifi ed on 

autosomes and sex-chromosomes that were theo-
rized to be involved in spermatogenesis [ 89 ]. 
While the authors could not identify any large 
CNV (>1 Mb) variants between men with infer-
tility; 11 CNVs in severe oligospermia and 4 
CNVs in men with azoospermia (i.e.,  EPHA3 , 
 PLES ,  DDX11 ,  ANKS1B ) were identifi ed in more 
than one patient suggesting that these regions 
were potential candidates for infertility genes 
[ 89 ]. Defects in the pseudoautosomal regions 
(PARs) of the Y-chromosome cause genomic dis-
orders such as SHOX that can be affi liated with 
infertility, mental and stature disorders and sub-
sequently transmitted to offspring [ 82 ]. 

 Another technique that has recently benefi tted 
from signifi cant technological improvement is 
gene-expression DNA microarray. The primary 
advantage of DNA microarray technology is the 
ability to perform simultaneous analysis of thou-
sands of genes at the same time [ 90 ]. By generat-
ing a large amount of data, DNA-microarrays 
require modern computational and statistical bio-
analytic and bioinformatics approaches. The power 
of the technique lies in the ability to provide a 
snapshot of all transcriptional activity in a sample. 

 Preliminary studies by Sha et al. [ 91 ] utilizing 
cDNA microarrays identifi ed 101 candidate fer-
tility genes. Lin et al. [ 92 ] expanded on these 
early fi ndings by pooling cDNA from testicular 
biopsy samples grouped by pathology. More 
recently, Malcher et al. [ 93 ] utilized testicular 
biopsy samples from controls and men with 
NOA. Gene expression found 4,946 differentially 
expressed genes with SPACA4 and CAPN11 sig-
nifi cantly downregulated in infertile patients 
[ 93 ]. Interestingly, SPACA4 (or SAMP14) has 
been found in the sperm acrosome and postulated 
to be involved with sperm–egg interactions [ 94 ] 
with CAPN11 potentially involved in cytoskele-
tal remodeling during spermatogenesis [ 93 ,  95 ]. 

 Unfortunately, previous studies examining 
gene expression have been mostly conducted in 
cellular homogenates obtained from testicular 
biopsy specimens. As such, the comparisons 
between patients with SCO and controls are 
essentially classifying cellular heterogeneity. 
Indeed, given that spermatocytes and spermatids 
have high rates of RNA synthesis [ 96 ], their 
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presence in the control population affects all 
genetic outputs analyzed [ 97 ]. Interestingly, 
Yatsenko et al. [ 98 ] previously assessed genes 
involved in meiosis for mutations using the long-
living residual RNA found in mature sperm from 
semen ejaculate. If examining whole-system 
alterations, an alternative approach would be to 
examine tissue fi broblasts. This method allows 
determination of conserved pathways to be more 
thoroughly examined while not being affected by 
the presence, or absence of germ cells [ 97 ]. 
Future studies using DNA microarrays are cur-
rently being conducted with results poised to 
highlight signal transduction pathways unique to 
human male infertility.  

    Genomics: Epigenetics 

 Epigenetics, the study of genetic alterations due 
to indirect modifi cations of the DNA sequence, is 
gaining prominence as a mechanism to regulate 
male fertility. Since it is crucial for sperm to be 
correctly arranged and programmed, epigenetic 
modifi cations have the potential to evoke system- 
wide changes. For example, DNA-binding pro-
teins as well as DNA methylation are just two of 
the epigenetic variations that have the potential to 
alter genetic code without directly affecting the 
DNA sequence. In this context, the regulation of 
transcription and gene expression can be appro-
priately, or inappropriately, modifi ed. 

 The most well described epigenetic factors in 
the realm of male infertility has so far focused on 
protamines and packaging of the sperm genome 
[ 99 – 101 ]. Indeed, a critical component of sper-
matogenesis involves chromatin packaging dur-
ing which ~85 % of the histones are replaced 
with protamines [ 102 ]. Alterations in protamine 
[ 103 ] may thus result in improper post- 
translational processing and subsequently 
decreased sperm counts, motility, morphology 
and increased DNA fragmentation [ 100 ,  101 , 
 103 ]. Two types of human protamines (PRM), 
PRM-1 and PRM-2, have been identifi ed [ 103 ] 
with alterations in the timing or ratio of  expression 
resulting in arrested spermatogenesis and infertil-
ity [ 100 ,  101 ]. Indeed, men with asthenospermia 

have been shown to have lower levels of PRM-1 
and PRM-2 messenger RNA [ 104 ] with altered 
protamination inversely associated functionally 
and fertilization ability [ 105 ]. Histones that are 
not replaced by protamine during chromatin 
packaging are termed “retained histones” and 
have been found to contain both activating and 
silencing epigenetic infl uences making them 
ready for rapid gene activation or inhibition. 
DNA to histone binding is also affected by the 
methylation of genomic DNA with several genes, 
including IGF2 and MEST affected in oligozoo-
spermic men [ 106 ]. 

 Maternal or paternal imprinting is the result of 
DNA methylation that subsequently regulates 
embryonic gene expression. Methylation is 
another important source of epigenetic modifi ca-
tion. Occurring by the addition of a methyl (–CH 3 ) 
group to a cytosine to a CpG site within DNA, the 
ability to alter genetic profi les with DNA meth-
ylation may hold the key to epigenetic control of 
male infertility [ 107 ]. Indeed, aberrant patterns 
of methylation in differentially methylated 
regions (DMRs) of DNA have been found in men 
with moderate to severe oligospermia [ 108 ]. 
Abnormal germ-line epigenetic reprogramming 
was proposed as a possible mechanism affecting 
spermatogenesis [ 109 ]. Wide-ranging erasure of 
DNA methylation followed by sex-specifi c pat-
terns of de-novo DNA methylation with subse-
quent incomplete reprogramming of male germ 
cells was found to alter sperm DNA methylation; 
thus worsening spermatogenesis outcomes [ 109 ]. 
More recently, DNA methylation profi ling using 
a Methylation array identifi ed 471 CpG sites 
encompassing 287 genes that were differentially 
methylated between men with infertility and fer-
tile controls [ 110 ]. The fact that sperm DNA 
methylation profi les are consistent over time and 
highly reproducible [ 111 ] makes this an interest-
ing and promising avenue of future research.  

    Proteomics 

 The study of the human proteome lies in the 
interface between genes and their protein prod-
ucts. By examining the function of proteins in the 
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context of the expressed complement of the 
human genome, an indication of active cellular 
protein content can be ascertained. This is impor-
tant in the context that while distinct genes are 
expressed in a cell-dependent manner, protein 
expression can vary under different times, physi-
ological states and environmental conditions [ 2 ]. 
Alternative splicing of a gene transcript can also 
yield unique isoforms of a given gene [ 112 ]. 
Moreover, given that messenger RNA is not 
always translated to protein, proteomic analysis 
of specifi c products in exact disease states has the 
potential to provide accurate biomarkers; espe-
cially in the realm of male infertility. 

 Currently, semen analysis is the best tool phy-
sicians have to assess male fertility potential; 
however, many cases of male infertility remain 
undiagnosed. Proteomics has made rapid prog-
ress over the years and by understanding the 
types and amounts of proteins as well as their 
modifi cations (i.e., acetylaction, glycosylation), 
the potential for the fi eld are enormous. While it 
is challenging to sort through the vast amounts of 
data collected in proteomic analyses to select the 
handful of genes, several novel biomarkers have 
already been proposed. 

 In the context of male fertility, the most diffi -
cult challenges lay in the composition of the bio-
logical fl uid itself and the variability of the 
possible changes. Semen is made up of sperm 
and seminal plasma and contains products from 
multiple different organs including the prostate, 
seminal vesicles, and bulbourethral glands [ 113 ]. 
The fact that variations in semen occur season-
ally and with age makes analysis diffi cult. Post- 
ejaculation, variable proteins are activated during 
coagulation and liquefaction making the genera-
tion of a proteomic profi le distinct to men with 
NOA exceptionally challenging. 

 Research on protein products contained in the 
seminal plasma began early in the 1940s. 
Advancements in the fi eld eventually came fol-
lowing the identifi cation of a germ cell binding, 
Sertoli cell secreted protein, transferrin [ 114 ]. 
Proteolytic breakdown of seminal plasma pro-
teins was examined by two-dimensional (2D) 
electrophoresis followed by silver staining and 
found to be accelerated in oligospermic men 
compared to azoospermic and normospermic 

cohorts [ 115 ]. The development and use of 
mass- spectrometric techniques allowed more 
thorough investigations of complex body fl uids. 
Using this technology, in combination with 2D 
gel electrophoresis, a more detailed character-
ization of the proteins involved in male infertil-
ity was conducted [ 116 ]. Differences were 
identifi ed between men with Sertoli Cell Only 
(SCO) Syndrome and vasectomized men [ 116 ]. 
Further studies on a single individual using this 
technology found 923 unique proteins in seminal 
plasma and provided an accurate and in-depth 
inventory of proteins in this biological substance 
[ 117 ]. While only 10 % of the reported proteins 
were known as originating from the male repro-
ductive tract, they encompassed nearly all the 
proteins identifi ed by two previous studies [ 118 , 
 119 ]. Investigators then assessed the seminal 
proteins of fertile men, and found ~919–1,487 
unique proteins in each individual with 83 com-
mon in all fertile men [ 120 ]. Of these, human 
cationic microbial protein (hCAP18) was pres-
ent in the human epididymis and the seminal 
plasma while spindlin1 was also implicated 
given its localization to the tails of murine sperm 
and previously known involvement with sper-
matogenesis [ 120 ,  121 ]. 

 Batruch [ 122 ] expanded this work by examin-
ing the constituents of seminal plasma from con-
trol men compared to those men who had 
vasectomies. In post-vasectomy (PV) men, the 
testicular and epididymal secretions were physi-
cally blocked from reaching the ejaculate and as 
such, the investigators were able to assess pro-
teins originating from different areas of the repro-
ductive tract. These authors identifi ed 32 proteins 
unique to controls and 4 unique to PV patients 
[ 122 ]. From these, TEX101, the “testis expressed 
101” gene located at chromosome 19q13.31 was 
noted to be one of the leading biomarker candi-
dates. TEX101, a glycosylphosphatidylinositol 
(GPI)-anchored protein is essential for the pro-
duction of fertile mouse spermatozoa [ 123 ]. 
Indeed, via interaction with ADAM3 (A disinteg-
rin and metallopeptidase domain 3), a sperm 
membrane protein critical for both sperm migra-
tion into the oviduct [ 124 ] and sperm binding to 
the zona pellucida [ 125 ] TEX101 has the poten-
tial to be a regulator of male fertility. 
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 Further work from the same authors compared 
the proteome of NOA men [ 126 ] to their previ-
ously published results [ 122 ] fi nding several pro-
teins that were elevated (Control vs. NOA,  n  = 34; 
NOA vs. PV,  n  = 59) and others that were 
decreased (Control vs. NOA,  n  = 18; NOA vs. PV, 
 n  = 16). Given that several of these proteins were 
from the male reproductive tract and have previ-
ously been linked to fertility, it is tempting to 
speculate that many of these proteins play impor-
tant roles in male infertility. 

 Several other proteins that are of interest as 
potential biomarkers of male fertility include 
Heparin binding proteins (HBPs) and prolactin 
inducible protein (PIP). HBPs are glycosamino-
glycans that are potent enhances of sperm capaci-
tation in animals [ 127 ]. Purifi cation of seven 
HBPs from human seminal plasma identifi ed 
them as semenogelin 1 and 2 as well as PSA and 
zinc fi nger protein. PIP, a 17-kDa glycoprotein, is 
also increased in azoospermic men and, as an 
abundant seminal plasma protein, it also has a 
role in capacitation and acts to improve sperm 
motility [ 128 ]. 

 In summary, proteomic analysis of seminal 
plasma, while at its infancy, is currently expanding 
the scope of potential male infertility biomarkers. 
While much work still needs to be conducted, the 
premise of the research is exciting.     
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