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In Memoriam

Professor Robert P.S. Jansen (1946-2014)
It is with great sadness that we acknowledge the passing of Professor Robert Jansen.

Even while he was not well, Robert continued to guide and advise on research
directions, with his contributions to this book being among his final writings. The
impact of his scholarly work continues to have a global reach and will be felt for
many years.

Robert played a pivotal role in reproductive medicine and the development and
progress of assisted conception in Australia over the last three decades. The
founder and leader of Sydney IVF (now Genea), he led advances in clinical IVF
application as well as the culture and incubation of human embryos. His contribu-
tions include the introduction of transvaginal ultrasound techniques in IVF, the
development of MINC incubators and culture media which now enjoy global
usage, PGD undertaken at the blastocyst stage, and many other groundbreaking
developments. In an effort to improve pregnancy outcomes nearly 20 years ago,
Robert used his own clinic as a research base to demonstrate that single embryo
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transfers were not only a feasibility but also a practical reality, and patient outcomes
need not suffer in the process.

A true visionary in his outlook, Robert published in areas as diverse as reproduc-
tive surgery, endometriosis, patient advocacy, ethics in reproductive medicine, as
well as more applied areas of mitochondria and the aging oocyte, the environment
of the early embryo in vivo, and blastocyst biopsy as an appropriate approach to
efficient PGD. Holding a personal Chair at the University of Sydney, he actively
taught both science and medical students, predominantly at postgraduate level up to
and beyond his retirement 3 years ago. Professor Jansen was on the editorial board
for two journals and served as a referee for many others.

Along with other founders in the IVF field in Australia, Robert was instrumental
in achieving recognition for and developing the Reproductive Endocrinology &
Infertility (REI) subspecialty within RANZCOG and was chair of the CREI subspe-
cialty committee for many years.

He coordinated and led one of the largest and most successful educational meet-
ings ever held in Australia, the World Congress of IVF and Human Reproductive
Genetics in 1999. Robert was made a life member of FSA in 2012 and was a board
member of PGDIS for several years during its early developing stages.

Medical specialist, physician, scientist, researcher, ethicist, advocate, philoso-
pher, author, entrepreneur, wine and food connoisseur, poker player, sailor, surfer,
teacher, Porsche enthusiast, art collector, husband, father, and grandfather; the
untimely departure of Professor Robert Jansen is a great loss to family, friends, and
colleagues throughout the scientific and medical communities.

Sydney, NSW 2000, Australia Don Leigh, Ph.D.
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Chapter 1
The Development of PGD

Joy D.A. Delhanty

Introduction

By 1987 early prenatal diagnosis of both chromosomal and single gene defects was
possible via chorionic villus sampling, so why was there a perceived need to develop
preimplantation genetic diagnosis (PGD)? There were two groups of patients that
provided driving forces. Firstly couples known to be at high genetic risk had
expressed the fervent wish to be able to start a pregnancy knowing that it would not
be affected; many of these couples had experienced the trauma of repeated second
trimester terminations of much wanted pregnancies. A second group, for whom
PGD would obviously be of great benefit, included couples where the women had
been shown from pedigree analysis to be carriers of an X-linked condition for which
at the time there was no specific diagnostic test. For this group, the only option was
prenatal testing of an established pregnancy to determine the sex. This then led to
the termination of all male pregnancies, of which only 50 % were likely to be
affected [1]. Various events around this time had made the development of PGD a
possible option. In 1983 Trounson and Mohr [2] had shown that it was possible for
a normal pregnancy to occur even after the destruction of blastomeres following
embryo freezing. This finding indicated that it should be feasible to remove one or
two cells from a cleavage stage embryo for diagnosis without compromising its
further development. In the UK, Dame Mary Warnock chaired a government com-
mittee composed of people from a variety of backgrounds that considered the status
of the human embryo before preimplantation with regard to the ethics of research on
embryos at this stage of their development. The subsequent report was published in
1984 by the DHSS; it proposed a time limit for research of 14 days after

J.D.A. Delhanty (P<)

UCL Centre for PGD, Institute for Women’s Health, University College London,
London WCIE 6HX, UK

e-mail: j.delhanty @ucl.ac.uk

© Springer International Publishing Switzerland 2015 1
E Scott Sills (ed.), Screening the Single Euploid Embryo,
DOI 10.1007/978-3-319-16892-0_1


mailto:j.delhanty@ucl.ac.uk

2 J.D.A. Delhanty

fertilisation, well beyond the time when cells would be removed to allow genetic
diagnosis. This paved the way for subsequent government legislation that was in
line with the committee’s recommendations.

Early Steps in PGD

With the aim of helping couples at risk of an X-linked disorder, the first approach to
PGD was in order to sex the embryo. Handyside and colleagues at the Hammersmith
Hospital in London reported in 1989 that they had been able to biopsy single cells
from 30 embryos and that the expected proportion had developed to blastocysts
after 6 days in culture [3]. Furthermore in all the normally fertilised embryos they
were able to determine the sex by DNA amplification of a Y-chromosome-specific
repetitive sequence. In 15 cases, the sex was confirmed by means of in situ hybridi-
sation or Y chromosome fluorescence in metaphases. Shortly this was followed by
the report from the same group of pregnancies from embryos sexed by Y-specific
DNA amplification [4]. However, this approach proved to be error prone since cru-
cially it relied on a negative result to identify the females. The development of the
rapid and reliable technique of fluorescence in situ hybridisation (FISH) at the end
of the 1980s proved a saviour and was quickly applied to biopsied cells from human
embryos with excellent results [5]. The application of FISH for embryo sexing at
UCL in London gave reliable diagnostic results but also gave the first indication of
the frequency of aneuploidy and chromosomal mosaicism in these embryos created
by in vitro fertilisation (IVF) from fertile patients [6]. Prior to this, the IVF special-
ists were looking forward to treating PGD patients who would be fertile, anticipat-
ing that IVF would have a much improved success rate compared with that for
infertile couples. Simultaneously, FISH was being applied to biopsied cells from
cleavage stage embryos by Munne’s group in the USA and in 1993 they also reported
the diagnosis of major aneuploidies in mosaic and full form [7]. Evidently, embryos
created by IVF from couples of proven fertility were also prone to mosaic aneu-
ploidy of an extent that was going to affect viability and implantation rates as well
as the accuracy of PGD. So it was that an additional aim was added: as well as using
PGD to detect heritable genetic disorders, it could be applied to help improve the
success rate of IVF for infertile couples by using FISH to detect aneuploidy — this
was the birth of PGS —preimplantation genetic screening.

Meanwhile, in 1992 the Hammersmith group reported the first successful PGD
for a single gene disorder: the birth of a normal girl, free of cystic fibrosis, after
PGD [8]. Within a few years, FISH was being applied in London to biopsied blas-
tomeres to help couples at risk of passing on an unbalanced form of a reciprocal or
Robertsonian translocation [9], and in the USA preconception diagnosis was
achieved for maternal carriers by testing the first polar body alone while in Chicago
it was tested in combination with karyotyping of the second polar body, also only
for maternal carriers [10, 11]. While few would dispute on ethical grounds the
application of PGD to avoid single gene defects that affect children, its use to avoid
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passing on genes that predispose to late-onset disorders such as adult cancers
provoked more controversy.

Nevertheless, the UK Human Fertilisation and Embryology Authority licensed
the procedure in the case of the APC gene that causes familial adenomatous polypo-
sis (and inevitable colorectal cancer) when mutated and the first PGD diagnosis for
inherited cancer, and of this condition, was carried out in London and reported in
1998 [12].

The Development of Comprehensive Chromosomal Analysis

Initially, from 1999 onwards it was reported that the outcome for infertile couples
improved significantly after PGS was applied to their embryos, compared with
comparable control groups [13]. However, since FISH is perceived as an easy and
reliable technique that any laboratory scientist may apply and achieve a successful
outcome, it became widely used by IVF centres with no experience of genetic test-
ing. Not surprisingly, the results for the patients were variable and doubts began to
be expressed as to the benefits of PGS, mostly applied to older women with fewer
embryos for testing. In 2007 a paper was published that reported on the outcome of
a randomised clinical trial of PGS that showed a negative effect of screening via
PGS [14]; this paper has been widely quoted but also heavily criticised on technical
grounds by scientists with extensive experience of the application of FISH to human
blastomeres. There are two contributory problems: one that in order to test as many
chromosomes as possible, several rounds of hybridisation with FISH probes may be
carried out; thus reducing the efficiency and secondly the widespread mosaicism
that affects the early human embryo will clearly lead to apparent ‘misdiagnoses’
when testing only a single cell for aneuploidy. In the meantime, research was pro-
gressing on methods for comprehensive chromosome testing, based upon analysis
of DNA extracted from a single cell. The aim was to be able to apply the technique
of comparative genomic hybridisation (CGH) as used in tumour cytogenetics, where
karyotyping was not possible. For this to happen, the DNA from each cell had first
to be amplified in a manner compatible with analysis via CGH. Two groups from
opposite sides of the world (London UK and Melbourne Australia) were successful
in achieving single cell CGH analysis of blastomeres and simultaneously both
groups published their work in the year 2000 [15, 16]. The results obtained con-
firmed the early FISH data with respect to the incidence of full and mosaic aneu-
ploidy in apparently normally developing human embryos. These results were
achieved by classical metaphase analysis after the combined hybridisation of both
test and control DNAs; even with the help of computer software, that analysis
required the ability to karyotype and took 72 h for the hybridisation step alone.
Although both innovator groups did apply the technique clinically, these factors
clearly limited full clinical application. The final step needed was the refinement of
array CGH so that it could be applied to the analysis of single cells; early results
from this development were described in 2009 [17]. By 2013 it was evident that
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centres were seeing an improved outcome with regard to both implantation and
pregnancy rates compared with those achieved previously by FISH analysis [18].
It may be concluded that the development and application of a reliable aCGH
method has made a major contribution to the stated goal of ‘Transferring the single
euploid embryo’.
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Chapter 2
Elements of Informed Consent
for Preimplantation Genetic Diagnosis

Michelle Lynne LaBonte

Introduction

The concept of informed consent exists to protect patients and research subjects
from undue harm. To achieve valid informed consent, individuals should be informed
of the relevant risks, comprehend the information provided, and voluntarily agree to
take part in either a research study or a medical treatment [1-3]. Since PGD typi-
cally involves the biopsy of one or more cells from an in vitro fertilized early embryo
followed by genetic analysis of the biopsied cells, achieving valid informed consent
is especially challenging. First, the informed consent for PGD must include infor-
mation about the risks associated with the three key components of the process:
in vitro fertilization (IVF) using intracytoplasmic sperm injection (ICSI) to generate
embryos, the embryo biopsy, and the genetic testing [4]. Furthermore, prospective
parents should be aware not only of risks to themselves, but they must also be aware
of risks to the resulting child and understand that they are consenting on behalf of
the future child. As such, potential risks to the resulting child must be carefully out-
lined in the information provided to prospective parents [4, 5].

Given the complicated and multifaceted nature of PGD, it is essential that pro-
spective parents be provided the relevant information in a manner conducive to
comprehension of the associated risks. To this end, prospective parents should be
provided with information in different formats and through different mechanisms
and be given ample opportunities to have their questions answered [3]. There will
ideally be different stages of informed consent, beginning with accurate and up-to-
date educational material about risks on fertility center websites [5, 6]. Conversations
about risks associated with PGD should also take place with fertility center staff and
genetic counselors. It may also be wise to go over more difficult to comprehend
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aspects of the material multiple times throughout the consent process [7]. Some
have suggested the use of audiovisual aids in addition to individual counseling and
written documentation as mechanisms by which to inform patients prior to obtain-
ing consent [7, 8]. Furthermore, full consent to PGD should be obtained before the
in vitro fertilization (IVF) process begins, so that there are no time and financial
pressures when prospective parents are making decisions.

In addition to being informed, consent must also be voluntary [3]. Fertility cen-
ters should take special care to ensure that prospective parents are not being inad-
vertently pressured into choosing the procedure. As such, any financial conflicts of
interest or other such conflicts that might lead to undue pressure from the fertility
center should be shared with prospective parents [9, 10]. It is also important that
prospective parents are provided with unbiased information regarding risks so that
they can carefully consider whether to initiate a PGD cycle. While there are many
important elements of valid informed consent for PGD, this review will detail the
risks associated specifically with the embryo biopsy and genetic testing components
of PGD and provide suggestions regarding content that should be discussed with
prospective parents. However, it is essential that prospective PGD users also be
informed of the risks associated with IVF and ICSI, as these more widespread pro-
cedures are done before the embryo biopsy and testing components of PGD.

Categories of Consent Specific to PGD

Risks Associated with Embryo Biopsy

While informed consent procedures for PGD often cover risks to the mother, the
risks to the fetus and future child are less often reported [4—6]. Some fertility center
websites make reference only to studies that have found no increased risks associ-
ated with PGD. However, there are published, peer-reviewed studies that have
detected subtle neurological and other differences in offspring born following
embryo biopsy. While these studies are by no means definitive, they certainly war-
rant disclosure in the proper context to prospective parents as part of the informed
consent process. This section examines the existing scientific studies of the risks to
resulting fetuses and children from embryo biopsy procedures and also outlines
studies indicating that preimplantation genetic screening (PGS) may decrease the
chance of live birth.

Types of PGD Safety Studies

A number of mouse and human studies have addressed the issue of embryo biopsy
safety in PGD/PGS, resulting in a complicated set of findings. The first complicat-
ing factor in interpreting the data is that studies have been performed in both mice
and humans. Mouse studies can be quite advantageous in that they allow for large
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sample sizes, more invasive and thorough analysis of offspring, and carefully
controlled study design, yet embryo development in the mouse is not the same as in
humans. Therefore, any interpretation of mouse studies must be made with this in
mind. Even two different mouse strains can give strikingly different results [11].
Therefore, it is hard to know if findings in mice will translate to humans. However,
that doesn’t mean that only findings from human studies should be considered when
evaluating the safety of PGD.

The second complicating factor in assessing safety studies is that study design
varies markedly in published reports. A number of studies lack matched controls
and very few studies report blinded analysis of outcomes. Furthermore, an impor-
tant limitation of the published retrospective studies is the possibility of selection
bias, as could happen if parents of children with health problems are more or less
likely to enroll in a trial. Selection bias can also occur if fetuses that have been biop-
sied as embryos are more likely to be tested prenatally and aborted as a result of an
abnormal finding.

A third complication when interpreting safety studies is that the type of biopsy
used also varies when comparing studies. The three main types of preconception
and embryo biopsies include polar body biopsy, day 3 cleavage-stage embryo
biopsy of one or two blastomeres, and day 5 blastocyst biopsy of multiple trophec-
toderm cells [12, 13]. Therefore, patients should be informed not only about the
results of the published safety studies but also about any important differences in
embryo biopsy methodologies used by individual centers compared to those
described in the published literature. A fourth complication with the existing safety
studies is the limitation of time. No long-term human safety study has followed
PGD offspring through adulthood, nor has any study examined the effects of PGD
on the offspring of biopsied individuals. Given the potential challenges associated
with assessing the safety of the embryo biopsy procedure, it is important that pro-
spective parents are provided a balanced view of all published safety studies and
made aware that no long-term safety studies have yet been completed in humans.

Results of PGD Safety Studies in Mice

While many studies have detected no increase in congenital or other abnormalities
in PGD offspring [14], there is a trend in the detection of neurological abnormalities
in embryo-biopsied offspring across different studies and in both mice and humans.
In this section, the mixed results reported in published studies with mice are
summarized.

There have been a number of studies examining the effect of embryo biopsy on
fetal development, but the interpretation of these results is complicated by the dif-
ferent mouse strains and different developmental stages at which the biopsies
occurred. For instance, a study in which one blastomere was removed at the four-
cell mouse embryo stage found significant decreases in preimplantation develop-
ment to the blastocyst stage and in live fetus development [11]. However, these
differences were unique to the C57/BL6 strain in that no statistically significant
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developmental abnormalities were seen in the B6D2F1 strain. In a different study in
which one blastomere was biopsied at the eight-cell stage, hatching was premature
and sometimes abnormal in biopsied mouse embryos compared to controls, yet no
differences in global gene expression were found 28 h post-biopsy [15]. In a more
recent study, mouse fetuses that had one cell removed at the four-cell embryo stage
had significantly lower weight, lower levels of some steroid clearance enzymes in
the placenta and fetal liver, and differences in steroid hormone levels in the pla-
centa, fetal blood, and fetal liver when compared to controls [16]. Taken together,
these data suggest that some but not all aspects of embryo and fetal development
may be altered as a result of embryo biopsy in the mouse.

Several studies have also looked at later stages of mouse development following
embryo biopsy. In one study, analysis of adult mice which underwent biopsy of a
single blastomere at the eight-cell embryo stage revealed no abnormalities in blood
cell counts, blood chemistry, and organ histology compared to controls [17, 18].
However, in another study, Yu and colleagues demonstrated that murine embryos
which underwent biopsy at the four-cell stage performed less well than non-biopsied
mice on a memory test [19]. This same study demonstrated that biopsied mice had
altered expression of proteins implicated in neurodegenerative disease, suggesting
the potential for long-term neurological abnormalities in biopsied mice. Furthermore,
biopsied mice had altered levels of stress hormones both before and after cold stress
challenge, and biopsied mice had more lipid storage in the adrenal cortex compared
to controls [20]. Thus, while a number of measured outcomes have been normal in
biopsied mice, the embryo biopsy procedure is associated with a variety of health
problems in mice. The informed consent process for PGD should include reference
to the findings from mouse studies, while at the same time making it clear that
mouse outcomes may or may not translate to humans.

Results of PGD Safety Studies in Humans

Results of PGD safety studies in humans have been more promising when com-
pared to some of the mouse studies. In an observation of the first 109 children born
following polar body biopsy at the Reproductive Genetics Institute, no significant
abnormalities were detected in birth weight of offspring and no increase in congeni-
tal abnormalities over the published literature for naturally conceived births was
reported [21]. In another observational report of outcomes following one- or two-
cell biopsy of day 3 embryos at the Centre for Medical Genetics, no significant
increase in congenital abnormalities was reported [22]. However, there was a sig-
nificant increase in the number of perinatal deaths and stillbirths following embryo
biopsy [22]. A different observational study found that PGD offspring had low birth
weight as well as decreased motor and cognitive abilities [23]. Of note, all of these
studies lacked a matched control group of either ICSI and/or naturally conceived
children [21-23]. While observational studies can provide important clues to issues
such as the safety of embryo biopsy, it is difficult to draw clear conclusions in the
absence of a matched control group.
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A number of controlled studies have been carried out, however, and some of
those results have been reassuring. In a controlled study comparing ICSI and natu-
rally conceived (NC) children to PGD/PGS children who underwent one- or two-
cell blastomere biopsy at the eight-cell stage, there were no statistically significant
differences in mental and psychomotor development of singletons at age 2 [24].
Furthermore, no statistically significant differences were seen in language or socio-
emotional development when comparing PGD/PGS, ICSI, and NC 2-year-olds [25].
A follow-up analysis of twins also revealed no statistically significant differences in
mental, motor, socio-emotional, and language development in PGD/PGS offspring
compared to ICSI or NC children at age 2 [26]. In addition, Desmyttere and col-
leagues reported no statistically significant difference in major or minor malforma-
tions in PGD/PGS offspring [27, 28]. However, BMI and arm circumference were
lower in PGD/PGS offspring compared to ICSI and NC children [28]. In a matched
control trial with blinded analysis, PGD offspring had significantly lower gesta-
tional age at birth and a higher number of births with low birth weight. In this same
study, PGD offspring scored lower on the Locomotor subscale, yet higher on the
Hearing and Language subscales of the Griffiths Scale [29]. Thus, outcomes based
on these controlled trials demonstrated many similarities between biopsied off-
spring and controls, but a number of statistically significant differences were also
observed. It is also important to keep in mind that selection bias, as might occur if
fetuses with abnormalities are more often detected and aborted following embryo
biopsy, can be an important limitation of such trials.

Addressing the issue of selection bias, Middelburg and colleagues reported on
the results of a randomized, controlled, blinded, prospective study in which PGS
offspring were compared to IVF offspring [30]. Individuals in the PGS group typi-
cally had one blastomere removed at the four-cell embryo stage, although two blas-
tomeres were taken when necessary for analysis. Consistent with other studies, no
increase in minor or major abnormalities was seen in the PGS group at birth [31].
While there were no statistically significant differences in outcomes at 18 months
of age, PGS children did have an increased incidence of mild fine motor dysfunc-
tion and mildly dysfunctional posture/muscle tone. Furthermore, PGS children had
more severe issues at the individual level as compared to controls [30]. At age 2,
PGS and IVF offspring had similar mental, psychomotor, and behavioral scores.
However, the neurologic optimality scores were statistically significantly lower in
the PGS group [32]. At age 4, no differences in blood pressure or anthropometrics
or received medical care were observed, yet a statistically significant increase in
paramedical care (speech, physical, or occupational therapy) was seen in the PGS
group [33]. Also at age 4, there were no neurological, cognitive, or behavioral dif-
ferences between singleton groups. In contrast, embryo biopsy in twins was associ-
ated with “a negative effect on neuromotor condition and a positive one on
sequential processing” [34]. Since some neurological deficiencies only become
apparent later in life, it will be important to follow embryo-biopsied children into
school age years and beyond to more carefully assess any potential adverse neuro-
logical and other outcomes [30]. These potential safety risks should be carefully
weighed against the potential benefits before making a decision to move forward
with the procedure [35].
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Chance of Live Birth

A number of studies have examined the chance of live birth following PGD/
PGS. Based on the most recent ESHRE PGD Consortium data published, the deliv-
ery rate following embryo transfer was 25 % for PGD done following testing for
structural chromosomal abnormalities, 30 % for sex determination for X-linked dis-
eases, and 25 % for evaluation of embryos for monogenic diseases [14]. These PGD
data are in contrast to a 22.8 % delivery rate per embryo transfer seen following
PGS [14]. However, data looking at IVF alone were not part of this collection. A
meta-analysis of randomized control trials demonstrated a reduction in the chance
of live birth from 26 % with IVF alone to 13-23 % with IVF and PGS [36]. Taken
together, these data suggest that the chance of live birth may be reduced following
PGS as compared to IVF alone or PGD. However, these data may be misleading as
the indication for PGS is different than for PGD, with PGS being indicated for pro-
spective parents who have a higher risk of pregnancy loss. In a different retrospec-
tive cohort study evaluating PGD outcomes in Sweden, it was found that the chance
of pregnancy is doubled with one-cell biopsy as compared to two-cell biopsy of
cleavage-stage embryos [37]. Thus, prospective parents should be informed that the
chance of live birth might be reduced following PGS and that two-cell biopsies may
reduce the chance of live birth as compared to one-cell biopsies.

Important Components of Embryo Biopsy Informed Consent

» Studies examining the risks of embryo biopsy to the fetus and future child
have been performed in mice and humans. Some have found no risk from
the procedure, while some have found neurological and other abnormali-
ties and a higher incidence of children requiring developmental support
following embryo biopsy.

» Results from mouse studies do not always translate to humans, but mouse
studies can allow for more controlled study design and detailed analysis of
offspring. Mouse studies should not be overlooked.

* No long-term study has been done in human children past the age of 4.
Risks to older children, adults, and their offspring are unknown.

* There is some evidence that embryo biopsy may reduce the live birth rate.

Risks Associated with Genetic Testing of Biopsied Cells

Given the imperfect nature of genetic testing of embryos, there is a chance of mis-
diagnosis even when the testing is done by an experienced center. Prospective par-
ents should be made aware of the need for prenatal testing if they wish to confirm
the embryo testing results. Furthermore, comprehensive genetic testing, in which a
wide range of genetic information will be determined, may reveal unanticipated
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genetic information about the tested embryos that parents or the resulting child may
not wish to know. Furthermore, selection of embryos with a decreased risk of a
known disease may also inadvertently select for embryos with an increased risk of
an unknown disease. Finally, genetic testing to determine the suitability of an
embryo for implantation has larger societal implications.

Possibility of Misdiagnosis

Misdiagnosis can occur for a variety of reasons, and it is important that potential
PGD patients be informed of this possibility. Causes of misdiagnosis include human
error, PCR or FISH errors, mosaicism, unprotected sex, uniparental disomy, and
many others [38]. Human error in the lab, such as tube mislabeling, is one other
cause of misdiagnosis that can be reduced substantially if proper quality control
measures are in place [38]. While not technically a misdiagnosis, unprotected sex
can lead to natural fertilization and the subsequent development of an unselected
embryo even if a selected embryo is transferred. Couples should be made aware of
the risks associated with unprotected sex before beginning IVF/PGD. Another fac-
tor that can lead to transfer of an unselected embryo is mosaicism. While FISH or
PCR-based analysis of the biopsied cell may in fact be accurate, mosaicism can lead
to the transfer of an unselected embryo if the biopsied cell is not representative of
the other cells remaining in the transferred embryo [38].

PCR-based diagnosis of biopsied cells can also result in misdiagnosis for reasons
other than mosaicism. Often cited reasons for PCR-based misdiagnosis are con-
tamination and allele dropout [38]. In an embryo reanalysis study, Dreesen and
colleagues found that the initial analysis of 881/940 embryos was consistent upon
reanalysis [39]. Most cases of misdiagnosis were due to mosaicism, with allele
dropout and contamination cited as other reasons for misdiagnosis in their study.
When the researchers further analyzed the data, they found that PCR analysis of a
two-cell embryo biopsy is more accurate than analysis of a one-cell biopsy.
Specifically, 3.3 % of two-cell embryo biopsies were misdiagnosed and 8.4 % of
one-cell embryo biopsies were misdiagnosed by PCR [39]. Other reports of misdi-
agnosis, typically identified prenatally or after birth, cite lower rates of PCR-based
misdiagnosis [14, 38]. Misdiagnosis rates for FISH have been cited as 0.06 and
0.07 % [14, 38], and FISH-based diagnosis has historically been considered more
accurate than PCR-based diagnosis. However, a recent study found the misdiagno-
sis rate to be higher in FISH than in PCR [14].

Since there are risks of error associated with PGD, even when it is done properly,
some lawsuits have been aimed at the lack of adequate informed consent regarding
full disclosure of the risks of error that can lead to PGD misdiagnosis [40].
Surprisingly, only a minority of ESHRE Consortium members had a formal quality
control program in place in 2008 to check the accuracy of PCR-based diagnosis of
biopsied embryos [39]. Therefore, it is important for centers to give their own mis-
diagnosis rates if they have accurate ones and provide published rates as well. Given
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the chance of misdiagnosis, a Practice Committee report recommends informing
patients that prenatal testing can be done using amniocentesis or CVS to confirm
PGD results [41]. The risks associated with these prenatal testing procedures should
also be provided to prospective patients before initiating IVF/PGD.

Comprehensive Genetic Testing

Genetic testing of biopsied cells initially targeted just a single or several defined
genes. However, advances in technology have made comprehensive genetic testing
of biopsied cells possible. Since comprehensive genetic testing will likely reveal
variants of unknown significance, information about the risk of late-onset disease,
as well as nonmedical characteristics, it is important that prospective parents are
aware of the risks associated with learning this type of information about their
future children. A variety of suggestions have been put forth regarding how much
information prospective parents should be given during the informed consent for
genetic testing [42]. Ideally, informed consent would only occur after full disclosure
and understanding of the details of the genetic testing. However, given the complex
nature of comprehensive genetic testing, it may not be feasible to provide prospec-
tive parents with all details regarding what the test results might reveal because of
concerns that comprehension may be compromised if the information provided is
too complicated [42, 43].

To address the concern that consent may be inadequate if there is too much infor-
mation given during the consent process, some have advocated for a generic form of
informed consent for genetic information [8]. In fact, six categories of information
have been proposed, including “congenital lethal disorders; early- or late-onset dis-
orders requiring intensive medical care; early- or late-onset disorders requiring lim-
ited medical care; susceptibilities for complex disorders; conditions involving only
minor health problems; and abnormal findings of which the clinical implications are
unknown” [44]. However, this type of grouping can be problematic because of the
different ways that doctors and parents might classify specific genetic risk informa-
tion [44, 45]. Even the label of “abnormal” when applied to findings of unknown
significance is potentially misleading, as many apparently healthy individuals have
copy number variants and other DNA changes [46]. Furthermore, a recent study
demonstrated that greater than 40 % of healthy individuals have mutations in genes
that are predictive of severe early-onset disease [47]. Thus, it is not possible to pre-
dict with complete accuracy the health consequences of many genetic alterations
that may be found as a result of comprehensive genetic testing [48]. Given the
uncertainty regarding the predictive nature of many genetic test results, it is essen-
tial that prospective parents are aware of these limitations.

To address the limitations associated with providing only generic or specific
information, Bunnik and colleagues instead offer a hybrid model in which generic
consent (including categories of information as has been suggested by others) is the
foundation, and then a well-organized list of specifically tested diseases is included
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as well [49]. This concept is in line with the suggestion by Elias and Annas that
specific consent should still be obtained for certain tests such as the genetic test for
Huntington’s disease [8]. Furthermore, Bunnik and colleagues suggest that consum-
ers be required to actively select for/against different types of tests because such
active decision making will aid the informed part of the consent process. While not
formally part of the consent, some have also suggested that prospective parents be
given the option to receive more detailed information about any of the genetic cat-
egories [49, 50]. Since specific genetic risk information will likely change over
time, it will be important to constantly update this component of the consent process
as new risks arise.

In addition to being informed about what the test will reveal, parents should also
be involved in determining what information will be shared with them after the
results have been determined [42]. In discussing prenatal genetic testing, de Jong
and colleagues argue that information about late-onset disease should only be given
to a woman if she plans to abort such a fetus (or in the case of PGD, not transfer an
affected embryo). This thinking is in line with ethical concerns many have regarding
the genetic testing of minors for late-onset disease [51]. However, because some
prospective parents may not follow through with plans to avoid transfer of embryos
with increased risk of late-onset disease (if testing reveals that all biopsied embryos
have an increased risk of at least one late-onset disease), children could still be born
with such knowledge [44]. Even if the parents don’t share this information with
their children, just having this knowledge may hinder the child’s right to an open
future [42]. Thus, it is important that prospective parents are aware of the type of
information that genetic testing can uncover and that parents carefully consider
what the future child might want to know about himself or herself when determin-
ing the type of genetic information that should be revealed. A delicate balance will
need to be struck between a child’s right to an open future and the reproductive
freedoms of prospective parents, and the solution may involve limiting the type of
information that is shared with parents regarding embryos that will ultimately be
implanted.

Inadvertent Selection for Increased Disease Risk

It is important that prospective parents understand that by selecting against an
embryo with a particular disease risk or other characteristic, they may at the same
time be inadvertently selecting for an embryo with an increased risk of a different
disease. This inadvertent selection could happen in the case of linked genes or as a
result of heterozygote advantage [52]. For example, the disease sickle cell anemia
occurs when an individual has two mutant copies of the B-globin gene [53]. However,
heterozygous individuals with only one abnormal copy of the B-globin gene are less
susceptible to malaria caused by the parasite P. falciparum [54, 55]. Therefore,
while selection of embryos free of the f-globin gene mutation will virtually
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eliminate the risk of sickle cell anemia in the offspring, these same offspring will
also be more susceptible to malaria.

While less well characterized than the sickle cell example, many have argued
that the high incidence of mutant cystic fibrosis transmembrane conductance regu-
lator (CFTR) genes is also a result of heterozygote advantage [52]. The CFTR gene
codes for a chloride channel, and individuals with two mutant CFTR genes often
have cystic fibrosis. It is possible that having one mutant CFTR gene confers some
protection against either diarrheal diseases or typhoid fever [52]. Given the com-
plexity of the human genome, inadvertent selection of embryos with increased dis-
ease risk should be taken seriously, especially when prospective parents choose to
select for nonmedical traits. In trying to avoid specific diseases or characteristics in
their offspring, some prospective parents might be unknowingly selecting embryos
that will result in future children with increased risk of unknown diseases.

Social Implications of PGD

The use of PGD and other technologies to select the characteristics of offspring has
important societal implications that should be made clear to prospective parents
[56]. While there is an inclination by some to assume that any deviation from “nor-
mal” is something to be avoided, many in the disability community have argued that
those with disabilities can lead rich and meaningful lives and there are potential
harms associated with seeking “perfection” [57]. Along those lines, in 2008 the
United States passed the Prenatally and Postnatally Diagnosed Conditions
Awareness Act, requiring that parents be given accurate and balanced information
regarding the life experiences of someone with a particular disease so that they can
make a more informed decision regarding whether to terminate a particular preg-
nancy or give a child up for adoption [58]. This type of awareness should be applied
to the consent for embryo testing as well.

In addition to potential harms associated with selecting against future children
who may deviate from what is considered “normal”, nonmedical trait selection can
also lead to harms at a societal level. In part due to reproductive freedoms, sex
selection is permitted in the United States. However, this type of selection can lead
to population-level imbalances in the sex ratio. As has been seen in countries prac-
ticing sex-based infanticide and selective abortion, the resulting skewed sex ratios
have led to a host of downstream problems including female trafficking [59].
Furthermore, differences in access to PGD are likely to lead to further inequalities
between people of different socioeconomic or racial groups [60]. Especially in
regions where the more controversial uses of PGD are not regulated, prospective
parents should be aware of these larger societal issues so that they can make their
own informed choices.
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Important Components of Genetic Testing Informed Consent

» There is a potential for error in the genetic testing of biopsied cells, which
could lead to implantation of an embryo with the characteristic parents
were trying to select against.

* Since there is this chance of misdiagnosis when biopsied cells are tested
using FISH or PCR, prenatal testing may be required to confirm embryo
test results. As such, the risks associated with prenatal testing should be
disclosed during the consent for PGD.

» If comprehensive genetic testing is done on biopsied cells, unanticipated
information regarding long-term health risks to the future child may
become known. A child’s right to an open future should be carefully con-
sidered when determining the type of genetic information that will be
shared with parents regarding implanted embryos.

» Selection for embryos with certain genetic compositions may also inadver-
tently select for embryos with an increased risk of other diseases.

» There are important social implications associated with selection of future
offspring based on genetic information.

Conclusion

In addition to being informed about potential risks associated with PGD, prospective
parents should also be made aware of alternatives to the procedure. For instance,
if prospective parents wish to select certain characteristics, they may choose to use
donor gametes, adopt, or selectively terminate a pregnancy. It is especially impor-
tant that prospective parents understand that in using PGD to select embryos
with certain characteristics, they may in fact be harming those “preferred” embryos
during the biopsy and selection process. Finally, it may be possible in the future to
carry out less-invasive embryo selection using methods such as the testing of DNA
in the blastocoele fluid [61-63]. Prospective parents will need to balance their
wishes to have a child with certain characteristics with the possibility of directly or
indirectly harming that child through the PGD procedure.

Note Added in Proof While this chapter was in production, Winter and colleagues reported
no significant differences in measured cognitive and psychomotor outcomes in 5 and 6 year old
Caucasian PGD singletons. In addition, Sacks and colleagues reported on neuropsychological
findings of a pilot study of 4 and 5 year old PGD children [64, 65].
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Chapter 3
Controlled Ovarian Stimulation for Follicular
Recruitment and Oocyte Recovery in IVF

Sesh K. Sunkara

Introduction

Results of in vitro fertilisation (IVF) treatment have much improved since its early
days with live birth rates reaching around 33 % for women aged less than 35 years
[1]. The introduction of controlled ovarian stimulation (COS) regimens has played
a vital clinical milestone in improving IVF success and is mainly due to a paradigm
shift from uni- or pauci-follicular natural IVF cycles to multi-follicular stimulated
IVF cycles. Moreover COS allows control of the various events of follicular recruit-
ment and oocyte maturation which are crucial for successful IVE. COS therefore
remains an essential part and mainstay in IVF treatment. The aim of COS is to
achieve efficacy and safety with assisted reproduction, to maximise live birth rates,
to minimise side effects such as multiple pregnancy and ovarian hyperstimulation
syndrome (OHSS), to maximise patient compliance and tolerability, and to mini-
mise patient burden and costs.

Ovarian stimulation is considered an important aspect of IVF as the number of
recruited follicles and oocytes retrieved is an important prognostic variable and a
robust outcome for clinical success. There is a strong relationship between the number
of oocytes retrieved and live birth following IVF in a fresh cycle. Analysis of over
400,000 IVF cycles has shown a steady increase in live birth rates up to 15 oocytes
and a plateau between 15 and 20 oocytes followed by a decline in live birth rates
beyond 20 oocytes in fresh IVF cycles [2]. This information is valuable in planning
COS regimens in IVF and COS regimens should aim to optimise the number of
oocytes retrieved. The ideal COS regimen obtains the best result at all stages of the
in vitro fertilisation process: an optimal ovarian response (oocyte quantity and quality)
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leading to high fertilisation rates and development of good quality embryos.
Availability of good quality embryos facilitates selection of the best single embryo for
transfer with cryopreservation of the supernumerary embryos resulting in high suc-
cess rates and at the same time reducing multiple pregnancies.

Individualisation of COS in IVF

The main objective of individualisation of treatment in IVF is to offer every single
woman the best treatment tailored to her own unique characteristics, thus maximis-
ing the chances of pregnancy and eliminating the iatrogenic and avoidable risks
resulting from ovarian stimulation. It is therefore important to categorise women
based on their predicted response in order to individualise COS regimens. Women
can be identified as having a poor response, normal response, or a hyper-response
based on individual characteristics and ovarian reserve tests (ORTs). Among the
various ORTs including basal follicle stimulation hormone (FSH), basal oestradiol,
inhibin B, antral follicle count (AFC), and anti-Mullerian hormone (AMH), AFC
and AMH have the highest accuracy for the prediction of either a poor or an exces-
sive response following ovarian stimulation [3].

Recently published individual patient data (IPD) meta-analyses of patient char-
acteristics and ORTs demonstrated age as being the most important among patient
characteristics for the prediction of poor or excessive response and AFC or AMH as
having the highest predictive accuracy among ORTs [4, 5]. The cutoff levels of AFC
and AMH for prediction of poor response are an AFC of <5 to <7 and AMH of
<0.5 ng/ml to <1.1 ng/ml [6]. The cutoff levels for AFC and AMH for the prediction
of hyper-response are an AFC of >14 to >16 [7, 8] and AMH of 3.5-3.9 ng/ml [9,
10]. According to the European Society of Human Reproduction and Embryology
(ESHRE) consensus, poor ovarian response is defined based on fulfilling two of the
three criteria of (1) advanced female age >40 years, (2) previous poor response (<3
oocytes) following conventional stimulation, and (3) abnormal ORT (AFC or AMH)
[6]. In the absence of advanced female age or an abnormal ORT, two previous poor
ovarian response cycles with maximal stimulation are sufficient to define poor ovar-
ian response. The events involved in COS are pituitary suppression and ovarian
stimulation with ovulation triggering as the penultimate step leading to oocyte mat-
uration and retrieval. Individualisation of COS involves tailoring these events to
suit each individual woman.

Pituitary Suppression Regimens in IVF

The introduction of GnRH agonists in assisted reproduction played an important
role in the improvement of IVF treatment success by reducing the incidence of a
premature LH surge which resulted in fewer cycle cancellations and higher
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pregnancy rates [11] and allowed cycle programming. The GnRH agonists cause
pituitary suppression by causing internalisation and downregulation of the pitu-
itary receptors. GnRH antagonists, which prevent a premature LH surge by their
more direct action, were subsequently introduced as an alternative to the GnRH
agonists permitting a shorter duration of treatment. The GnRH antagonists com-
petitively block the pituitary receptors and thereby cause immediate suppression
of the LH [12]. The long GnRH agonist pituitary downregulation combined with
exogenous gonadotrophins is the most frequently used in around 89.1 % of IVF
cycles [13].

Commonly used pituitary suppression regimens in COS include the long GnRH
agonist regimen, the short GnRH agonist regimen, and the GnRH antagonist regi-
men. With the long agonist regimen, pituitary desensitisation with the GnRH ago-
nist is commenced in either the follicular phase or mid-luteal phase. The luteal
phase regimen is more commonly used where the GnRH agonist is commenced on
day 21 (in a 28-day menstrual cycle) of the previous cycle. After confirmation of
ovarian quiescence approximately 2 weeks later, gonadotrophin for ovarian stimula-
tion is commenced and continued with the GnRH agonist until ovulation triggering.
In the short agonist regimen, the GnRH agonist is commenced in the early follicular
phase of the cycle (day 1-3) followed by gonadotrophin (usually commenced a day
later). Both the GnRH agonist and the gonadotrophin are continued until ovulation
triggering. In the antagonist regimen, ovarian stimulation with gonadotrophin is
commenced in the early follicular phase. The GnRH antagonist is commenced on
day 6 of stimulation or when the leading follicle is >14 mm. Both the gonadotro-
phin and the GnRH antagonist are continued until the day of ovulation triggering.

GnRH agonists being small peptides are easily degradable by gastrointestinal
enzymes and cannot be administered orally. They are administered parenterally,
either via the intranasal route, as depot preparations, or intramuscular or subcutane-
ous injections. The GnRH antagonists are administered subcutaneously either as a
single dose or as daily injections. Dose finding studies established that the GnRH
antagonist could be administered either as 0.25 mg daily in a multiple dose protocol
or as 3 mg in a single dose protocol to effectively suppress the LH surge and main-
tain IVF results [14] (Fig. 3.1).

Although early studies suggested the agonist regimen to be superior to antagonist
regimen [15], later evidence suggested comparable pregnancy rates with the agonist
and antagonist regimens [16]. The antagonist regimen is associated with a lower
risk of ovarian OHSS and lower gonadotrophin consumption compared to the ago-
nist regimen [16]. Between the long and the short GnRH agonist regimens, the long
regimen has better outcomes in terms of the number of oocytes retrieved and preg-
nancy rates compared to the short regimen [17]. The GnRH antagonist and long
GnRH agonist regimens are therefore suitable options for pituitary downregulation
in unselected women.

A survey conducted in 2010 involving 196 centres from 45 countries showed a
wide variation in the GnRH analogue regimens chosen for poor responders [18].
A recent randomised controlled trial comparing the long GnRH agonist regimen
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a Gonadotrophin stimulation

GnRH agonist

F |

Menstruation Mid-luteal phase Menstruation Ovulation trigger

b Gonadotrophin stimulation

GnRH agonist

|

Menstruation Day 1-3 of cycle Ovulation trigger

c Lead follicle > 14 mm or day 6 of stimulation

LG:nadotrophin stimulation

Menstruation Day 2/3 of cycle Ovulation trigger

Fig. 3.1 Schematic representation of pituitary suppression regimens in IVF. (a) Long GnRH ago-
nist regimen. (b) Short GnRH agonist regimen. (¢) GnRH antagonist regimen

versus short GnRH agonist regimen versus GnRH antagonist regimen in women
with a previous poor ovarian response demonstrated the long agonist and antagonist
regimens to be suitable for these women with regard to the number of oocytes
retrieved [19]. A worldwide survey in 2010 involving 179,300 IVF cycles from 262
centres in 68 countries showed the use of GnRH antagonist-based regimens in
around 50 % of IVF cycles among women with polycystic ovarian syndrome
(PCOS) [20]. A recent meta-analysis of studies comparing GnRH antagonist versus
GnRH agonist protocols in women with PCOS involving nine RCTs from 2002 to
2013 showed comparable pregnancy rates between the two groups and a signifi-
cantly lower incidence in severe OHSS in the GnRH antagonist group [21]. An
added advantage with the use of GnRH antagonist-based protocols is the use of
GnRH agonist trigger as a substitute for hCG in triggering of final oocyte matura-
tion and potentially eliminating the risk of OHSS.
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Ovarian Stimulation with Gonadotrophins

Gonadotrophin Dose

Exogenous gonadotrophin administration leads to supraphysiological circulating
levels of FSH which facilitate recruitment of multiple follicles by exceeding the
ovarian FSH sensitivity threshold [22, 23]. It is imperative to use the right gonado-
trophin dose to optimise the number of oocytes retrieved and live birth rates follow-
ing IVF and at the same time minimise risks such as OHSS and cycle cancellation.
When exogenous gonadotrophin is administered, the number of mature follicles
recruited largely depends upon the number of follicles attaining FSH sensitivity.
Hence in women with a large antral follicle pool the administration of a high gonad-
otrophin dose may induce excessive ovarian response consequently leading to a
high risk of OHSS. On the other hand, administration of an inappropriately low
gonadotrophin dose may lead to the growth of a low number of follicles resulting in
an ‘iatrogenic’ poor response.

An RCT comparing a gonadotrophin dose of 225 IU daily versus 150 IU daily in
women aged 23-41 years undergoing IVF demonstrated the number of oocytes to
be significantly higher with 225 IU daily compared to 150 IU daily [24]. This study
excluded women with basal FSH > 10 [U/1, PCOS, previous poor response, and pre-
vious OHSS. Another RCT comparing gonadotrophin dose 225 IU daily versus
300 IU daily among women predicted as normal responders based on a total AFC of
8-21 showed no significant difference in the number of oocytes retrieved between
the two doses [25]. This evidence would therefore suggest that the ideal gonadotro-
phin dose for women predicted as normal responders is 225 IU daily.

According to the worldwide survey on poor ovarian response, high gonadotro-
phin doses of >300 IU daily are used in around 50 % of IVF cycles for poor respond-
ers [18]. There is however no evidence to suggest that higher gonadotrophin doses
result in a higher yield of oocytes and improve pregnancy outcome for poor
responders. An RCT comparing gonadotrophin doses of 300 IU vs. 375 IU vs.
450 IU daily among women predicted as poor responders based on a total AFC of
<12 showed no significant difference in the number of oocytes retrieved nor live
birth rates between the three arms suggesting an unlikely benefit with gonadotro-
phin doses >300 IU daily [26]. The term hyper-response refers to the retrieval of
>15 oocytes [27] or 20 oocytes [28] following conventional stimulation. It is vital
to accurately predict women who are likely to have an excessive response and
accordingly individualise the gonadotrophin stimulation dose to reduce the risk of
OHSS. Women with PCOS and those predicted to have a hyper-response should be
stimulated with a lower gonadotrophin dose of <150 IU daily as this will avoid
excessive response. Excessive response (>20 oocytes) is also associated with a
decrease in live birth rate in fresh IVF cycles [2] in addition to the higher incidence
of OHSS with >18 oocytes [29-31].



26 S.K. Sunkara
Gonadotrophin Type

The successful therapeutic use of urinary gonadotrophins started with the first-
generation product human menopausal gonadotrophin (hMG) or menotropin, which
contained 75 TU of FSH and 75 IU of LH in each standard ampoule. This was fol-
lowed in the early 1980s by the development of urofollitropin, the second-generation
product from which the LH activity had been reduced to 0.1 IU/75 IU FSH [32].
Subsequently, the third-generation product, highly purified urofollitropin (Metrodin
HP®) with practically no residual LH activity, was developed in the early 1990s.
Due to its enhanced purity with very small amount of protein, Metrodin HP® could
be administered subcutaneously which is an advantage over the previous genera-
tions which had to be administered intramuscularly. The more recent fourth-
generation gonadotrophin is produced in vitro through recombinant deoxy ribo
nucleic acid (DNA) technology, by genetically engineered Chinese hamster ovary
cells. This is recombinant human FSH (r-FSH or follitropin) which is free of LH
and contains less than 1 % of contaminant proteins [33]. There are two preparations
of r-FSH that are commercially available for clinical use: follitropin-a and
follitropin-f. There have been numerous RCTs comparing urinary gonadotrophins
versus recombinant FSH for COS. Current evidence suggests that both the gonado-
trophin preparations are comparable in IVF outcomes [34] (Fig. 3.2).

AFC (n) AMH (ng/ml) Ovarian reserve

—
5 -
Main Objective: minimize OHSS risk
20 high
Expected . e . .
GnRH antagonist protocol + minimal FSH stimulation
high response
4
~
15 —
3 4 Main Objective: maximize success rate
Expected
10 4 normal response Standard treatment
2
~
—
5 1 14 low Main Objective: minimize treatment burden
Expected
poor response GnRH antagonist protocol + maximal FSH stimulation
0- 0 - ~

Fig. 3.2 Schematic representation of categorising women based on predicted response to indi-
vidualise COS. Reproduced from La Marca & Sunkara [35]
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Ovulation Trigger

Following recruitment and growth of follicles to the mature stage resulting from
ovarian stimulation, the next step is maturation of oocytes facilitated by ovulation
trigger in COS regimens. The LH surge that induces germinal vesicle breakdown
and ovulation in a natural menstrual cycle is not reliable in stimulated multi-
follicular cycles necessitating artificial triggering of ovulation. hCG which is natu-
rally produced by the human placenta and excreted in large quantities in the urine of
pregnant women bears a close molecular resemblance to LH and has a similar effect
on the LH receptor. hCG can be used because of its longer serum half-life (36 h)
compared to the short serum half-life of LH (108—148 min) [36], thus avoiding the
inconvenience of repeated administration. Administration of hCG results in luteini-
sation of the granulosa cells, progesterone biosynthesis, resumption of meiosis,
oocyte maturation, and subsequent follicular rupture 36—40 h later. It is administered
after the stimulated development of mature preovulatory follicles in order to induce
maturation, but oocyte retrieval is undertaken before ovulation. The usual criteria
for the administration of hCG is the presence of >3 follicles of >18 mm in diameter.
The preparations of hCG that are available for clinical use are the urinary and recom-
binant forms and are comparable for IVF outcomes [37]. The usual dose of hCG for
final ovulation triggering is between 5,000 IU and 10,000 IU as a single dose.

The GnRH agonist trigger has been proposed as an alternative to the hCG trigger
by virtue of inducing an endogenous rise in LH and FSH due to its initial flare effect
[38, 39]. The GnRH agonist trigger can only be used with COS regimens where
prior pituitary suppression has not been achieved with a GnRH agonist, as the
mechanism of action of the GnRH agonist for downregulation and desensitisation of
the pituitary receptors precludes the use of the agonist trigger. Due to the specific
mode of action of the antagonist by competitive blockade of the pituitary receptors
and a shorter half-life, the pituitary remains responsive to the GnRH agonist, thus
enabling its use for triggering ovulation. The Cochrane review comparing the GnRH
agonist versus the hCG trigger in IVF demonstrated a significantly lower incidence
of OHSS and a lower live birth rate with the GnRH agonist trigger [40]. It demon-
strated significantly reduced live birth rates in fresh autologous cycles with the use
of the GnRH agonist trigger, but there was no reduction in live birth rates in oocyte
donor/recipient cycles. Following initial use of the GnRH agonist trigger, it was
soon recognised of the need to modify the standard luteal support to obtain reliable
reproductive outcomes [41]. Study groups have since endeavoured to fine-tune the
luteal phase support in IVF cycles using the GnRH agonist trigger to optimise
clinical outcomes [42, 43]. Recent suggestions and developments in overcoming the
luteal insufficiency with the GnRH agonist trigger are use of (1) a “dual trigger”
[44], (2) low-dose hCG supplementation [41, 43], (3) intensive luteal oestradiol and
progesterone supplementation [42], (4) rec-LH supplementation [45], and (5) luteal
GnRH agonist administration [46]. A recent RCT demonstrated that an individual-
ised luteal support based on the number of follicles following the GnRH agonist
trigger optimised the pregnancy rates [47]. This study proposed ovulation triggering
with 0.5 mg buserelin subcutaneously followed by a bolus of 1,500 IU of hCG after
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oocyte retrieval when the total number of follicles >11 mm was between 15 and 25
on the day of trigger and an additional 1,500 IU hCG bolus when the total number
of follicles was <14 mm. All women received micro-ionised progesterone vagi-
nally, 90 mg twice daily, and 4 mg of oestradiol orally commencing on the day of
oocyte retrieval and continuing until 7 weeks of gestation.

Conclusion

The ultimate aim of IVF is to obtain a healthy singleton live birth with minimal
adverse effects. Multiple pregnancies are recognised as a major avoidable complica-
tion of IVE. Planning of effective COS regimens is important as it leads to good
quality embryos enabling selection of the best single embryo for transfer. After
decades of IVF practice, it is now recognised that individualisation in IVF is the way
forward. The long GnRH agonist and antagonist regimens are effective in normal
responders and the ideal gonadotrophin dose is 225 IU daily. The GnRH antagonist
regimen is ideal for women with PCOS and women categorised as hyper-responders.
Whilst the pregnancy rates are comparable to the GnRH agonist regimen, the antago-
nist regimen significantly lowers the risk of OHSS in addition to enabling the use of
the GnRH agonist trigger which potentially eliminates OHSS. A lower gonadotro-
phin dose <150 IU daily is recommended in these women. The long GnRH agonist
and antagonist regimens are ideal for poor responders. Higher gonadotrophin doses
>300 IU daily are unlikely to be beneficial in poor responders apart from higher costs
and hence the maximal gonadotrophin dose should not exceed 300 IU daily.
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Chapter 4

Biomarker-Based Flow Cytometric Semen
Analysis for Male Infertility Diagnostics
and Clinical Decision Making in ART

Peter Ahlering and Peter Sutovsky

Sperm Phenotype and Its Influence on Conception
and Maintenance of Pregnancy After Single vs. Multiple
Embryo Transfer

Paternal influence on embryo development and pregnancy establishment and
maintenance can be appreciated at multiple levels. Inability of the spermatozoon to
activate the oocyte after in vitro fertilization (IVF) or intracytoplasmic sperm injec-
tion (ICSI) may be due to dysfunction or complete lack of the sperm-borne oocyte
activating factor(s), which is most common in ICSI patients with sperm head defects
such as the globozoospermia [1]. At the level of paternal genome and organelle
inheritance, the contribution of the sperm-borne proximal centriole and proper
reconstitution and functioning of the zygotic centrosome influence the early stages of
zygotic development [2]. Structural integrity and proper packaging of the paternal
chromosomes within the sperm nucleus are crucial for both early and advanced
stages of embryo development [3]. Cell cycle checkpoints in the embryo assure the
integrity of sperm-contributed DNA and its proper replication and apposition with
the female pronucleus. Consequently, excessive, unrepairable sperm DNA damage
could shut down embryo development prior to first embryo cleavage or cause embry-
onic fragmentation, developmental arrest, implantation failure, and pregnancy loss,
often attributed to “spontaneous” miscarriage later during pre- or post-implantation
development [4]. Some recent studies suggest the association of DNA fragmentation,
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measured by flow cytometric sperm chromatin structure assay (SCSA) with the
sporadic and recurrent spontaneous abortion (SAB) [5, 6] and the incidence of
multiple births in couples treated by assisted reproductive therapies (ART) [5].
Reliable, biomarker-based andrological evaluation of men from ART couples, in
conjunction with current microscopic sperm morphological assessment techniques,
might allow the attending physician to identify couples in which the sperm quality is
sufficient to warrant single embryo transfer, thus reducing the incidence of unwanted
multiple births after ART. The goal of this chapter is to review the emerging bio-
marker-based andrological approaches and more specifically automated, high-
throughput semen analysis by flow cytometry (FC) that correlates with specific
sperm phenotypes, clinical decision making, and treatment outcomes in ART couples.

Principles of Flow Cytometric Semen Analysis and Clinical
Benefits of Biomarker-Based vs. Conventional Semen Analysis

Conventional semen evaluation by visual ejaculate assessment and light micro-
scopic sperm motility and morphology analysis provides useful baseline informa-
tion for ART clinician. However, due to its inherent subjective nature, low throughput
(low number of evaluated spermatozoa per sample), and the difficulty of identifying
sperm defects at subcellular or molecular level, the conventional andrological
workup is not sufficiently predictive of treatment outcome. Consequently, there is a
desire toward developing automated, objective high-throughput sperm quality
assays better reflecting treatment strategy and outcome. Flow cytometric sperm
analysis satisfies these interests as it allows for rapid, partially automated, and most
importantly objective screening of a large number of spermatozoa per sample, with
reasonable sample preparation time, labor efficiency, and cost. Importantly, flow
cytometric approaches discussed in the following sections may reflect individuals’
sperm quality and fertility more closely than conventional semen/sperm parameters
[71, and fluorescent probes for FC can be combined into simultaneous or serial mul-
tiplexed assays providing a multidimensional profile of the evaluated sperm sample
[8, 9]. Some flow cytometric tests can be done with minimal processing time and
labor as they are applied to live spermatozoa immediately after semen collection
(e.g., live/dead sperm assay, mitochondrial membrane potential, and calcium flux).
Other assessments require extra processing steps and time on prepared or unpre-
pared sperm specimens (e.g., sperm chromatin/DNA structure and TUNEL assays
as well as immunocytochemical quantification of sperm proteins relevant to male
fertility). As an added benefit, bacterial and other contaminant (leukocytes, imma-
ture germ cells, sloughed epithelial cells) counts can be obtained simultaneously.
In a typical FC protocol, spermatozoa are labeled with a fluorescent probe (or a
combination of several fluorescent probes with well-separable excitation and emission
wavelengths) and loaded into a flow cell that forces the labeled spermatozoa through a
narrow nozzle one cell at a time, at a high speed. Resultant stream of cells enveloped
in sheet fluid passes through one or more laser beams, exposing the fluorescently
labeled cells to excitation light with probe-specific wavelength provided by a precisely
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tuned laser. The resultant photon emission is captured by photomultiplier tube and
processed for each flow cytometric event (cell or sample contaminant) by dedicated
computer software. The output is presented in the form of a histogram depicting the
relative fluorescence of a sample consisting of several thousands of cells measured in
a few seconds’ time (Fig. 4.1). In addition to collecting fluorescence, the visible light
footprint of each cell passing through flow stream is recorded as a scattered diagram of
visible light (Fig. 4.1). Even in the absence of fluorescent probe labeling, scatter plots
of visible light provide useful, albeit often overlooked, information about the distribu-
tion of cell sizes within individual sample. Many of the biomarkers discussed below
were validated in livestock animal species, in which fertility records from hundreds or
thousands of artificial insemination services per male allow for convincing validation
of correlation between biomarker and individual fertility [10, 11].

Sperm Flow Cytometry with Vital Stains and Lectins

Mitochondrial membrane potential (MMP) reflects the polarization of mitochon-
drial membrane and thus the metabolic state/activity of sperm mitochondria. Low
MMP is indicative of elevated apoptosis or necrosis in the semen sample [12, 13].
Human sperm MMP measured by vital ratiometric dual-fluorescent probe JC-1 is
correlated with sperm motility [14-16]. A recent study of normozoospermic and
asthenozoospermic men revealed a correlation between sperm MMP and expression
of inner mitochondrial membrane protein prohibitin/PHB [17]. Other fluorometric
mitochondrial probes, such as CMX-Ros, DiOC(6)(3), rhodamine 123, and TMRE,
can be used as an alternative or complement to JC-1 [18].

Sperm viability obviously has an effect on the fertilizing potential of an ejaculate
specimen. Live/dead cell stains are based on differential cell membrane permeabil-
ity (plasma membrane and nuclear envelope) of fluorescent DNA binding probes.
The most common combination is the green fluorescent CYBR-14 probe permeant
mainly to live spermatozoa and propidium iodide (PI) excluded from live spermato-
zoa but easily intercalated in the DNA of the dead ones [19]. While viability can be
measured by PI staining alone, it is desirable to include CYBR-14 since different
degrees of its exclusion differentiate not only between live and dead spermatozoa
but also identify the moribund, dying spermatozoa [20], which is a characteristic
similar to the sensitivity of MMP measurement.

Sperm capacitation encompasses the irreversible remodeling of sperm plasma
membrane and acquisition of hyperactive motility in preparation for fertilization [21].
If induced prematurely by semen handling, storage, or cryo-damage (cryo-capacitation),
capacitation may preclude successful fertilization and eventually lead to sperm death.
Since capacitation is accompanied by fluxes/increases in the content of intracellular
calcium [22], it can be monitored by flow cytometry with fluorescent Ca-ion reporter
dyes such as Fluo-3 or Fluo-4NW [23] and used as a clinical parameter to diagnose
male infertility [24]. Besides FC, capacitation status is commonly monitored by epi-
fluorescence microcopy of fluorescent chlortetracycline labeling of spermatozoa [25],
but this technique is yet to be translated into a flow cytometric assay.
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Fig. 4.1 Flow cytometric analysis of spermatid-specific thioredoxin 3 (SPTRX3/TXNDCS) in
semen of ART patients. The SPTRX3 protein accumulates in the superfluous cytoplasm and
nuclear vacuoles of defective spermatozoa. Scatter diagrams of visible light, reflective of the size
of individual cells/flow cytometric events in each sample, are in the left column. Each dot repre-
sents one cell/event. Normal size spermatozoa cluster in the lower left corner and toward the center
of diagram. Small debris is in the extreme lower left; abnormally large spermatozoa and somatic
cells cluster toward the right side of the diagram. Histograms of SPTRX3-induced fluorescence are
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The sperm acrosome is important for sperm interactions with the oviductal epi-
thelia and oocyte zona pellucida. The structural and functional status of acrosomal
membranes, particularly the outer acrosomal membrane, can be affected by capaci-
tation status, acrosome reaction, mechanical damage, or cryo-injury. Sperm acroso-
mal integrity is evaluated by labeling of live spermatozoa with fluorescently
conjugated lectins, glycan binding plant proteins with narrowly defined binding
affinity to specific types of sugar residues found on sperm glycoproteins. In particu-
lar, the peanut agglutinin (PNA or Arachis hypogea lectin) and the green peas
derived Pisum sativum agglutinin (PSA) display high specific affinity toward gly-
cans of sperm acrosomal matrix and have been adapted for FC [26-29]. Thus, only
spermatozoa with compromised acrosomal membranes bind PNA and PSA, which
can be used in both live spermatozoa and fixed spermatozoa via a dual labeling
protocol applying antibodies or DNA stains [30, 31]. Other acrosome binding lec-
tins used for human sperm FC include wheat germ agglutinin (WGA), Ulex euro-
paeus agglutinin (UEA-1, ulex, or common gorse seed lectin), and Concanavalia
ensiformis agglutinin (Con-A or common jack bean lectin) [32, 33].

<

Fig. 4.1 (continued) shown on the right. Median (Med) is the median value of SPTRX3-induced
fluorescence at which half of the events have higher and half have lower relative fluorescence
(no units) of immuno-labeled SPTRX3 protein. Histograms are divided into three marker areas:
M1 —events representing cellular debris and sperm fragments with very low background fluores-
cence; M2 —events representing mainly normal spermatozoa with background levels of SPTRX3
fluorescence and cells/debris of similar size free of SPTRX3; M3 —events representing spermato-
zoa positive to SPTRX3. Marker area M3 was set differently in some of our previously published
studies, resulting in higher cutoff fluorescence values for SPTRX3-positive spermatozoa.
Percentages of events within each marker area are shown as %M1-M3. A total of 5,000 events
were measured per sample. (a) Reference sample with acceptable WHO sperm parameters.
Histograms show normal distribution. Med and %M3 values are low, 74 % of spermatozoa/events
fall within marker area M2. (b) Slightly elevated Med and %M3 values are reflective of a shoulder
on the right side of histogram, corresponding to the SPTRX3-positive spermatozoa. (¢) Distinct
secondary peak covers the M3 area, reflected by elevated Med and %M3 values. (d) Sample with
normal distribution but with the histogram peak shifted to M3 area, resulting in high median and
%M3 value above 50 %. In the absence of positive and negative controls, and without appropriate
sample blocking prior to antibody labeling, this type of curve could also be obtained by over-
labeling resulting in elevated nonspecific background fluorescence. (e) While the Med and %M3
values are similar to panel (d), the shape of histogram curve is dramatically different, essentially
composed of two peaks of equal height and width. (f) Sample with low overall fluorescence cor-
responding to low Med and %M3 values similar to reference sample in panel (a). However, the
shape of the histogram curve is unusually flat and a large number of events positioned toward the
right and upper right part of the scatter diagram suggest the presence of large cells that do not
express SPTRX3, such as leukocytes. While clearly a contaminant/abnormality, such cells can
lower the overall reading of biomarkers associated exclusively with the defective spermatozoa.
This issue can be ameliorated by dual analysis with markers of white blood cells. (g) Sample with
only a slight increase of Med value, but a very flat histogram curve and an elevated %M3 value.
This was a sample with very few spermatozoa which did not allow to measure 5,000 events, as
reflected by fewer events seen in the scatter diagram. Such samples are often encountered with
oligozoospermia. Due to low sperm concentration, debris and somatic cells likely make up a sub-
stantial percentage of measured events. This issue could be mitigated by double labeling with a
DNA-specific probe, which would allow for gating of spermatozoa during SPTRX3 labeling
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Protein Biomarkers of Sperm Quality

Normal and defective spermatozoa may accumulate certain proteins at differential
levels, and they may lack certain other proteins. Whole proteome analyses compar-
ing spermatozoa from fertile donors with male infertility patients revealed a number
of such proteins [34]. Based on the observation that proteins such as ubiquitin accu-
mulate on the surface of defective spermatozoa, we proposed the description “nega-
tive biomarkers of male fertility and semen quality” [11]. This umbrella term
encompasses proteins that are increasingly or exclusively present in defective sper-
matozoa, often retained from the haploid phase of spermatogenesis occurring in the
testis. Proteins such as thioredoxin SPTRX3, discussed below, have a function dur-
ing the biogenesis of sperm accessory structures but then are degraded within the
spermatid cytoplasmic lobe or jettisoned within a residual body. In defective sper-
matozoa that fail to complete spermatid differentiation, such proteins may be
retained in structures containing residual cytosol such as nuclear vacuoles and the
retained cytoplasm surrounding the sperm tail connecting piece and midpiece.

Ubiquitin and Ubiquitin-Like Protein Modifiers Ubiquitin (UBB) is a small
chaperone protein that binds covalently to other proteins, most commonly in a
tandem fashion giving rise to multi-ubiquitin chains making the ubiquitin-tagged
substrate proteins recognizable to the 26S proteasome, which is a proteolytic holo-
enzyme particle responsible for regulated, substrate-specific protein recycling
across the human, animal, and plant proteomes [35]. Such protein modification by
this ubiquitination is reversible and has regulatory functions in addition to promot-
ing selective proteolysis. Examination of ubiquitin as a sperm quality biomarker
was initiated based on the observation that defective animal spermatozoa become
surface-ubiquitinated by an apocrine secretory mechanism that assures high con-
centration of ubiquitin-proteasome system enzymes and non-conjugated ubiquitin
in the epididymis [36, 37]. Additionally, ubiquitinated proteins from spermatid
phase can be carried over in the sperm structures or sperm-borne superfluous cyto-
plasm. While some appear morphologically normal, most ubiquitinated spermato-
zoa display a variety of morphological defects and they often carry single-stranded,
fragmented DNA detectable by dual TUNEL-ubiquitin FC [38]. Ubiquitin is also
present in the normal spermatozoa, but the localization, ubiquitin-substrate ligation
patterns, and amounts may differ from the defective spermatozoa.

In our early studies, the flow cytometric sperm ubiquitin-tag immunoassay (SUTI)
for diagnosis of human male infertility correlated negatively with various conven-
tional semen parameters, as well as with embryo cleavage rate and other embryo-
development parameters after IVF and ICSI [39, 40]. Substantial proportion of men
from idiopathic infertility couples tend to have elevated sperm ubiquitin content [40],
hinting at the potential of SUTI assay to reveal cryptic male infertility in men with
acceptable clinical semen parameters. On the opposite end of spectrum, high sperm
ubiquitin levels were found in obviously infertile men with heritable stump tail syn-
drome/fibrous sheath dysplasia [41], in men with abnormal sperm chromatin [42], and
in ART patients with self-reported occupational exposure to reprotoxic solvents [43].
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In proteomic analysis, proteins related to ubiquitin-proteasome system were abnor-
mally expressed in infertile men with high DNA fragmentation index determined by
flow cytometry [34]. Contrary to elevated defective sperm surface ubiquitination, the
flow cytometric measurement of the ubiquitin content intrinsic to normal spermatozoa
revealed positive correlation with fertilization rate by ICSI, while no such relationship
was observed for simultaneously assessed sperm protamination [44]. The sperm con-
tent of “properly” ubiquitinated normal spermatozoa can be increased by sperm gradi-
ent purification [45]. In some studies, only certain measures of sperm surface
ubiquitination, such as median ubiquitin-induced fluorescence, showed negative cor-
relation with semen parameters, while percentages of high-ubiquitin spermatozoa did
not correlate with semen quality, or with various markers of apoptosis [46]. Others
determined that ubiquitin was mainly associated with anuclear bodies present in
semen, rather than with spermatozoa, but based on images shown, one could suspect
that the immunolabeling of the examined samples was not done on properly preserved
samples by strictly following published protocols. Such reports may be misleading
but still put emphasis on the necessity of proper quality control of sperm immunola-
beling prior to flow cytometry [47, 48]. Alternatively, these seemingly conflicting
observations could simply mean that in patients with high content of semen contami-
nants, the measurement of surface ubiquitination unique to spermatozoa simply
reveals the ratio of spermatozoa to contaminating somatic cells and residual bodies,
and could in fact have a positive correlation with semen quality. Some of the issues
associated with the specificity of anti-ubiquitin antibodies and other antibodies for
sperm FC and the potential of immunocytochemical detection for false-negative
results have been addressed by developing a very simple, single-step detection of
stress-associated ubiquitinated protein aggregates, the aggresomes, using the
ProteoStat aggresome detection kit originally developed for somatic cells [8].

Ubiquitin-like protein modifiers are structurally and functionally related to ubiq-
uitin and may be involved both in selective protein recycling and in the regulation
of substrate protein function. Similar to ubiquitin, the covalent ligation of these
modifiers to substrate proteins requires activating and conjugating enzymes and
substrate-specific protein ligases. Small ubiquitin-related modifier SUMO1 [49, 50]
and its close relatives SUMO-2, 3, and 4 regulate the functions of varied substrate
proteins in either reversible or irreversible manner. Similar to increased protein
ubiquitination, excessive protein sumoylation by SUMO1 and SUMO2/3 was
reported in infertile men and coincided with ubiquitination of several sperm pro-
teins that appeared to be both ubiquitinated and sumoylated [51]. Sperm SUMOI
content correlated negatively with sperm motility in asthenozoospermic but not in
normozoospermic men [52]. The presence of other ubiquitin-like modifiers
(NEDD4/8, ISG15) in human spermatozoa is yet to be investigated.

Testis-Specific Thioredoxins Thioredoxin family proteins are involved in the regu-
lation of cellular redox potential, thus affecting protein folding and a variety of cel-
lular functions. There are three thioredoxins uniquely expressed in male germ line of
mammals [53]. Among them, the thioredoxin domain-containing 8 (TXNDCS),
commonly described as sperm/spermatid-specific thioredoxin 3 (SPTRX3), has been
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found to accumulate in defective human spermatozoa. Early during spermiogenesis,
SPTRX3 is detectable in the pro-acrosomic granule of round spermatids, suggesting
involvement in acrosomal biogenesis [54]. While undetectable in fully differentiated
normal spermatozoa of humans and other mammals [54], SPTRX3 uniquely carries
over into the nuclear vacuoles and superfluous midpiece cytoplasm of defective
human spermatozoa [55] (Fig. 4.2). We have found that sperm levels of SPTRX3
correlate negatively with conventional semen parameters and pregnancy outcomes
of both IVF and ICSI couples [56]. Among 239 ART couples, only 9.2 % got preg-
nant if the male partner had >15 % SPTRX3-positive spermatozoa measured by flow
cytometry, vs. 41.2 % pregnant couples in which men had less than 5 % SPTRX3-
positive spermatozoa. Thus, men with >15 % of SPTRX3-positive spermatozoa had
their chance of fathering children by ART reduced by nearly two-thirds [56]. Our yet
to be published trials also indicate that low SPTRX3 content significantly increases
the likelihood of multiple pregnancy after multi-embryo transfer.

The Post-Acrosomal WW-Domain Binding Protein PAWP (HUGO name
WW-domain binding protein N-terminal like/WBP2NL) is an evolutionarily con-
served, male germ line-specific signaling protein located in the post-acrosomal
sheath (PAS) of mammalian spermatozoa [57, 58] (Fig. 4.2). While the downstream
elements of PAWP-regulated signaling pathways in the oocyte remain to be charac-
terized, it has been shown that the injection of PAWP cRNA or recombinant protein
induces calcium oscillations identical to those observed during oocyte activation by
the fertilizing spermatozoon in human and animal spermatozoa, respectively [59,
60]. Similarly, PAWP sperm phenotypes and semen content of PAWP protein deter-
mined by conventional or ImageStream flow cytometry correlate with sperm param-
eters and fertility in both humans and bovines [8, 61]. The FC sperm content of
PAWP in men from ART couples did not correlate with conventional semen param-
eters or DNA-fragmentation index, but was positively associated with fertilization
success and pre-implantation embryo development after ICSI [61]. Given its consis-
tent multi-species validation, PAWP-specific probes are being developed for routine
FC use in andrology laboratories. Because of distinct, easy-to-assess localization to
PAS of normal spermatozoa and ectopic localization patterns in defective sperma-
tozoa, such probes will also be suitable for light-microscopic evaluation.

The Platelet-Activating Factor Receptor (PAFR) is a G-protein-coupled
receptor-like, rhodopsin-related protein receptor for the pathology-related PAF
phospholipid [62]. Based on immunofluorescence and transcript profile, Pafr gene
expression and PAFR protein distribution are altered in abnormal human spermato-
zoa [63, 64]. To our knowledge, PAFR FC has not been conducted in humans, while
our earlier study details the relationship between PAFR and sperm quality in bulls
entering artificial insemination service [65], suggesting that translation to clinical
use may be possible and useful.

White Blood Cell (WBC) and Immune Response Markers The WBC frequently
contaminate semen of infertile men, and sperm FC using biomarkers related to
WBC surface antigens (e.g., cluster of differentiation/CD glycoproteins), immune
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Fig. 4.2 Immunofluorescence localization of sperm quality biomarkers in the spermatozoa of
male infertility patients. Sperm nuclear DNA in all panels was counterstained with DAPI (blue)
and the epifluorescence images were superimposed over parfocal differential interference contrast
(DIC) light images. (a) Spermatid-specific thioredoxin 3 (SPTRX3; red) is abundant in the redun-
dant cytoplasm of defective human spermatozoa. (b) Retention of SPTRX3 (red) in small nuclear
vacuoles of defective spermatozoa lacking acrosomes (arrowheads; acrosomes were counter-
stained green with lectin PNA —arrow). (¢) Proteolysis-promoting small protein modifier ubiqui-
tin (UBB; green) is found on the surface of defective spermatozoa and in the interior of anucleate
residual bodies present in patients’ semen. (d) Ubiquitin-like protein modifier NEDDS8 (red) is
localized predominantly to anucleate bodies and superfluous sperm cytoplasm. (e) Ubiquitin-like
protein modifier SUMOL (red) is associated with superfluous cytoplasm of defective spermatozoa
(lower left corner). (f) Post-acrosomal WW-domain binding signaling protein PAWP (red) is found
in the post-acrosomal sheaths of normal spermatozoa (arrowheads) but may be ectopically local-
ized or missing from defective spermatozoa
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response, and autoimmune infertility are of interest to ART practitioners. Thus, FC
can be used to directly identify and quantitate WBC types in semen [66], to simul-
taneously assess sperm and leukocyte count and sperm apoptotic markers [67, 68],
and to measure reactive oxygen species (ROS) production by WBC (main ROS
source in semen) and other seminal somatic cells [69]. Exposure of normal sperma-
tozoa to pro-inflammatory interleukins increases sperm DNA fragmentation evalu-
ated by TUNEL-FC [70]. By FC, mast cell counts correlate positively with
sperm-bound immunoglobulin IgA in ART men [71], and the CD16-positive lym-
phocytes and gamma delta receptor-positive T lymphocytes are elevated in
autoimmune-infertile men with antisperm antibodies in semen [72, 73]. However,
the influence of total semen WBC and individual WBC types on ART outcomes is
unclear at present [74], partly because WBC type-specific records are commonly
unavailable for ART couples and WBC are also present in the semen of fertile men.
It remains to be determined if the content of any particular WBC type in semen cor-
relates with SAB or multiple pregnancies after ART. In addition to anti-sperm anti-
bodies on the sperm surface, immunomodulatory antigens may reflect sperm quality.
We reported that the immunoregulatory human sperm glycoproteins decorated with
branched, bi-antennary Lewis(x) and Lewis(y) glycans are present in normal sperm
acrosome but also detected in the superfluous cytoplasm in defective spermatozoa
[75]. While this study employed anti-Lewis antibodies, lectins with appropriate
affinities for Lewis glycans could be adapted for sperm FC.

Sperm Protamination The protamines are sperm-specific, cysteine-rich DNA-
binding proteins responsible for hyper-condensation of sperm chromatin following
histone-protamine exchange during spermatid elongation in the testis. Human sper-
matozoa contain both known mammalian protamines, PRM1 and PRM2 [76], as
well as residual somatic cell-type histones. Aberrant sperm protamination is associ-
ated with human male infertility and correlates with ART embryo development
[77]. Consequently, various diagnostic assays can be used to assess human sperm
protamination by the quantification of individual protamine types, or by
PRM1:PRM2 or protamine:histone ratio [78, 79]. While protamination lends itself
to quantification by FC (e.g., chromomycin A3 test [80]), most diagnostic approaches
rely on indirect assessment of protamination via flow cytometric chromatin struc-
ture/DNA integrity tests [81], as will be discussed next.

DNA Fragmentation, Apoptosis, and Chromatin Structure-
Based Tests (TUNEL, Annexin, SCSA)

Sperm DNA integrity and proper chromatin packaging have direct effect on both
fertilization and post-fertilization embryo development and maintenance of preg-
nancy [82, 83]. Some spermatozoa with abnormal chromatin and thus enlarged
macrocephalic heads may not be able to reach the oocyte or penetrate its vestments,
while morphologically normal motile spermatozoa delivering fragmented DNA to
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oocytes may give rise to embryos destined for apoptosis due to irreparable DNA
damage within paternal genome [3]. The sperm chromatin structure assay (SCSA)
is considered by some to be reflective of sperm protamination, while the most direct
association may be with DNA fragmentation. To clinicians involved with fertility
diagnostics and therapeutic management of couples, DNA fragmentation assessment
is widely accepted as valuable. As an adjunct to traditional analyses, routine use of
DNA fragmentation can streamline the evaluation process, triage to IVF/ICSI
sooner in some couples, as well as diagnose “qualitative” sperm issues that other-
wise are undetected by conventional semen analysis. The SCSA is based on the
intercalation of metachromatic dye acridine orange with light emission wavelength
shifting from green to red fluorescence when bound to single-stranded DNA [84].
As an added benefit, SCSA output can be analyzed to quantitate spermatids and
various somatic cells contaminating human semen. The SCSA results are expressed
as DNA fragmentation index (DFI) and high DNA stainability (HDS) value [85].
There are many convincing studies showing SCSA correlation with conventional
semen parameters and embryo development after ART [3, 85-87]. Even couples
with acceptable basic semen parameters may benefit from SCSA before the decision
is made to treat by intrauterine insemination [88]. Importantly, several recent stud-
ies show the association of high DFI/DNA fragmentation with SAB and multiple
births. Relationship between high DFI/HDS and miscarriage after ART has been
recorded at varied threshold levels in ART couples [3, 89-91]. Besides significant
correlation with SAB, a meta-analysis of 233 couples evaluated by SCSA reported
a significantly lower average DFI in couples that had triplets after multiple embryo
transfer [5]. Alternative to SCSA, the fluorescent terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) of single-stranded DNA is indicative of
increased DNA damage in couples experiencing sporadic or recurrent pregnancy
loss [92, 93] and can be adapted for sperm FC [38].

Various markers associated with pathways regulating programmed cell death,
apoptosis, have been detected in human spermatozoa [94] and correlated with ART
outcomes [95]. Among them, Annexin V is most commonly targeted for defective
human sperm identification and removal from sperm samples prepared for ART
[96]. The Annexin V assay adapted for FC showed relationship with human sperm
mitochondrial membrane potential [97], sperm concentration and motility [98],
sperm viability and DNA methylation status [99], advanced male age [100], and
sperm cryo-damage [101].

Troubleshooting of Human Sperm Flow Cytometry

Contrary to most mammals, human semen contains abundant cellular debris that
requires accurate gating of spermatozoa during FC. Approximate separation can be
achieved by gating off the sperm-sized flow cytometric events in scatter diagram
(see Fig. 4.1). Such gating will exclude large cells such as leukocytes and small FC
events such as cellular debris and contaminants that may be present in reagents used
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for sperm labeling. However, at the same time, abnormally large spermatozoa could
be excluded along with leukocytes and sperm fragments which are also informative
of sperm quality and may carry the assessed biomarker molecule. Furthermore,
anucleate semen contaminants such as residual bodies could be inadvertently
included in sperm analysis if they are sized similarly to spermatozoa. Consequently,
a more reliable method is counterstaining of the whole sample with a fluorescent
DNA probe such as propidium iodide (PI) for fixed spermatozoa or Hoechst 33342
for non-fixed samples, which reliably distinguishes between spermatozoa and
somatic cells based on stoichiometry of DNA content and probe fluorescence inten-
sity, and can be combined both with antibody/lectin labeling and with some of the
vital fluorescent probes. The extrapolation between sperm phenotype and biomarker
quantity is challenging in conventional FC but easily more addressed by using the
ImageStream instrument which combines the high-throughput and fluorometric
capabilities of a flow cytometer with multichannel imaging capability of an epifluo-
rescence microscope. ImageStream instrument thus eliminates extrapolation
between microscope and cytometer and allows for direct, simultaneous evaluation
of individual spermatozoons’ morphology and biomarker fluorescence intensity and
localization/distribution pattern [8, 55].

Sample processing quality control is important for all fluorescent probes but par-
ticularly important for antibodies. Antibodies selected for immunolabeling of sper-
matozoa should be carefully validated by Western blotting (WB) for their specificity
for the target protein, for their suitability for immunocytochemical procedures, and
for their ability to detect the target protein in situ by epifluorescence microscopy as
opposed in a denatured electrophoretically resolved sperm protein extract by
WB. Batch variability should be considered, particularly for polyclonal antibodies
produced by bleeding of immunized animals. Proper titers of secondary antibody
conjugates should be determined to minimize background fluorescence. Inclusion
of both positive and negative controls is paramount to immunolabeling accuracy. In
cases when immunolabeling follows a previously validated, published protocol,
care should be taken to source antibodies from the specified manufacturers and to
obtain antibodies with catalog numbers identical to the ones published. In many
cases, multiple manufacturers offer antibodies of varied quality and specificity. Not
adhering to the validated antibody and protocol may produce conflicting results, as
discussed for ubiquitin. For any fluorescent probe, quality control of every flow
cytometric trial by randomly sampling and examining processed sperm batches
under epifluorescence microscope prior to flow cytometric analysis is crucial.

Finally, the analysis of histograms of relative fluorescence is challenging on sev-
eral levels. While the median fluorescence of the entire sample is calculated by the
instrument computer, samples with greatly divergent shapes of the histogram curve
may have very similar median fluorescence values (Fig. 4.1). This adds a subjective
element to the analysis, while sometimes the diagnosis of male infertility can be
obvious based solely on an unusual curve shape. This can be remedied in part by
arbitrarily setting markers to divide the histogram into populations with low, moder-
ate/near-median, and high relative fluoresce. Within such markers, median or mean
relative fluorescence can be recorded, as well as the percentage of cells/FC events
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within the marker area. The subjective, arbitrary aspect of histogram marker setting
can be mitigated by cross-referencing histograms of negative control samples as the
baseline for subtracting background probe fluorescence and subject cell auto-
fluorescence from biomarker-induced specific fluorescence. Additionally, a sperm
sample can be fractionated by gradient or swim-up and the histograms of the respec-
tive fractions superimposed onto the histogram of the whole source sample to estab-
lish the shape and parameters of the viable sperm subpopulation. Finally, if two
fluorescent probes are simultaneously excited and acquired, their relative fluores-
cence of the respective biomarkers/probes can be rendered in form of a scatter plot
(not to be confused with visible light scatter) that can be divided into quartiles or
arbitrary fields. Altogether, analytical tools in flow cytometric software provide a
variety of means for high precision analysis of FC outputs.

Clinical Summary

There is no doubt that advanced andrological testing, such as that with FC, should
be incorporated into the repertoire of male evaluation. The limiting factors of more
widespread clinical application of these techniques are obviously the complex
nature of the laboratory techniques and the expense of FC equipment. However,
commercial availability of related technologies increased over years and in-office
procedures are also feasible with simplified kits that do not involve FC. As scientific
research proceeds, not surprisingly, it is evident that identification of sperm factors
implicating “qualitative” defects carries robust diagnostic potential even in the
absence of “quantitative” abnormalities in traditional semen analysis. As such, it
seems clear that advanced andrology testing will become more routine, affordable,
and available to fertility centers; thus it behooves IVF programs to become familiar
with these technologies.

Conclusions and Perspectives

A number of validated, accurate flow cytometric tests are available for unambigu-
ous semen evaluation in clinical andrology laboratories. While tests such as SCSA
have predictive value for spontaneous miscarriage, more effort should be invested
into studies aimed at developing tests predictive of high pregnancy likelihood after
single embryo transfer. In some of our studies, we already noticed that men from
couples having twins or triplets after multiple embryo transfer tend to have lover
sperm DNA fragmentation levels [5] and lower content of superfluous spermatid-
derived carryover proteins such as SPTRX3 [56]. Adding to existing FC tool box,
assays will be developed based on biomarker discovery benefiting from the differ-
ences between fertile and infertile semen samples’ transcriptomes and proteomes
[102-104]. At the protein level, focus will likely be on specific sperm sub-proteomes
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based on posttranslational modifications of sperm proteins such as the phospho-
proteome, glycome/glycoproteome, and ubiquitome [105, 106]. Progress in genom-
ics and epigenetics will make it possible to develop protein biomarkers detecting
truncated/dysfunctional protein variants arising from polymorphisms and aberrant
methylation of sperm DNA and genes encoding for sperm proteins [99, 107]. Such
progress will go hand in hand with the adoption of new FC instrumentation by
andrology laboratories, such as dedicated sperm-specific bench-top flow cytometers
[31] and flow cytometers with imaging capabilities [55]. Altogether, the improved
biomarker-based andrological evaluation will facilitate the implementation of rou-
tine single embryo transfer in ART clinics and help management of paternally con-
tributed spontaneous miscarriage.
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Chapter 5

Comparison of Methods for Assessment

of Sperm DNA Damage (Fragmentation)

and Implications for the Assisted Reproductive
Technologies

Preben Christensen and Anders Birck

Introduction

Testing of sperm DNA damage has received an increasing amount of attention
during the past couple of decades. There is a strong need for methods which can
identify reduced male fertility and help to improve the treatment success rates
in fertility clinics. Tests of sperm DNA damage have been developed and applied in
clinical practice, and early results were promising [1-3]. However, these results
were later challenged when it was observed that sperm DNA damage may be less
important for assisted reproductive technologies such as IVF or ICSI [4-6]. To pre-
vent confusion, the term “fragmentation” for this work refers to double-stranded
DNA breaks which result in “fragments.” All other types of changes including
single-stranded breaks which make the DNA vulnerable to further damage are
described as “DNA damage.”

Several new methods are claimed to detect sperm DNA damage (or apoptosis)
and have been made commercially available without sufficient data to demonstrate
an association between the parameters measured and reproductive outcomes [7-11].
Despite its promising potential, the field of sperm DNA damage has become a
somewhat controversial topic which is difficult to understand for the majority of
people working with fertility treatment, and the clinical value of this technology has
been questioned due to conflicting results [12—14]. The authors of this chapter are
aware that the reader may not find sperm DNA damage particularly interesting or
relevant in order to transfer a single embryo successfully. Few topics have been
more misunderstood than that of sperm DNA damage, and it is our hope that readers
will change their point of view in the course of the next few pages. However, before
we can consider which test to use in the fertility clinic, we first need to “take one
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step back” and consider how DNA can become damaged and how the sperm differs
from the somatic cells.

When it was discovered in the 1950s that DNA is the macromolecular carrier of
essentially all genetic information, it was assumed that DNA is extremely stable.
Consequently, it came as something of a surprise to learn that DNA is in fact is
relatively unstable compared to most other biomolecules. When DNA damage is
severe, the somatic cell is unable to replicate and will eventually die. Cellular DNA
is under constant attack due to the presence of oxygen free radicals (oxidation),
water (hydrolysis) and from self-generated by-products of metabolism such as the
superoxide anion [15—17]. These result in apurinic sites (depurination) or in loss of
amino groups at the base residues (deamination). Deamination affects cytosine
mainly, creating uracil residues that result in DNA replication errors due to cytosine-
to-thymine exchanges. Depurination affects the stability of the DNA backbone and
leads to nicks and single-strand overhangs of the DNA fragments. Other modifica-
tions of the DNA backbone and base residues may also occur, but normally at lower
rates than those of depurination and cytosine deamination. Repair of DNA is essen-
tial for the preservation and transmission of genetic information in all life-forms.
Survival of the somatic cell depends on an enzymatic system for DNA repair which
acts rapidly when damage occurs. In contrast to the somatic cell, the mature sperm
lacks an effective means of repairing DNA damage [18-20]. Integrity of the DNA
in the mature sperm depends on a tight chromatin condensation and on the forma-
tion of stabilizing disulfide cross-links when the sperm passes through the epididy-
mis [21, 22]. The mature sperm is inactive with regard to DNA transcription and
RNA translation and has lost most of the cytoplasm, including ribosomes. As a
result, it is not capable of any protein synthesis.

Damage to the sperm DNA appears to occur in “two steps” [23]. In the “initial
step,” the sperm DNA is weakened due to different events occurring during sper-
matogenesis such as poor compaction of the chromatin, insertion of endogenous
strand breaks (“nicks”) in the sperm DNA, initiation of apoptosis which remains
uncompleted in the mature sperm, or deficient disulfide cross-linking during the
passage through the epididymis [24-26]. Knowledge about the causes of initial
(primary) damage in sperm DNA is currently not complete, but it is likely to be
multifactorial and to include several environmental and chemical factors, as well as
general male health issues such as lifestyle and smoking [27-31]. The initial damage
to the sperm DNA may only be a small change in structure or a few single-stranded
“nicks,” but this is very significant with regard to the DNA stability. The nuclear
genome in mature sperm is normally quite resistant to oxidative stress, but the initial
damage in the testicular sperm makes it vulnerable to secondary DNA damage when
the sperm leaves the testicle [32]. As mentioned above, the mature sperm does not
have the capacity to repair DNA damage and in addition lacks any antioxidant
defense enzymes. The sperm DNA is therefore unprotected against spontaneous
degradation [15, 16]. When the sperm becomes motile in the cauda of the epididy-
mis, the internal oxidative stress will increase further as a result of metabolism [23].
The initial damage may only have been a few single-stranded “nicks.” However,
these make the DNA unstable and during the “journey” to the oocyte secondary
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Fig. 5.1 The ‘two-step’ hypothesis on sperm DNA damage. Primary damage of the sperm DNA
occurs in the testicle (1) as a result of uncompleted apoptosis, poor protamination, endogenous
‘nicks’, or by deficient disulfide cross-linking during the passage of the epididymis (2). The pri-
mary damage to the sperm DNA makes it vulnerable to secondary damage as a result of spontane-
ous degradation by oxygen or water, as well as oxidative stress when the sperm becomes motile (3).
Secondary DNA damage may also occur during incubation in the laboratory and processing for
ART (4) or during the sperm’s ‘journey’ to the oocyte (5)

damage occurs, and is likely to result in double-stranded DNA fragmentation.
Single stranded DNA damage may be repaired by the oocyte, but double-stranded
DNA fragmentations are virtually irreparable and are incompatible with normal
development of the embryo and fetus [33].

This “two-step” hypothesis of sperm DNA damage can explain some of the
apparently conflicting results in the field: The publications by Evenson et al. [1] and
Spano et al. [2] were based on results from natural intercourse and the authors
assumed that the level of DNA damage would affect IUI, IVF, and ICSI treatments
to the same extent [34, 35]. However, this was subsequently found to be incorrect
[4, 5, 36]. The reason for this appears to be that the sperm’s “journey” to the oocyte
is significantly shorter in IVF. As a consequence, the DNA will be damaged less
with a lower chance of having double-stranded fragmentation when fertilization is
completed. With ICSI, the sperm is injected directly into the oocyte and the com-
plete “journey,” including the demanding hyperactivation and penetration of zona
pellucida, is bypassed. Based on the “two-step” hypothesis for sperm DNA damage,
we should expect a higher treatment success rate for ICSI in comparison to IVF, and
that IVF also would be more successful than IUI treatment or natural intercourse.
This is in agreement with the observations made by Bungum et al. [6]. An overview
of the “two-step” hypothesis for sperm DNA damage is shown in Fig. 5.1.

Another source of confusion in this field is the publication of poor quality papers
concerning the impact of sperm DNA damage on fertility or ART outcome. Several
papers have been based on too few couples, bias in the selection of couples, or incor-
rect assumptions regarding the possible effect that sperm DNA damage might have.
In comparison to animal studies, it is a much bigger challenge to obtain good fertil-
ity data in the human clinic [37]. Evaluation of fertility should only be based on the
first treatment cycle to avoid bias from other potential causes of infertility in the man
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or the woman. Inclusion of couples with one or several previous, unsuccessful cycles
in a study will severely limit the quality of the data obtained. Furthermore, the end-
points studied should be considered carefully. It has been demonstrated that sperm
DNA damage may not affect fertilization, cleavage rates, or early embryo quality
[38, 39]. Sperm DNA damage may result in poor blastocyst rates, but is more likely
to result in poor implantation rates or poor post-implantation development [40, 41].
Sperm DNA damage is also a frequent cause of miscarriage [42—44].

To study the relationship between fertility and sperm DNA damage, we need
sensitive, precise, and accurate laboratory testing. The tests available differ with
regard to sensitivity and precision, so the relationship to fertility should be evaluated
separately for each test and type of fertility treatment. Tests based on microscopy of
a few hundred sperm are likely to have low precision and any assessment will also
be subjective. In the following pages, we will focus on the Comet, TUNEL, and
SCSA tests. The advantages and drawbacks of each test will be described, including
clinical studies of the relationship to fertility.

Methods

For a sperm test to be useful, a high degree of precision is necessary. Similar results
should be obtained when repeated analyses of the same semen sample are per-
formed [45]. A low degree of precision can be compared to a darts player whose
darts are randomly scattered all over the dartboard (Fig. 5.2a). The first step on the
road to success is the ability to place all the darts closely together on the dartboard
(Fig. 5.2b). This is the equivalent of a sperm test with a high degree of precision.
It is pointless to aim for the “bull’s-eye” when your precision is poor, and it is
equally pointless to try to predict reproductive outcome using a test with low preci-
sion. However, unlike the darts player, high precision of our test does not neces-
sarily mean that it also is accurate and that we can hit “bull’s-eye” (Fig. 5.2¢).
Systematic errors with the test may mean that we always are “off target” and that the

o
XX
X% X
i .@

Fig. 5.2 Diagram representing the concepts of precision and accuracy: ( a) represents poor preci-
sion and accuracy , (b) represents good precision, but poor accuracy, and (c) represents both good
precision and accuracy
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results do not correlate well with reproductive outcome. Correlation between the
test and reproductive outcome will be described in the results section.

A major source of variation in most sperm tests is due to the limited number
of sperm assessed [46]. Poor precision in a test is also likely to result in poor accu-
racy [47]. Any methods based on microscopy will generally have a low degree of
precision unless several hundred sperm are analyzed per sample. In addition,
microscopic tests tend to be subjective, and when assessing potential sperm DNA
damage such tests are not sensitive enough to detect small degrees of change in
fluorescence or color of a given dye or probe. In comparison to the electronic detec-
tion of fluorescence signals by flow cytometry, the human eye is several hundred
times less sensitive. The flow cytometer, in addition to its high sensitivity, enables
us to assess several thousand sperm both objectively and rapidly. Tests which do not
use flow cytometry should be based on an automated assessment to ensure that a
sufficient number of sperm can be analyzed objectively. Regardless of the technol-
ogy used, two independent replicates should be processed separately and analyzed
for each semen sample. Replication is the most essential step in the quality control
of semen analysis and enables the technician to assess both errors in the sampling
or processing, and technical errors such as the partial blocking of a flow cytometer.
The precision of the laboratory test should always be monitored on a day-to-day
basis to demonstrate that the results are trustworthy [37].

In the following sections, the protocols for SCSA, TUNEL, and Comet will be
described together with the advantages and drawbacks of each method.

Comet Assay

The Comet assay or single-cell gel electrophoresis is a well-established test for
genotoxicity and has been used for detection of DNA strand breaks in a broad spec-
trum of cells [48, 49]. Within an agarose gel, the sperm membranes are lysed and
the DNA is decondensed using a high salt concentration. During electrophoresis,
DNA fragments are streamed out of the “head” of intact DNA and resemble a comet
tail. Before evaluation, slides are stained with a fluorescent dye that binds to the
DNA. The Comet assay is known to be a sensitive test which is able to detect small
amounts of DNA damage in sperm cells [50]. Another advantage of this assay is that
it can be performed on semen samples containing only a few thousand cells.

One of the drawbacks of the Comet assay is that only a small number of cells per
sample (100—150) can be scored with semi-automated systems. Fully automated
systems allow scoring of 150-300 cells per gel and if six gels are scored per semen
sample, the total number of cells may exceed 1,000 cells. The variation for repeated
analyses (intra assay) for the Comet assay has been estimated at 3.7 % [51]. The
Comet assay is more time-consuming to perform than both TUNEL and SCSA.

There are a variety of different protocols for the Comet assay as it has been
adapted for different types of cells. The neutral version detects double-stranded
DNA breaks, whereas the alkaline version detects single-stranded DNA breaks.
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TUNEL Assay

The TUNEL assay relies on labeling of DNA strand breaks with fluorescent dUTP
nucleotides by use of terminal deoxynucleotidyl transferase (TdT) and this method
was first used for sperm by Gorczyza et al. [52]. TUNEL is a very popular assay as
it targets a definitive endpoint: DNA strand breaks. However, the many different
protocols for this assay have resulted in a large degree of variation in the results. The
TUNEL can be performed on neat or washed sperm samples, with or without fixa-
tion, with or without detergent permeabilization, and with direct or indirect labeling
[53]. The protocols usually involve several washing steps and incubation of various
lengths, both of which may induce additional (secondary) DNA damage when the
sperm samples are not fixed.

TUNEL can be performed using microscopy or flow cytometry. In general,
microscopic assessments appear to lead to lower levels of sperm DNA damage
[54-56] in comparison to results obtained by flow cytometry [57-60]. A possible
explanation for this difference is the lack of sensitivity of microscopic assessments
as mentioned above. To ensure accuracy, it is essential that the flow cytometric
analysis of TUNEL also includes a dye which makes it possible to distinguish sperm
and unstained particles. Otherwise the results of the analysis will underestimate the
percentage of sperm with DNA damage [53]. It has recently been demonstrated that
the probe used for TUNEL may not be able to access all parts of the sperm DNA and
that this can therefore lead to an underestimation of the DNA damage [61]. TUNEL,
when analyzed by flow cytometry, is a very precise assay with an intra-assay varia-
tion estimated at 3.4 % [62].

SCSA

The SCSA method was developed by Evenson et al. [63]. The principle is based on
the denaturation of sperm DNA at low pH, and subsequent staining with acridine
orange. Due to the metachromatic nature of this dye, denatured (single-stranded)
DNA will emit a red fluorescent signal, whereas intact (double-stranded) DNA will
emit a green signal. The method provides an indirect measure of DNA strand breaks
since such damage is likely to occur in the areas where DNA can be denatured by
low pH.

According to the protocol, analysis is performed by use of flow cytometry using
5,000 sperm per replicate [64]. The method uses neat semen samples (fresh or frozen—
thawed) and the preparation is straightforward. The first step is addition of the acid
solution, and after 30 s, the acridine orange staining solution is added. Analysis of the
sample is performed after a staining period of 2% min. Correct dilution of the semen
sample is important as the acridine orange is an equilibrium dye. This means that
binding of the dye to DNA depends on the remaining concentration of dye in the solu-
tion. All samples should therefore be diluted to approximately one million sperm/ml
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prior to addition of the acid solution. A higher concentration of sperm will result in
insufficient staining of the DNA and is likely to affect the outcome of the analysis.
Acridine orange is a very sticky dye which adheres to the tubing and other parts of the
flow cytometer. For this reason, saturation of the flow system is essential before the
first analysis, and cleaning is equally important after completion of the analyses.

The protocol described by Evenson and Jost [64] is not particularly detailed with
regard to the need for good quality control or the different factors which may affect
the outcome of the analysis [65]. Provided good quality control is ensured, the
SCSA is a very repeatable assay with an intra-assay variation below 2 % and a very
high correlation between results obtained by different laboratories [66].

Results

Accuracy defines the relationship between the result of a test and the “true” value.
Like the darts player, we may have a very precise test but still be “off target” due to
low accuracy (Fig. 5.2b). To assess accuracy, we need to study the relationship
between the results of our test and reproductive outcome. This means that a large-
scale clinical study is necessary. Unfortunately, this is not an easy task when work-
ing with human fertility [37]. At first glance, a small study may appear easier to
carry out, but it is also more likely to make us confused: the small number of obser-
vations will make the outcome of the study as random as “flipping a coin” [67].

In the human clinic, we usually consider couples to be either “fertile” or “infertile”
and therefore regard fertility as a binomial variable. Fertility, on the contrary, is a
continuous variable. In the context of increased levels of sperm DNA damage, the
chances of achieving a successful pregnancy decrease and the time to pregnancy
increases. A couple may manage to achieve pregnancy after several months of
“trying” and will consequently be classified as fertile. To detect small differences in
male fertility, the ideal fertility study should only include females with high fertility
and each male should be “tested” on several females [37]. Obviously, this type of
study is not possible on humans for ethical and biological reasons. Let us therefore
consider a species where such a study is possible.

Boe-Hansen and coworkers have published two papers where DNA damage
(assessed with the SCSA) was studied in boar semen and where the impact on fertil-
ity was assessed after insemination [68, 69]. In the study from 2005, the authors
investigated the effect on sperm DNA when diluted boar semen was stored for up to
72 h at 18 °C. This kind of storage is necessary as boar sperm does not tolerate
freezing and thawing at all well. Semen for all commercial insemination in pigs is
therefore diluted in an extender with antioxidants and used for up to 3 days after
semen collection. An interesting observation in the 2005 study was that a proportion
of the stored sperm acquired DNA damage during the incubation (Fig. 5.3). This
was a surprising observation as most researchers in 2005 were of the opinion that
sperm DNA damage was a stable parameter. We now know that sperm DNA damage
is a dynamic process and, according to the “two-step” hypothesis, the change
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Fig. 5.3 SCSA analysis of two samples of boar semen. Increasing red signal (x-axis) indicates
DNA damage and green signal (y-axis) indicates intact DNA. The two cytograms show analysis of
5000 sperm. Semen sample (a) was not stored, whereas semen sample (b) was stored for 72 h at
18°C. In cytogram (a), 97% of the sperm display a small degree of red fluorescence indicating that
the DNA is intact. Increased red fluorescence (displacement to the right) was observed for 3% of
the sperm (DFI = 3%). In cytogram (b), a large proportion of the main population is displaced
slightly to the right (arrow), indicating that these sperm had acquired DNA damage during incuba-
tion. DFI for this sample was 75%

observed in the boar sperm represents secondary damage caused by spontaneous
DNA degradation and oxidative stress. The degree of damage acquired by the indi-
vidual sperm during storage was only very minor, so the initial assumption was that
this would not affect fertility. However, the authors performed a clinical study using
semen from 145 boars and 3,276 experimental inseminations were performed.
Results for the 2,593 litters born were published in the 2008 paper.

Sows are multiparous animals and will normally have 16—18 ovulations occurring
within a few hours. When insemination is performed close to ovulation, all oocytes
will typically be fertilized [70]. The average number of piglets born per litter in this
study was 14.56 when semen was used without storage [69]. Boars in general have
extremely good semen quality and 76.6 % of the inseminations were performed
with samples where the level of DNA damage (DFI) was below 3 %. A significant
effect of the DNA damage was observed for semen samples with a DFI over 3 %, as
these litters on average only had 13.90 piglets in comparison to 14.91 piglets/litter
when DFI was below 3 % (P<0.01). Litters which originated from stored semen
samples with a DFI over 20 % only resulted in an average of 7.40 piglets per litter.
Expressed as a percentage, the reduction in the number of piglets born was reduced
by 6.8 % and 50.4 % when DFI was above 3 % and 20 %, respectively. Results from
inseminations of pigs can naturally not be “translated” directly to human IVF. But
just imagine how it could impact your delivery rates, if you are using sperm with a
DFI of 20 % for IVF, and transferring single embryos!

It is unlikely that we will ever see a human clinical study with several thousand
ART treatments, but a simple calculation of the statistical power indicates that we
should be very cautious when trying to draw conclusions from a clinical study with
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much fewer than 200 couples. A test with fewer than 200 couples would be equal to
“flipping a coin” to decide if the sperm DNA test is useful or not. In addition to
ensuring a sufficient number of couples for the study, we need to keep in mind that
outcome of IVF and ICSI treatments should be assessed separately due to differing
amounts of secondary DNA damage. If we want to study the outcome of both
IVF and ICSI, we should enroll a minimum of 200 couples for each subgroup.
Furthermore, we should only consider the first cycle of treatment to avoid bias from
other factors causing reduced fertility in the man or the woman. When we study the
effects of sperm DNA damage, a further essential consideration is the endpoints
assessed. Several previous studies refer to “fertilization” as the most important end-
point. However, when we want to determine the possible outcome of sperm DNA
damage, all the important events will occur after fertilization and will result in
reduced delivery rates. Sperm DNA damage is a very likely cause of miscarriage, so
this should be among our endpoints as well as an ultrasound scan at 12 weeks of
pregnancy and delivery rates [44].

Some of the previous clinical studies for Comet, TUNEL, and SCSA are
described below. The results are only described for studies with more than 100
couples and for studies without obvious design deficiencies, errors in the statistical
analysis, or a lack of critical endpoints.

Comet

IUIL: To our knowledge there are presently no clinical studies describing the rela-
tionship between sperm DNA damage as assessed by Comet and the outcome of IUI
treatments.

IVF: The relationship between sperm DNA damage assessed by Comet and the
outcome of 203 IVF cycles was reported by Simon et al. [51]. The live birth rate was
reduced from 26.9 % to 13.1 %, when the level of sperm DNA damage exceeded
50 % (P<0.01).

ICSI: Simon et al. [51] also assessed the outcome of 136 ICSI cycles and
observed a nonsignificant decline in live birth when the level of sperm DNA damage
exceeded 50 % (30.2 % vs. 20.4 %).

TUNEL

The vast majority of studies performed with TUNEL have been based on fewer than
100 couples. Only one study used flow cytometric assessment of TUNEL and
included more than 100 couples [71]. A particular problem when reviewing the lit-
erature on TUNEL is the many different protocols and different levels of sperm
DNA damage (thresholds). TUNEL, as assessed by microscopy, appears to result in
lower levels of sperm DNA damage than assessments by flow cytometry [59].
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IUI: The relationship between microscopic TUNEL and outcome of IUI was
described by Duran et al. [3] who performed a trial with 119 couples and 154 cycles.
The trial concluded that no treatments with a level of sperm DNA damage above
12 % led to pregnancy (confirmed biochemically and by ultrasound).

IVF: Frydman et al. [71] assessed sperm DNA damage by TUNEL and flow
cytometry in 117 couples. It was observed that more than 35 % of sperm with dam-
aged DNA had a significantly negative effect on implantation rate and the rate of
ongoing pregnancies. No effect was observed for fertilization rates, and embryo
assessments.

ICSI: Benchaib and coworkers [72] is the only group who has performed a larger
study of the relationship between TUNEL and ICSI outcome. TUNEL assessments
were performed by microscopy on 218 ICSI cycles. Pregnancy was determined
biochemically and by ultrasound after 6 weeks of pregnancy. It was observed that
pregnancy was reduced (37.4 % vs. 27.8 %) when the percentage of sperm with
DNA damage exceeded 15 %. This difference was only marginally significant
(P>0.05). However, it was also the group with the highest level of sperm DNA
damage that had a significantly higher miscarriage rate than where the level of
sperm DNA damage was low (8.8 % vs. 37.5 %, P<0.05).

SCSA

The first large-scale study to demonstrate the relationship between sperm DNA
damage and the outcome of natural intercourse was published by Evenson and
coworkers [1]. In brief, this study showed that time to pregnancy was increased
significantly if the DFI value was between 15 and 30 %, and that almost no couples
achieved pregnancy with a DFI over 30 %. Additionally, Evenson and coworkers
observed that the incidence of miscarriage was higher with increasing DFI. Evenson’s
results were confirmed by Spano et al. [2], who had followed a group of 215 “first-
pregnancy planners” for a period up to 2 years or until they achieved pregnancy.
Based on the studies by Evenson et al. [1] and Spano et al. [2], the assumption was
made that the threshold for DFI of 30 % would also apply for IUI, IVF, and ICSI
treatments. This assumption led to a great deal of controversy and was later shown
to be incorrect.

IUI: The relationship between DFI and the outcome of IUI treatments was
explored in a study with 387 cycles (first or second treatment cycle, [6]). Of the 66
IUI cycles performed with semen samples where the DFI was above 30 %, only two
resulted in a clinical pregnancy (3 % per cycle). One pregnancy led to a miscarriage
and delivery rate was therefore only 1.5 % per cycle. IUI treatments performed with
semen where DFI was below 30 % resulted in an average delivery rate of 19 %.
Results for IUI have since been confirmed by Yang et al. [73] who performed the
SCSA test in a study with 482 first or second IUI treatments. A DFI of 25 % was
used as threshold. Of the 95 IUIs performed with semen where the DFI was above
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Fig. 5.4 (a) The diagram shows the percentage of ongoing pregnancies after first cycle IVF treat-
ments for 210 couples. Pregnancy was confirmed by ultrasound at 12-week gestation. When DFI
was below 15, the pregnancy rate was 45.1%. The pregnancy rate diminished to 24.6% when DFI
was between 15 and 25. The odds ratio adjusted for female age, sperm concentration and motility
was 2.45 (P=0.01, 95% CI 1.25 to 5.18). (b) This diagram shows the results of 196 first cycle ICSI
treatments. When DFI was below 25, the pregnancy rate was 48.6%. Above this threshold, the
pregnancy rate was only 29.6%.The odds ratio adjusted for female age, sperm concentration and
motility was 1.97 (P<0.05, 95% CI 1.02 to 3.84)

25 %, only 5.25 % achieved a clinical pregnancy. When DFI was below 25 %, the
clinical pregnancy rate was 15.25 %.

IVF and ICSI: Bungum et al. [6] also studied the impact of sperm DNA damage
on the outcome of IVF (N=388) and ICSI treatments (N=223). Among IVF and
ICSI couples, no statistically significant difference was observed in clinical
pregnancy or delivery rates between low and high DFI groups (threshold=30 %).
When the outcome of ICSI versus IVF was compared, no significant difference was
observed when DFI was below 30 %. However, if DFI was above 30 %, the results
were significantly better for ICSI, with an odds ratio of 2.25 for clinical pregnancy
(95 % CI 1.10-4.60), and 2.17 for delivery (95 % CI 1.04-4.51).

A retrospective analysis of the relationship between sperm DNA damage and
the outcome of 210 IVF cycles was recently reported by Christensen et al. [74].
The couples were receiving their first IVF treatment and all had a DFI below 25 %.
Clinical pregnancy was confirmed by ultrasound in the 12th week of gestation
and the outcome was assessed for groups with DFI below or above 15 % (Fig. 5.4a).
The clinical pregnancy rate was 45.1 % when DFI was below 15 % and diminished
to 24.6 % when DFI was between 15 and 25 %. The odds ratio adjusted for female
age, sperm motility, and concentration was 2.45 (P=0.01, 95 % CI 1.25-5.18).
Christensen et al. [74] also reported results for 196 ICSI cycles. For ICSI cycles, the
DFI varied from 2.4 % to 61.2 % and treatment outcome was assessed for groups
with DFI below or above 25 %. The clinical pregnancy rate was 48.7 % when DFI
was below 25 %. Above this threshold, the clinical pregnancy rate was only 29.6 %
(Fig. 5.4b). Odds ratio adjusted for female age, sperm motility, and concentration
was 1.97 (P<0.05, 95 % CI 1.02-3.84).
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Discussion

The results presented above indicate that sperm DNA damage is an important
parameter to assess in the fertility clinic. The most significant impact on reproduc-
tive outcome occurs after natural intercourse and IUI treatments as a result of
secondary sperm DNA damage during the long “journey” to the oocyte [1-3, 6].
In IVF, the sperm suffers less secondary DNA damage as the “journey” is shorter
and it is only affected by hyperactivation and penetration of the oocyte investments.
However, high levels of sperm DNA damage clearly have a negative effect on the
outcome of IVF treatments [51, 71, 74]. For ICSI treatments, only high levels of
sperm DNA damage appear to reduce the success rate and studies do not always find
any significant effects [51, 72, 74]. Although some studies may be of less signifi-
cance due to differences in their design, inclusion and exclusion criteria, endpoints
assessed, and especially using too few couples, the overall conclusion is that sperm
DNA damage appears to be an important parameter.

At present, the literature available does not allow us to draw a conclusion as to
which of the three methods: Comet, TUNEL, or SCSA, we should implement in
clinics. Important factors for method selection are precision, sensitivity, and
accuracy. Precision for each test can be analyzed in the laboratory and should be
monitored on a day-to-day basis when the test is being carried out for diagnostic
purposes. Flow cytometry is a unique technology enabling us to analyze several
thousand sperm rapidly and objectively. When good quality control is ensured, this
technology can give us a much higher precision than is possible with conventional
methods for sperm assessment, as well as a much closer relationship to fertility [75, 76].
With good quality control, flow cytometric assessment of different sperm parame-
ters will result in a very high degree of agreement between results obtained by
different laboratories [66, 77].

Sperm DNA damage is likely to have a significant impact on fertility treatments
as this type of damage appears to be a very frequent cause of reduced male fertility.
Bungum et al. [6] enrolled couples randomly in the study and found that 20.1 % of
the men had a DFI above 30 %. For a large proportion of these men, the classical
semen parameters would be considered “normal” according to the WHO criteria
[46]. This has been demonstrated by Oleszczuk et al. [78] in a study that investi-
gated 212 randomly selected couples and identified 122 cases without apparent
“male” or “female” factor. Among the 122 apparently “normal” men, 17.7 % had a
DFI between 20 and 30 % and 8.4 % had a DFI above 30 %.

An important question is what strategy we should choose in the fertility clinic to
minimize the likely impact of sperm DNA damage on treatment outcomes?
Obviously, the first step would be to select the best embryos for transfer [79, 80].
Embryo selection may lead to higher treatment success rates, especially if we con-
sider transferring blastocysts [38, 40]. However, despite good embryo or blastocyst
development we may not be able to identify the embryos or blastocysts which later
result in a miscarriage [44]. Another option could be to select the “best” sperm, for
instance, by use of IMSI [81]. So far, results of this technology are still controversial
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and sperm DNA damage also occurs in morphologically normal sperm [56].
Selection of non-apoptotic sperm by use of annexin V has been recommended as it
appears that a relatively large proportion of the sperm may externalize phospha-
tidylserine, especially after cryopreservation [8, 82]. However, labeling of sperm
with annexin V should not be taken as exclusive evidence of apoptosis since such
sperm may also externalize phosphatidylserine as a result of capacitation [83].
Sperm with apoptotic markers, such as Fas, will probably make up only a small
proportion of the sperm with DNA damage, and the apoptosis is likely to be an
uncompleted process which was initiated during spermatogenesis [84, 85]. Several
authors use the term “apoptosis” when referring to TUNEL, but this is misleading
since different mechanisms may lead to DNA strand breaks.

A more viable approach with regard to “sperm selection” seems to be the use of
testicular sperm since such sperm appears to have lower levels of DNA damage [86,
87]. Testicular sperm will not have suffered any secondary damage, but may do so
if incubated after retrieval [88]. Selection of testicular sperm may be an option in
some cases, but before deciding to carry out this advanced treatment, we should
consider how the damaged DNA may affect the offspring and if a less invasive
alternative is available. Sperm DNA damage increases as the male becomes
older [89]. Increasing male age also appears to contribute to an increased risk of
autism, bipolar disorder, and schizophrenia in children, as well as childhood inci-
dences of cancer [90-92]. These diseases, as well as lower facial attractiveness, are
believed to be a result of mutations [93]. Accumulation of heritable DNA damage
in sperm appears to be caused by initial damage during spermiogenesis and post-
testicular secondary damage [20, 23, 69]. In contrast to somatic cells such as lym-
phocytes or hepatocytes, which after acquiring DNA damage proceed to cell death
within 2-3 h, the sperm has no transcription and is likely to remain motile for sev-
eral hours or days despite DNA damage [68, 69, 94, 95]. When such sperm fertilize
the oocyte, they act as a “Trojan horse” containing severely damaged DNA that
subsequently may be incorrectly repaired by the oocyte. The most likely result is
that the subsequent development of the embryo is compromised leading to implan-
tation failure or miscarriage. However, in some cases the outcome will be a de novo
mutation in the newborn. In this context, it appears quite interesting that a recent
study has shown that 94 % of all de novo mutations seem to be of male origin [96].

It appears that sperm DNA damage not only leads to reduced success rates in the
fertility clinic, but may also result in mutations in the newborn. Rather than moving
to a more invasive treatment, we should investigate why the individual male has a
high level of DNA damage in his sperm. It is already known that men with poor
semen quality are more likely to suffer from a wide range of different diseases,
including cancer in later life, and that they therefore have increased mortality rates in
comparison to an age-matched control group of fertile men [97]. A recent study from
Baumgartner et al. [29] has shown a clear link between DNA damage in sperm and
DNA damage in somatic cells which will likely lead to cancer and/or various other
diseases. One of the obvious lifestyle factors which may lead to cancer, as well as
sperm DNA damage, is smoking [58]. However, smoking and other
factors causing DNA damage may affect individuals differently and some male
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smokers may not have sperm DNA damage [98]. A possible explanation is that epi-
genetics may be involved [99, 100]. Nevertheless, if a male smoker also has high
level of DNA damage in his sperm, he should consider giving up smoking to improve
his fertility. Another obvious cause of cancer as well as sperm DNA damage is lack
of antioxidants, which can easily be identified and treated [39, 101]. Diabetes has
also been shown to cause increased sperm DNA damage [102]. Several studies have
shown that men with an increased BMI are more likely to have a high level of sperm
DNA damage [28, 30], and a further study has shown that weight loss is likely to
reduce DNA damage [103]. In conclusion, intervention with regard to lifestyle
(smoking, weight loss), in combination with appropriate treatment (vitamins and
antioxidants), may lead to a reduced level of sperm DNA damage. This less invasive
solution may result in increased treatment success rates, reduced risk of de novo
mutations in the newborn, and improved male health. At present, there is an obvious
need for more research regarding the factors causing sperm DNA damage as well as
randomized controlled trials to demonstrate the possible outcome of interventions.
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Chapter 6
Single Gamete Insemination Aiming
at the Ideal Conceptus

Queenie V. Neri, Tyler Cozzubbo, Stephanie Cheung, Zev Rosenwaks,
and Gianpiero D. Palermo

Background

Infertility is a significant global problem affecting approximately 80 million couples
worldwide. As evidenced in a British study, sperm dysfunction was identified as the
single most common cause of infertility [1]. Subsequent investigations have con-
firmed these observations [2] and highlighted dysfunctional cells in men with nor-
mal semen parameters and conversely normal sperm function in oligospermic men
[3]. Because there is no drug a man can take (or add to his spermatozoa in vitro) to
improve fertility, the only option to reproduce is represented by the assisted repro-
ductive technologies (ARTs). Indeed, in a simplistic manner, this can be described
by an incremental treatment approach depending on severity of the infertility (i.e.,
IUI for mild, IVF for moderate, and ICSI for severe sperm dysfunction). Maximizing
fertilization efficiency with ICSI is always crucial, but this is especially true when
the therapeutic goal is to transfer a single embryo.

Although the diagnostic and predictive value of traditional semen parameters has
been debated for over 80 years, the inescapable conclusion remains that its clinical
value is limited even with the latest effort of the WHO [4, 5]. Another way to look
at this problem is by trying to address it—in fact spermatozoa are capable of reveal-
ing their errors/flaws externally [6], which may allow noninvasive sperm selection,
e.g., indirect methods to select spermatozoa with lower chromatin damage [7, 8].
However, it remains to be confirmed whether such biomarkers do exist or if the
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heterogeneity of spermatozoa is too great for such selection methods to be
applicable.

About 15 % of couples are unable to achieve a pregnancy due to male factor infer-
tility, and ICSI is seemingly the ideal procedure to treat these couples. When a single
gamete is being selected for insemination via ICSI, the importance of selecting the
ideal spermatozoon is heightened as compared to other ART procedures. ICSI has
provided fertilization in the most complex combination of oligo-/astheno-/terato-
zoospermic cases, and the procedure continues to improve its efficiency with the
help of supplemental male infertility screening assays. These assays aim at shedding
light on the gamete population of a given individual while tailoring to the patient’s
specific needs. The technology powering these assays is on the rise, and many tests
are being recognized as staples in the male infertility workup. Since ICSI bypasses
many of the natural barriers of fertilization, an aggregate of tests must be used in
order to provide the information needed to properly treat a couple. Nevertheless, in
spite of the ideal spermatozoon, this ambitious quest is particularly challenging if the
goal is single embryo transfer, and only nonideal spermatozoa are available [9].

Concern over the use of “poorer-quality” sperm cells is warranted, but there is no
adequate definition for what is present in a spermatozoon that might adversely impact
the conceptus’ development. In a normal human ejaculate, there are well over 40 mil-
lion motile and presumably healthy spermatozoa, but when spermatogenesis falters,
a greater percentage of spermatozoa in the ejaculate begin to show a range of abnor-
malities including membrane, mitochondrial, centriolar, nuclear, and chromosomal
disorders [10]. Given that the object is to isolate live spermatozoa, the approaches
used have been based on looking at morphology or a membrane property. A major
approach in the discovery of sperm biochemical tags, independently from sperm con-
centration and motility in the semen, is based on the recognition of objective markers
of sperm function that focus on abnormal elements occurring during the process of
spermatogenesis and spermiogenesis that allow a spermatogonium to become a sper-
matozoon [8]. The basis of this approach relies on the concept that if an ejaculated
spermatozoon has cleared spermatogenesis retaining the correct membrane proper-
ties and/or morphology, then it is most likely normal. ICSI is evolving into the most
popular choice of insemination for even the simple, routine cases, and a standard
semen analysis is becoming inadequate, thus welcoming the implementation of
sophisticated assays (e.g., aneuploidy assessment, TUNEL, GM,, PLCC, centrosome,
transmission electron microscopy, hyaluronan binding, MSOME) to measure the
impact the spermatozoa indisputably contribute. With all of these tools and informa-
tion at his/her disposal, the reproductive specialists treating patients undergoing ART
procedures can then aim at providing the ideal conceptus to each couple [11].

The Spermatozoon

The sperm DNA is the instruction manual for the paternal genetic code that, when
correctly fused with that of the oocytes, gives rise to the embryonic genome and
makes an important contribution to proper embryo and fetal development. Once
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the DNA has been introduced into the oocyte by the fertilizing spermatozoon, the
highly packed sperm chromatin must be decondensed and the protamines substi-
tuted by histones. This requires the reduction of disulfide bonds by glutathione
that cross-link the sperm nucleic acid to allow pronuclear formation. At that
point, the spermatozoon must deploy its proximal centriole into the oocyte in
order for pronuclear alignment and mitotic spindle formation to take place after
fertilization [12].

In order for the embryonic genome to be read and expressed, the presence of
oocyte-activating factor (OAF) is required. This essential factor is carried by the
fertilizing spermatozoon that carries beneath its nuclear membrane. OAF is charac-
terized by phospholipase C,., (PLCC), which induces calcium release from intracel-
lular stores. This results in activation of an inositol phosphate- and diacyl glycerol
(DAG)-mediated signal transduction mechanism, followed by protein phosphoryla-
tion, expression of specific genes, and activation of the conceptus’ genome capable
of setting in motion the embryonic development [13].

The spermatozoon is a highly specialized cell designed to transport DNA from
the male partner into the oocyte. The function of the complex self-propelling mech-
anism that the axoneme microtubules of the sperm flagellum represent and the bio-
chemical drill that the sperm’s acrosome constitutes have been developed and
perfected through millions of years to achieve the sperm’s primary function of intro-
ducing new DNA within the oocyte [10]. However, a movement of spermatozoa
from the seminiferous tubule to the ampullary region of the oviduct entails a signifi-
cant risk for sperm nucleic acid damage. To obviate this risk, the need for the
replacement of histones with protamines extensively cross-linked with disulfide
bonds provides a kind of seal to protect the sperm DNA against potential damage
during its journey to the oviduct [8].

Choosing the Spermatozoon

To facilitate single embryo transfer, it is critical to optimize fertilization. In utilizing
established and experimental assays to help predict and improve a given ART cycle,
we can begin by evaluating the ejaculate that should present unparalleled predictive
value. Although the role of spermatozoa has been described as just a “delivery
device” for the male genome into the oocyte for fertilization, closer study shows
that there is much more here than meets the eye.

Different mechanisms can induce abnormalities in spermatozoa either during
their production or transport including apoptosis or anomalies during the process of
spermatogenesis, DNA strand breaks produced during the remodeling of sperm
chromatin during the process of spermiogenesis, post-testicular DNA fragmentation
induced mainly by oxygen radicals during sperm transport through the seminiferous
tubules and the epididymis, DNA fragmentation induced by endogenous caspases
and endonucleases, DNA damage induced by radio and chemotherapy, and DNA
damage induced by environmental toxins [14].
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One area of sperm structure that has generated increasing interest in sperm
assessment is related to sperm nuclear DNA/chromatin structure [15]. In addition to
the original methodology, numerous tests have now been devised for the analysis of
sperm nuclear DNA fragmentation [14]. These tests include TdT-mediated dUTP
nick end labeling (TUNEL) [16], Comet [17], chromomycin A3 (CMA3) [18], in
situ nick translation [19, 20], DNA breakage detection fluorescence in situ hybrid-
ization [21, 22], sperm chromatin dispersion (SCD) test [23], and sperm chromatin
structure assay (SCSA) [24, 25].

The selection of the best male gamete starts with a good screening of the male
partner. This begins with a good medical history to identify infertility traits in the
family as well as executing a series of test that begins with a semen analysis but
extends to peripheral karyotype, Y-microdeletion assay, and CF carrier status when
deemed appropriate [11].

With regard to the semen analysis, although the most recent guidelines are quite
stringent, our center carries out a sperm selection assay (using at least one aliquot of
the specimen) to test the ability to adequately enrich the motile portion of sperma-
tozoa. While this test measures progressive sperm motility, it also indirectly assesses
membrane resilience in terms of how it will respond to the additional centrifuga-
tions and associated sperm attrition secondary to the interaction with the silica gel
column when density gradients are used [26—28]. The appearance of round cells, the
color of the ejaculate, and the presence of bacteria or immature germ cells can pro-
vide insights of spermiogenic dysfunction [29]. Even the presence of fructose or the
level of total antioxidant capacity (TAC) can provide information on the seminal
vesicles’ health and potential distal obstruction [30-32].

When no spermatozoa are seen in the ejaculate, the specimen is spun to 3,000xg
to identify cryptozoospermic cells. Should this tactic fail to yield sperm cells, then
a microscopic search in microdrops under oil loaded on an ICSI dish is performed
[33, 34]. The information gained will allow the reproductive physician to discuss
with the male patient escalating diagnostic and therapeutic options, including a
reproductive urology consultation to evaluate the condition of the genital tract and
eventual surgical sampling [35, 36].

Additional sperm testing may be appropriate in certain settings, according to the
specific reproductive history of the couple such as recurrent first trimester miscar-
riage, which entails aneuploidy assessment by FISH. This assay appears relevant
also in screening infertile men with advanced age [14, 37, 38]. A history of poor
embryo cleavage or unexplained habitual implantation failure with ART may also
prompt the screening for sperm chromatin integrity [39, 40].

If there is a history of compromised early embryo cleavage or a mosaic karyotype
of the conceptus, this invites assessment of the sperm centrosome [41, 42]. Finally,
in couples with recurrent and complete absence of oocyte activation, the assessment
of the PLCC may become helpful in diagnosing these rare cases [13, 43, 44].

General sperm enrichment procedures are valuable in obtaining spermatozoa
with the lowest DFI, along with the highest viability, motility, and fertilizing
potential. These tests, however, are carried out on the specimen in toto and there-
fore can provide only extrapolated information on the characteristics of the spe-
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cific cell chosen for injection. Attempts have been made to interpret morphometric
measurements that range from recognition of sperm head surface irregularity
[45-47], evaluation of the trajectory motion patterns achieved by computerized
analysis [48], to the electrophoretic selection of spermatozoa with putatively intact
chromatin [49], as well as the use of annexin V magnetic columns to separate
apoptotic cells [50, 51].

The expression of hyaluronan (HA) antigens in a specially prepared ICSI dish
[52] may help isolate cells that reach chromatin maturity. In addition, cell sorting
of spermatozoa with putatively intact chromatin but nevertheless exposed to non-
physiologic fluorochromes [53] has also been used to select sperm cells with
healthy DNA. While these are obviously welcomed and laudable attempts aimed
at reliably identifying surface biomarkers supposedly capable of providing indi-
rect information on the health and function of the cell, these techniques remain
unproven. In fact, these procedures merely interpret sperm head irregularities [54,
55], birefringency [56], or HA expression [57, 58]. At best, they are unproven and
inconsistent in their capacity to portray sperm chromatin condition, ploidy status,
or spermiogenic maturity due to the innate intra-specimen variability of the
human ejaculate.

The Less Than Ideal Spermatozoon

While these highly desired and righteous attempts to select and “name” the ideal
spermatozoon are creditable and fill the current literature on ART, they are being
tested and debated since this attitude does not address the issue raised by situations
where an extremely scarce number of spermatozoa are identifiable in the ejaculate
and, most importantly, when the spermatozoa are of extremely poor morphology or
even immotile.

From a purist’s point of view, a commendable approach would be to suggest to
the couple to avoid using the ejaculated specimen and opt for a testicular biopsy or
to use donor spermatozoa or even child adoption. Acceptance of donor spermato-
zoa has declined as couples have become more aware of the possibilities of
modern ART.

In tune with patient autonomy, it is our intent here to share our experience and
illustrate some realistic expectations attainable when utilizing these less-than-
desirable male gametes, whether obtained from an ejaculate or in a surgically
retrieved sample.

In our daily practice, our first step would be to test a sperm for viability or to
carry out a pentoxifylline assessment to see if any sign of kinetic characteristics can
be elicited. If the sperm cells are abundant and there is no spermatozoon with restor-
able motility, the information on viability is relevant in differentiating between
complete asthenospermia, e.g., as in coiled tails vs. necrozoospermia. A paradoxical
situation occurs when abundant spermatozoa with vigorous motility are present in
the ejaculate, but with a nucleus showing compromised morphology manifesting as
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globozoospermia (genes SPATA16, DPY19L2, PICK1). Likewise, extremely
amorphous heads (gene AURKCc) indicate profound spermiogenic abnormalities
and may require TEM or even PLCC assessment for substantiation.

A more common and more difficult clinical circumstance is when few, motile
spermatozoa with somewhat satisfactory morphology are available. At our center
from 1993 to 2013, we have treated severe oligospermic men (defined as sperm
concentration <1 x 10%ml) in 1,660 cycles that underwent ICSI treatment; the aver-
age concentration was <1.3+0.3 x 10%ml, with a motility of 20.6+22 %, and nor-
mal morphology of only 1.0+2 %. The fertilization in this group was 64.4 %
(10,131/15,738) that resulted in an acceptable clinical pregnancy rate of 50.7 %
(842/1,660).

When the intent of the couple to use their own gametes is resolute, then the
option is to attempt the ART cycle with ejaculated spermatozoa possibly supported
by some trials of specimen cryopreservation to safeguard the couple from rare but
feasible occurrences of azoospermia at the time of egg retrieval. When initial speci-
men examination in the Makler chamber yields no spermatozoa, a high-speed cen-
trifugation is often able to find scarce cells. In 244 cycles, after such high-speed
centrifugation, samples with a mean density of 0.42+1.5x 10%ml and motility of
35.9+32 % were recovered at this institution. In this cohort, we obtained a fertiliza-
tion of 60.3 % (1,500/2,488) and then replacement of an average of 2.6 embryos per
patient, resulting in a satisfactory intrauterine gestation rate of 48.4 % (118/224).

After scrutinizing our overall data, we wondered just how poor can a sperm
sample actually be and still provide a pregnancy. For a proxy marker for general
sample quality, we decided to utilize the time spent in searching ejaculated speci-
mens (n=2,197) to retrieve injectable spermatozoa. In a retrospective cohort analy-
sis, ICSI outcomes were reviewed as a function of the length of microscopic sperm
search carried out in relation to increasing search time (30-60, 61-120, 121-180,
and >181 min) and compared to control cases having abundant spermatozoa and
relatively brief search intervals (<30 min).

In this analysis, we obviously had many cycles in the control group (see
Table 6.1), while the study groups progressively lessened in size with longer search
times. The concentration of spermatozoa in specimens allotted to the increasing
search time consequently decreased; for consistency, we reported the concentration
as thousand per milliliter (10°) such that the control had 58 million, the 30-60 min
had 3—4 million, the 1-2 h had 15,000 sperm cells, the 2—3 h had 6 spermatozoa, and

Table 6.1 Gamete characteristics according to length of sperm search

Extended sperm search of ejaculates (min)

Control 30-60 61-120 121-180 >180
Cycles 3,559 55 27 5 2
[ 1x10%ml 58,892 3,986 15.2 0.006 0.003
Sperm seen (range) 1-729 1-87 1-53 1-25 1-3
Motile sperm (range) 1-68 0-17 0-5 0-2 0-1

MII injected 31,156 719 350 62 18
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Fig. 6.1 Fertilization rate of ejaculated specimens as a function of time spent searching for an
injectable spermatozoon

>3 had 3 sperm cells only. Thus, the average sperm cell count observed in this group
ranged from >700 spermatozoa and went all the way down to only 3 cells. The
number of motile spermatozoa also decreased in function of time. When we looked
at fertilization, the control ejaculate was at 76 %, followed by 54 % for the 60 min
lot, 48 for those that reached the 2 h mark, 34 by the 3 h mark, and, interestingly,
61 % for the greater than 3 h group (see Fig. 6.1). Regardless of search time, the
large majority of women had embryos replaced with an average of 2.3 in the con-
trol, 2.9 in the 60 min cohort, 1.7 in the 120 min, 2 in the 180 min, and greater than
3 h study groups. To make comparisons on embryo development more consistent,
since the proportion of day 5 transfer was only 9 % in the ejaculated sperm group,
all embryos transferred were assessed on the afternoon of day 3. Therefore, embryo
quality was defined as the average number of blastomeres on day 3 along with its
fragmentation rate. For the control, the mean number of blastomeres was 7.5 with a
fragmentation of 6.6 %. Of note, as the search time lengthened, the mean number of
blastomeres was consistent between seven and eight blastomeres and relatively low
levels of fragmentation (see Table 6.2). When clinical outcome was assessed, in the
ejaculated group, the ability to achieve a clinical pregnancy was somewhat incon-
sistent but satisfactory particularly once the search time increased, ranging from
33 % to as high as 50 %. A similar pattern is observed with embryo implantation
(see Fig. 6.2a, b).

In case of azoospermia or complete asthenospermia at the time of egg retrieval,
if the patient is willing to consider the surgical risks and obvious discomfort related
to surgery, then testicular sampling can be considered for retrieving spermatozoa.
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Table 6.2 Embryo characteristics according to length of sperm search

Extended sperm search of ejaculates (min)

Control 30-60 61-120 121-180 >180

Cycles 3,559 55 27 5 2
Replacements 3,162 (88.8) 51(92.7) 23 (85.2) 4 (80.0) 2 (100)
Embryos transferred 7,269 51 40 8 4
Mean embryos transferred | 2.3 2.9 1.7 2.0 2.0
D3 mean blastomeres 7.5+1 7.3%1 7.8+x1 831 9.0+0
Fragmentation rate 6.6+3 7.9+3 6.4+3 52+2 3.7+3
a b
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Fig. 6.2 Clinical pregnancy (a) and implantation (b) rate, according to extended sperm search
time

Due to the limited number of nonideal spermatozoa identified within ejaculates,
we wondered about the genomic integrity and competence of these cells. DNA dam-
age can either be single-stranded nicks or double-stranded breaks. DNA strand
breakage can occur either by free radical attack generated by the metabolic process
of the spermatozoa or contaminating cells. It can also be that the spermatozoon’s
chromatin was not properly compacted, thus making it more susceptible to oxida-
tive stress and enzymatic cleavage by endonucleases [59].

From this, we wondered where does the actual DNA damage occur? Was chro-
matin adversely affected during spermiogenesis in the seminiferous tubules, or
could it be some epididymal malfunction that allowed these chromatin-damaged
spermatozoa to spill into the ejaculate? Alternatively, was sperm nuclear damage
caused by reactive oxygen species in the male genital tract post-spermiogenesis?

The nature of chromatin compaction in the sperm nucleus has been thoroughly
described [4, 60]. In brief, sperm DNA is compacted into doughnut-shaped
protamine-rich toroids that contain the DNA in a semicrystalline state [8, 10].
Interspersed between the toroids are histone-rich linker regions of DNA, required
for rapid access to facilitate transcription once the spermatozoon is inside the
oocyte. Sperm DNA fragmentation can be assessed by SCSA (the gold standard),
sperm dispersion assay (SCD), TUNEL, and Comet.
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To quickly assess if the sperm DNA fragmentation occurred at the level of sperm
production on the germinal epithelium or during its station in the epididymis, we
thought to assess the men’s abstinence period. Careful review of records where
males had abnormal DFI revealed that the longer the abstinence period, the higher
the sperm DFI (p <0.05). Moreover, when dynamic parameters were assessed, we
observed an inverse relationship between motility and chromatin fragmentation: as
motility declined, DNA fragmentation progressively increased—a finding con-
firmed on all assays [8].

We then looked at a special group of patients where we concurrently assessed the
DFI at different levels: at the ejaculate, the epididymis, and within the seminiferous
tubule. In 12 men with recurrent ICSI failure (mean=3.5 cycles/patient), their ejac-
ulated spermatozoa yielded a fragmentation rate of 54.8+29 % (up to 96 %). Here,
we saw that the incidence of DNA fragmentation was remarkably higher in the
ejaculate, somewhat lower in the epididymal sperm, and more drastically reduced
when sperm were retrieved via testis biopsy (p=0.007) (see Fig. 6.3). These were
non-azoospermic men with high DFI in their ejaculated sperm (ranging from 19 to
96 %)j; after thorough counseling, they opted to undergo testicular biopsy.

On the basis of this observation and on some published reports [61-63], we were
able to compare ejaculated (n=28) and TESE sperm (n=13) cycles. While fertiliza-
tion was higher with ejaculated (60.0 %) than testicular (46.9 %; p<0.01), the
embryo cleavage rate was comparable. Following the replacement of an average of
2.8 embryos, the clinical pregnancy was 10.7 % (3/28) for the ejaculate sperm group
and 30.8 % (4/13) for the TESE [61].

In a subset of individuals (n=8), whose semen characteristics were given in
Table 6.3, a paired analysis was carried out with the ejaculated cycle closest in time
to the TESE cycle. The fertilization rate was comparable between the ejaculated
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Fig. 6.3 Sperm DNA fragmentation classified by sperm source
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Table 6.3 Semen Surgically
characteristic of men who Ejaculated retrieved
had DNA fragmentation Men 3

assessment on both ejaculated

and surgically retrieved Male age 41.1+5
specimens Concentration 12.8+19 0.41+0.50
Motility (%) 29.0+30 4.3+2

sperm cycles and the surgically retrieved sperm cycles at 55.9 % and 50 %,
respectively. The embryo cleavage was lower in the ejaculate at 63.6 % resulting in
a pregnancy rate of 12.5 %, while in the TESE cohort all embryos cleaved resulting
in a 25.0 % clinical pregnancy rate. This study argues in favor of utilizing a testicu-
lar sperm sample when a higher DFI is measured in the ejaculated specimen.

It appears that sperm DNA fragmentation in these infertile men is most likely
caused by a post-spermatogenic insult, as this is confirmed by the direct relationship
between the increased DFI and the lengthening of the abstinence period. Although
patients should be counseled about attendant surgical risks, potential anesthesia
complications, and the possibility that even with TESE sperm may not be recovered
and pregnancy may not occur, the initial results are encouraging. This is a clear
indication that damage to the sperm nucleus occurs post-spermiogenesis and is
obviated by utilization of sperm obtained more proximally. From these data, we can
conclude that in couples with recurrent pregnancy failures with ejaculated specimen
evidencing high sperm DNA fragmentation, the option to undergo testicular biopsy
should be offered after appropriate counseling.

Future Approaches

A number of new technologies are undergoing refinement to allow better sperm
selection to be used for standard in vitro insemination and ICSI. Epigenetic tech-
niques (i.e., characterization of sperm DNA methylation patterns in developmental
genes) have been shown to influence embryonic growth competence [64]. Interesting
findings are emerging from proteomics that also show promise in assisting sperm
selection [65-67]. Likewise, mRNA assessment in mature human sperm cells
[68, 69] may be used as a transcriptomic screening technique particularly for idio-
pathic forms of male infertility [70, 71]. The application of in vitro metabolomics to
identify genetically compromised cells [72] (or used to profile blood samples) could
also serve as “fertility indicator” [73].

GM; (Monosialotetrahexosylganglioside)

At present, we are testing a method to measure the intrinsic ability of the male gam-
ete to exert its fertilization task as a way to facilitate single embryo transfer. This
approach is based on the physiologic fact that ejaculated spermatozoa are not
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immediately able to fertilize an egg. Rather, they must undergo a process of
functional maturation known as “capacitation.” Currently, there are no sensitive and
simple markers for capacitation that can be used in a clinical setting. A close
approximation of such a test might be based on protein tyrosine phosphorylation
events during capacitation, as this technique has been described in sperm from other
species [71, 74-77]. However, the necessary polyacrylamide gel electrophoresis
and immunoblotting processes may require ~48 h to complete, making it poorly
suited for clinical purposes [75, 78].

Redistribution of GM, ganglioside in sperm induced to undergo capacitation can
be used as a method for both diagnostic and predictive purposes, to assess sperm
reproductive fitness. The redistribution of GM,; during capacitation in distinct
patterns has been seen in all mammalian species examined, including the bull, boar,
stallion, and human [76, 79]. This assay can assess functional activity of spermato-
zoa before embarking on ART, to determine which insemination method is appro-
priate (conventional IVF vs. ICSI) [80, 81].

3D Video Imaging

As with other dynamic time-sensitive morphometric techniques to identify the ideal
embryo that will most likely develop to blastocyst [82], we have adapted genetic
assessment and molecular markers to screen the proportion of competent spermato-
zoa. Noninvasive techniques under development (i.e., 3D video imaging technol-
ogy) aim to link selected bio-morphometric sperm parameters with the 360° shape
of each sperm cell and its inner chromatin structure. The future holds continued
application of such methods, corroborated by TEM, SEM, cytogenetic chromo-
somal mapping, and eventually proteomics [83].

Conclusions

Against the background of aspiring to move toward single embryo transfer (where
preimplantation diagnosis mandates ICSI to avoid polyspermy), we unfortunately
have no real knowledge on the long-term effect of utilizing suboptimal gametes of
men with severe male factor on ICSI offspring. The contribution of the paternal
genome to the development of the conceptus is definitively creating more awareness
and receiving more scrutiny. As novel sperm selection methods continue to emerge,
most will offer only aggregate data and do not allow selection of individual sperm
cells. High microscopy magnification or disaccharide polymer markers are cur-
rently to evaluate single sperm cells, but these methods await verification. Increasing
emphasis on single embryo transfer has necessarily led to a corresponding height-
ened interest in sperm, thus stimulating the quest for new tools to more accurately
diagnose and select individual spermatozoa prior to direct injection. This will allow
us to counsel and treat couples with greater confidence and efficacy and at the same
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time assuage the passing onto the progeny any nonideal paternal genetic condition
when treating IVF couples—one embryo at a time. What is certain is that the iden-
tification of the highest-quality sperm to be used in ART will continue to have a
direct and welcome effect as a catalyst, promoting further research in this area.
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Chapter 7

Comprehensive Chromosomal Screening
from Polar Body Biopsy to Blastocyst
Trophectoderm Sampling: Evidences
and Considerations

Antonio Capalbo, Danilo Cimadomo, Laura Rienzi,
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Introduction

Aneuploidies represent a major barrier for human reproduction, in particular
throughout the preimplantation development window when they reach their highest
incidence and can affect any chromosome of the karyotype. It is well known that,
while in newborn population their incidence is relatively low (approximately 0.3 %)
and mainly due to trisomies for the chromosomes 13, 18, and 21 and sex chromo-
somes’ copy number variation, aneuploidies are responsible for more than 45 % of
all spontaneous abortions [1]. When looking at the preimplantation window where
no selection mechanisms against the development of chromosomally abnormal
embryos are in place, the most recent evidences suggested that the incidence of
aneuploidies reaches its highest values. A natural selection against aneuploid
embryos from the preimplantation period onward prevents them from resulting in a
live birth. These evidences highlighted how most of the couples attending an IVF
treatment are subject to a significantly high risk of transferring chromosomally
abnormal embryos and that aneuploidies can reasonably be considered as the single
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most important factor associated with implantation failure and miscarriage during
IVF treatments. PGS theory was conceived in this scenario with the ultimate aim of
selecting euploid embryos for transfer.

In this context, the main goal of an ideal PGS strategy should be to obtain the
same efficacy as conventional IVF, namely the same live birth rate per cycle, while
significantly increasing the overall efficiency on an IVF treatment, that is, minimiz-
ing related efforts and risks. When an effective PGS strategy is implemented in IVF
programs, then many advantages can be expected, ranging from increased sustained
implantation rate, because euploid embryos are supposed to implant at a higher rate
compared to chromosomally abnormal embryos, and a significant decrease in abor-
tion rate and in the occurrence of abnormal pregnancies. Importantly, the imple-
mentation of PGS might lead to adopt a single ET policy also in poor prognosis
patient avoiding any kind of obstetrical and neonatal complication associated with
multiple pregnancies. Furthermore, it is expected that in PGS programs a lower time
to pregnancy can be obtained, since non-useful and potentially detrimental ETs will
be avoided. However, it is evident that from the time PGS was theorized in the early
1990s, throughout years, several issues have arisen and have been solved in a pro-
gressive evolution of the technique. A fruitful cooperation between embryologists
and molecular biologists has represented an important breakthrough, which
increased our knowledge of this field of science. Across years different molecular
diagnostic techniques, such as several stages of embryo preimplantation develop-
ment to retrieve the cellular material to be tested, have been investigated. In order to
identify a gold-standard approach, all the proposed ones have been thoroughly stud-
ied and some of their advantages and/or disadvantages have been described. In par-
ticular, the initial gold-standard protocol for PGS clinical application entailed
blastomere biopsy at the cleavage stage, namely on day 3 of embryo development,
and its analysis by 9-chromosome FISH.

Unfortunately, PGS failed to keep its promises by adopting this approach. In fact,
Mastenbroek and colleagues [2] performed a comprehensive meta-analysis of the
main nine RCTs produced in order to investigate the clinical effectiveness of PGS
and demonstrated that, especially for advanced maternal age (AMA) patients, which
theoretically should be the ones benefiting the most from the diagnosis, this tech-
nique actually lowered the live birth rate per stimulation cycle. This evidence held
the attention on the inefficacy of such an intriguing theory. Supporters of PGS world-
wide started to investigate then the causes of such a failure, and concerns were attrib-
uted mainly to technical aspects of the procedure. The potential harm to the embryo
deriving from the biopsy itself, the biological and genetic features of cleavage stage
embryos, and the remarkable limitations of FISH as molecular diagnostic technique
especially when applied on single cells were all considered alarming issues. Thus,
they started a pursuit toward different stages of preimplantation development to
retrieve the biopsy material, such as the first and the second PBs from the oocyte or
few cells from the TE at the blastocyst stage. Furthermore, new CCS techniques
replaced the limited 9-chromosome FISH, thus extending the possibilities of diagno-
sis to the whole karyotype. This chapter aims at providing a comprehensive review
of the literature focused on these issues, which has been produced in the last years.
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Blastomere Biopsy at the Cleavage Stage

Single blastomere analysis is affected by all the concerns related with single-cell
diagnostics. From a technical perspective, several artifacts compromising the reli-
ability of the diagnosis can be introduced, thus potentially causing false-positive
and false-negative results. In particular, these artifacts can turn out in erroneous
copy number assessments, since few loci or whole chromosomes could be under- or
overamplified [3] and can be listed as follows: (1) allele drop-out (ADO), namely
random loss of alleles; (2) preferential allocation (PA), namely over-amplification
of specific genomic region or even a whole chromosome; (3) allele drop-in (ADI),
which is an artifact of whole genome amplification substituting an allele with
another one; (4) chimerical DNA molecules formation; and (5) failure of DNA
amplification occurring more often. Furthermore, none of the contemporary meth-
ods for single-cell analysis can distinguish between a cell in G1-, S-, or G2/M-phase
of the cell cycle. This can inevitably determine biological false-negative/positive
results, in case a cell would be at a specific point of the S-phase of the cell cycle,
thus normally replicating the DNA, when it is retrieved for the analysis [4].
Another biological concern acquiring a paramount importance when conducting
PGS on a single blastomere at the cleavage stage resides in the phenomenon of
chromosomal mosaicism, namely the coexistence of two or more karyotypically
different cell lines in the same embryo. Mitotic chromosome errors are responsible
for this phenomenon and could be induced mainly by three mechanisms: anaphase
lagging, non-disjunction, and structural events of DNA damage of chromatid/chro-
mosome breakage leading to structural rearrangements (e.g., duplications, translo-
cations) [5, 6]. An impressive influence of mosaicism up to 70 % in preimplantation
embryos has been reported in some previous studies [7—10]. However, technical
variation due to the reasons previously examined in this paragraph could have deter-
mined an overestimation of its real incidence. For instance, different papers showed
a considerable number of false-positive results when adopting FISH to analyze sin-
gle blastomere biopsy in comparison with microarray techniques [11, 12], while
Mertzanidou and colleagues [13] did not report any meiotic error by analyzing all
the blastomeres from 14 normally developing embryos through array Comparative
Genomic Hybridization (aCGH). Such a possibility results unlikely and it supplies
further evidence that single-cell analysis is not reliable enough, even though CCS by
microarray techniques is adopted to perform the diagnosis. Although even if chro-
mosomal mosaicism could potentially affect any stage of embryo preimplantation
development and a proper evaluation of its incidence could not be made so far, from
a biological perspective it is likely to reach its highest level at the cleavage stage.
In fact, the origin of mosaicism resides in the early mitotic divisions of cleavage
stage embryos. In this time period, the cell cycle control is carried out by the maternal
transcripts still present in the ooplasm, but some checkpoint mechanisms are missing
a proper control until embryonic genome activation [14]. Finally, mosaic euploid
embryos are also likely to self-correct by blastocyst stage [15—17], thus leading to an
increased risk of false-positive diagnosis by cleavage stage PGS. Chromosome demo-
lition, non-disjunction, or anaphase lag have been proposed as mechanisms to explain
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Fig. 7.1 Evolution of chromosomal mosaicism along embryo preimplantation development.
Chromosomal mosaicism is likely to reach its highest level along preimplantation development at
the cleavage stage. Its origin is thought to mainly reside in the chromosomal segregation errors
occurring during the first mitotic divisions of the early embryo, when cell cycle is under the control
of maternal transcripts still present in the ooplasm and some checkpoints are missing a proper
regulation. Only at the morula stage, after zygote genome activation, these processes will be reac-
tivated and come mosaic embryos will be prevented from reaching to the blastocyst stage.
Furthermore, the embryo can undergo events leading self-correction, so that the incidence of
mosaicism at the blastocyst stage has been estimated as ~21 %. However, just ~4 % of the blasto-
cyst are subject to a risk of misdiagnosis, since this is the estimated percentage of mosaic diploid/
aneuploid embryos at this stage of preimplantation development showing a mosaic error as the
only aneuploidy. As reported in different papers, high-grade mosaic blastocysts, where the inci-
dence of aneuploidies exceeds 40 % of the cells, are likely to be diagnosed as aneuploid during
blastocyst stage PGS cycle, thus preventing the transfer of embryos that might have a negative
clinical impact on pregnancy

this self-correction, and also a better proliferative rate of euploid cells (or apoptosis of
aneuploid ones) may explain this phenomenon [3] (Fig. 7.1).

Another consideration when evaluating the effectiveness of a PGS approach is
the potential for the harmful effect of the biopsy itself on embryo developmental
competence. The only unbiased assessment of this aspect for cleavage stage biopsy
was reported by Scott and colleagues [18] in 2013, demonstrating that even a single
blastomere removal is sufficient to compromise embryo implantation potential, thus
highlighting another noteworthy issue of performing PGS at the cleavage stage.
In particular, they ideated an elegant prospective blinded non-selection study. Only
double ETs were performed and among the two transferred embryos only one
underwent blastomere biopsy before transfer. If a single embryo implanted, DNA
fingerprinting was exploited to assess whether it was the biopsied one or not. When
comparing the implantation rate of biopsied embryos versus control non-biopsied
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ones, a significant 19 % relative decrease in implantation rate due to biopsy proce-
dure was reported. All these evidences taken together strongly suggested that the
main limitations of cleavage stage PGS could be ascribed to the technical issues of
single-cell analysis and to the detrimental effect of the biopsy procedure. No RCT
at the moment has been published to assess the clinical effectiveness of this method
when used in conjunction with CCS methods. Thus, despite the highest worldwide
experience and despite the fact that it is still the mostly used method for PGS and
PGD worldwide [19], cleavage stage biopsy is going to be gradually abandoned to
explore new approaches, while FISH-based screening has been already replaced by
novel comprehensive methods largely more accurate.

Polar Body Approach

Failure to conceive and pregnancy loss, in both natural conception and IVF, are
mainly caused by chromosome aneuploidies, whose occurrence exponentially
increases with advancing female age [20]. Molecular analyses performed after natu-
ral conception or spontaneous miscarriage highlighted that trisomies arise mainly
due to an impaired female meiosis, in particular the first meiotic division [21]. Thus,
fertility decrease with increasing maternal age is basically ascribable to aneuploi-
dies’ increase due to an oocyte aging issue. This is mainly determined by the long-
lasting arrest in the prophase of MI, which ranges from fetal life up to oocyte
recruitment for final maturation, occurring between the menarche and the meno-
pause. Unfortunately, despite the unique possibility to perform PGS without directly
operating on the embryo, which makes of PB-based PGS the only practice ethically
acceptable in some countries, and its compatibility with fresh ET after molecular
diagnosis, this approach soon showed important limitations.

One study in particular shed light on the main drawbacks of PBs approach [17].
It was designed as a sequential biopsy associated with aCGH analysis of PBs, blasto-
mere, and TE from the same embryo, which led to an elegant and comprehensive
view on chromosomal segregation patterns from female meiosis and throughout pre-
implantation development up to the blastocysts stage. A unique possibility to infer the
etiology of aneuploidies in AMA patient population as well as the accuracy of
PB-based chromosome screening in predicting the chromosomal complement of
resulting embryos was provided. The results reported in this study firstly confirm the
inefficiency of PB1-only approach, because both PBs are needed since approximately
half of female-derived aneuploidies in the embryos arose as a consequence of errors
originating during the second meiotic division. With the inclusion of the PB2 data,
more accurate information inferring oocyte chromosome copy number can be
obtained. However, the inability to assess MI errors balanced at MII, the relevant
proportion of meiotic errors selected against and corrected during preimplantation
development, and the influence of male and mitotic-derived aneuploidies were all
important source of errors described in the study and representing inescapable pitfalls
of this approach which are sensibly compromising its reliability in predicting
embryos’ chromosomal complement.



94 A. Capalbo et al.

In this scenario, these intrinsic and technical limitations of PB analysis may
result in one case in discarding viable embryos, while in the other in transferring
abnormal ones. It is also worth highlighting that Handyside and colleagues found a
consistent proportion (21.1 %) of chromosome segregation errors detected as copy
number changes in the PBs not resulting in the expected outcome in the correspond-
ing zygote [22], which is also similar to what reported by Capalbo and colleagues
in the study previously described. Moreover, also in a recent paper published by
Christopikou and colleagues, 17 % of false-positive PB results were observed based
on the follow-up analysis performed on the resulting embryos [23]. As previously
mentioned, one of the major concerns of PB-based PGS relates to the difficulties in
detecting precocious sister chromatid errors balancing in MII that was shown to be
one of the major mechanisms contributing to female-derived aneuploidies in
embryos [17, 22]. In the matter of this, Forman and colleagues demonstrated in a
good prognosis patient population that when reciprocal aneuploidy occurs from MI
premature separation of sister chromatids and compensation in MII, the resulting
embryo is usually normal for that chromosome [24]. The same authors also showed
in a different paper that most of these embryos could result in a chromosomally
normal child after ET [25]. Thus, future studies are required to assess whether these
embryos should be reanalyzed or the signal intensity of the data is reliable enough
to distinguish between chromatid and whole chromosome impairments. In particu-
lar, the threshold values should be prospectively set by reanalyzing cases in which
PB reciprocal aneuploidies occurred and making blinded predictions of the chromo-
somal status of the embryo.

At present, all the data reported so far in the scientific literature consistently
demonstrate a low accuracy of PB approach in predicting the actual copy number
configuration in the embryo and that reciprocal aneuploidies in PBs inevitably
require a follow-up analysis in the resulting embryo. Therefore, many concerns
related to whether the accuracy achievable using PB screening is good enough to
improve the IVF clinical outcome still remain [17, 26, 27]. Another major problem
related to PB biopsy is the paucity of material that is available. In our hands as well
as in the practice of other qualified centers, around 10 % of the oocytes tested remain
without a conclusive diagnosis because of amplification failure in at least one of the
two PBs [28]. If PGS aims at improving IVF outcomes, it is crucial that results are
obtained from all embryos tested. Economic and logistic issues should then be also
considered. In particular, PBs screening results as the most time-consuming and
least cost-effective among PGS approaches and it is also independent from oocyte
developmental potential, since part of the analyzed oocytes/zygote will never reach
to the blastocyst stage and be transferred. In synthesis, all these evidences together
resulted in the breakdown of PBs approach, while some investigators proposed to
move the biopsy stage forward along preimplantation development. They suggested
blastocyst stage TE biopsy, arguing that several advantages could be brought from
this novel intriguing approach [29]. Several efforts have been invested then in order
to highlight the concrete possibilities offered by this breakthrough and to uncover
its technical and clinical opportunities.
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Trophectoderm Biopsy at the Blastocyst Stage

Blastocyst stage PGS on TE biopsy ensued the sharp failure of cleavage stage PGS
on blastomere biopsy and the betrayed promises of PBs biopsy ones. Understandably,
the same issues concerning these previous strategies were moved against this differ-
ent approach. Thus, in order to prove its efficiency, a fruitful series of evidences
were produced and published in literature up to date and more studies are currently
in the pipeline. Hereafter, a review of the main evidences reported up to date will be
provided. At first it was solved the doubt about a possible impact of the biopsy on
embryo developmental potential. A particular concern dealt with the risk of decreas-
ing the pregnancy rate per started cycle by postponing the time of the transfer
beyond the cleavage stage, that is, extending embryo culture to the blastocyst stage.
This issue in particular arises from the risk of embryo developmental arrest either at
the time of compaction or at the time of cavitation, which, especially in poor prog-
nosis patients, can reduce the pool of blastocysts to be screened for aneuploidies and
potentially transferred. However, in the scientific literature there is absolutely no
evidence that transferring embryos at the cleavage stage can result in higher preg-
nancy rate per stimulation cycle in poor prognosis patients compared to the use of
blastocyst transfer policy and, reasonably, extended culture has not been considered
to lead to embryo waste. In this regard, Guerif and colleagues [30] reported on an
RCT highlighting that, in a poor prognosis patient population, the pregnancy rates
per stimulation cycle was similar after both fresh ETs and frozen ETs when using a
cleavage or blastocyst stage ET policy. This suggested that the extension of the
culture to the latest stage of preimplantation development does not reduce the num-
ber of live births after IVF.

Blastocyst biopsy can be performed in two different ways. In the first one
described by Schoolcraft and colleagues in 2010, a zona opening is made at the
cleavage stage to prompt TE cells herniation on day 5 or 6 and to facilitate the
biopsy procedure [31]. The main drawbacks of this method relate to the extra
manipulation of embryos at the cleavage stage, especially in the current trends of
contemporary IVF culture that are exploiting closed culture systems from fertiliza-
tion to the blastocyst stage, and to the risk of Inner Cell Mass (ICM) herniation that
may require a second hole in the zona pellucida. A different method for TE biopsy
has been then recently described by our group not requiring zona breaching and
avoiding any potential stress at the cleavage stage, as well as allowing a more
physiological growth of embryos to the blastocyst stage [32]. As far as the impact of
biopsy on embryo development is concerned, Scott and colleagues reported, in the
same elegant and powerful study previously mentioned in this chapter, no signifi-
cant differences in implantation rate between untested biopsied and non-biopsied
blastocysts [18]. It is not clear whether this is ascribable to a smaller proportion of
total cells removed from the blastocyst, to a higher stress tolerance of the blastocyst
with respect to other stages of preimplantation development, or to the preservation
of the ICM counterpart which originates the fetus, but still this represents a further
advantage of postponing the time of the biopsy.
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A crucial point of discussion is the accuracy of the analysis and the information
that can be obtained from a randomly selected TE sample biopsied at the blastocyst
stage. Certainly, blastocyst stage TE biopsy ensures a more accurate assessment of
meiotic aneuploidies than previous strategies, since between five and ten cells are
retrieved and analyzed from the embryo compared to the analysis of a single cell
that is commonly performed on blastomeres and PBs. This translates in a significant
reduction of the incidence of all the misdiagnosis risks derived from a single-cell
analysis. In fact, all confirmation studies reported so far based on FISH reanalysis
of aneuploid blastocysts following TE biopsy and CCS found between 98 and
almost 100 % of correct aneuploidies prediction of meiotic errors [33—-35]. Also, in
a recent study from our group, we provided the first assessment of the reliability of
blastocyst stage aneuploidy screening by the analysis of multiple TE biopsies from
the same blastocyst with the use of different CCS methods [36]. The analysis was
based on the real-time quantitative Polymerase Chain Reaction (qPCR) blinded
reanalysis of 120 s biopsies of aneuploid blastocysts previously screened by TE
aCGH and showed a consistent chromosome copy number diagnosis in 99.4 %
(2,561/2,576; 95 % CI 99.0-99.7) of the chromosomes analyzed. The remaining
0.6 % was due to either technical variation between CCS techniques or occasionally
by biological variation due to the presence of chromosomal mosaicism.

The impact of mosaicism on the reliability of the diagnosis, and especially the
possibility of a nonrandom allocation of chromosomally abnormal cells exclusively
to TE in case of mosaicism [37-39], is in fact another important point to be consid-
ered when blastocyst biopsy is performed on randomly selected TE cells. To this
end, high concordance between ICM and TE chromosomal complement has been
reported in the most recent literature [11, 35, 40], suggesting no preferential alloca-
tion of abnormal cells in a mosaic blastocyst, and that the analysis of a TE sample
can be considered diagnostic of the ICM. In order to properly perform this analysis,
our group conceived and published a novel method of ICM biopsy, which led to the
total absence of TE cells contamination [35]. In the same paper, a preliminary
aCGH analysis on a TE biopsy during blastocyst stage PGS cycle was performed,
which was followed by a FISH reanalysis of three further TE fragments and of the
whole ICM from those embryos diagnosed as aneuploid. The ultimate aim of this
study design was to define the real influence of mosaicism on the accuracy of the
diagnosis. Constitutional aneuploidies were reported in 79.1 % of cases, while
mosaic in 20.9 % of cases. However, the real risk of an uncertain diagnosis due to
mosaicism when testing at the blastocyst stage accounts for only 4 % of aneuploid
blastocysts that were detected to be mosaic diploid/aneuploid (embryos showing a
mosaic error as the only aneuploidy).

A very interesting finding of this study was that all cases of high-grade diploid/
aneuploid mosaicism where abnormal cells constituted more than 40 % of the blas-
tocysts were diagnosed as aneuploid by the original blastocyst stage aneuploidy
screening cycle. This data suggested that blastocyst stage PGS performed on a ran-
domly selected TE sample is able to avoid also the transfer of mosaic embryos with
a very high prevalence of abnormal cells that might have a poor clinical outcome on
pregnancies (Fig. 7.1). Indeed it is well known that, when compatible with life,
mosaicism can be associated with poor fetal outcomes and neonatal morbidity.
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Looking at mosaicism data in prenatal diagnosis, the overall incidence of mosa-
icism is very low and reported to range between 1.22 % and 1.32 % after spontane-
ous pregnancies and after IVF care, respectively, where true mosaicism accounted
only for 0.3-0.44 % of pregnancies [41]. These data suggest that the incidence of
mosaicism has been overestimated in preimplantation genetics but also that mosaic
embryos can be subjected to a negative selective pressure following ET resulting in
failure of implantation or early embryo loss, and at last highlight the potential ben-
efit of blastocyst stage PGS to detect and avoid the transfer of mosaic embryos with
a high prevalence of abnormal cells. However, even though all these preclinical
studies were sufficient to assess no impairment of implantation potential following
TE biopsy and the high diagnostic accuracy and reliability of a CCS approach for
embryonic aneuploidy, they were not sufficient themselves to determine whether
the test has a true clinical value.

Thus, in order to demonstrate whether a clinical benefit results from application
of aneuploidy screening at the blastocyst stage and to determine the specific magni-
tude of this benefit, four RCTs were published up to date using different CCS meth-
ods and investigating the use of this approach in different patient populations [31,
42-44]. Taken together, all these RCTs consistently reported an increased sustained
implantation and live birth rate (relative increase between 28 and 40 % with respect
to the control group) following the transfer of euploid blastocyst compared to the
transfer of untested embryo, suggesting that blastocyst stage aneuploidy screening
can be considered today a validated technology to improve embryo selection and
clinical outcome per transfer in IVF. What is still missing are RCTs evaluating live
birth rate per stimulation cycle to assess whether blastocyst stage PGS can result
also in similar efficacy compared to standard care according to an intention to treat
analysis. A final interesting argument of discussion deals with the implementation
of this PGS approach in clinical practice. Regarding this point from an economic
and logistic perspective, blastocyst stage PGS on TE biopsy, conversely to previous
strategies and especially to PBs biopsy one, represents the most convenient and easy
to implement approach. This is mainly due to the fact that only developmentally
competent embryos would reach to this stage, while incompetent ones will arrest at
previous stages of development. Thus, only reproductively competent embryos will
be screened for aneuploidies. This results in PGS cost reduction with the consider-
able advantage of being able to increase the patient population that can benefit from
this technology during their IVF cycle. To summarize, blastocyst stage PGS
approach has passed thorough several preclinical and clinical validation steps and
fulfilled so far all the requirements that we may expect from an ideal PGS strategy.

Conclusion

Extensive progresses have been made since PGS was conceived in the early 1990s.
The long and difficult pathway that was undertaken up to date conduced to the defi-
nition of a new gold-standard approach for PGS entailing CCS platforms-based
analysis on TE biopsy at the blastocyst stage. The failure of PGS as it was
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Fig. 7.2 Comparison and level of evidence of effectiveness between biopsy strategies to perform
PGS. PB polar body,TE trophectoderm, FP/FN false-positive/false-negative, RCT randomized
controlled trial, ADO allele drop-out, PA preferential allocation, ADI allele drop-in, /CM inner cell
mass, ET embryo transfer, CCS comprehensive chromosomal screening. [1] Levin et al., Fertil
2012 [47]; (2) Scott et al., Fertil Steril 2013 [18]; (3) Capalbo et al., Hum Reprod 2013a [17]; (4)
Handyside et al., Eur ] Hum Genet, 2012 [22]; (5) Capalbo et al., Hum Reprod 2013b [35]; (6)
Schoolcraft et al., Fertil Steril 2010 [31]; (7) Yang et al., Hum Cytogenet, 2012 [42]; (8) Schoolcraft
et al., Fertil Steril 2011 [43]; (9) Forman et al., Fertil Steril 2013 [44]. The biopsy strategy to be
adopted in order to perform PGS should ensure the absence of a detrimental impact on embryo
development, a reliable and informative diagnosis, and clinical evidences of its effectiveness.
Furthermore, an easy implementation in the IVF lab in terms of low workload and high cost-
effectiveness of the procedure should also be considered. Currently, according to the data reported
in literature up to date, TE biopsy is the only approach fulfilling these criteria and thus it should be
considered as a gold-standard approach to perform preimplantation aneuploidy screening

performed at first did not weaken the conviction of its value. In fact, all the different
levels of evidence reported in literature and reviewed here proved the efficiency of
this last approach against all the issues causing the failure of previous strategies
(Fig. 7.2). Nowadays, we can confidently sustain that CCS-based PGS on TE biopsy
is the closest approach to an ideal PGS strategy that is currently available. In the last
years, the implementation of this strategy in IVF labs was delayed by the low
worldwide experience in blastocyst culture and vitrification protocols. Nowadays
instead, a strong impulse to increase the IVF laboratories’ experience with blastocyst
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culture, handling, and cryopreservation will derive from the application of the
freeze-all approach and of the cycle segmentation theory [45], which are increas-
ingly being recognized as effective approaches in IVF. In particular, cycle segmen-
tation theory entails a GnRH agonist triggering in a GnRH antagonist cycle as
stimulation protocol, which was reported as free from the risk of ovarian hyper-
stimulation syndrome (OHSS), associated with oocyte and/or blastocyst vitrifica-
tion in order to perform ET on a receptive endometrium in a natural cycle, thus also
reducing the risk of extrauterine pregnancies and improving obstetrical and neona-
tal outcomes of IVF-derived pregnancies [46]. Conducting CCS on TE biopsy
entails the further advantage to be totally integrated in this protocol. In fact, vitrified
euploid elective single embryo transfer (eSET) could be performed following this
approach, consequently escaping the risk of multiple pregnancies, while increasing
implantation rate and decreasing abortion rate per ET. Next progresses in PGS will
be mainly technical advances dealing with a reduction of costs and a parallel
increase of throughput. In this regard, NGS-based PGD and PGS represent the most
promising tools to be implemented in this field. However, even though PGS con-
ducted through NGS can in prospect become accessible to every couple approach-
ing an IVF cycle and with suitable indications to it, we should pay attention not to
be excessively optimistic because several technical and ethical considerations
should be made about this technique. In particular, an exhaustive genetic counsel-
ing will be required in order to thoroughly describe all the possible advantages and
limitations of this novel and potentially higher throughput platforms, especially at
the beginning of its implementation in preimplantation genetics. Now that the opti-
mal stage of biopsy to accurately detect chromosomally abnormal embryos has
been identified, the future challenges will deal with the implementation of embryo
evaluation methods beyond aneuploidy screening to further enhance selection
among euploid blastocysts. Noticeably, neither blastocyst morphological grade nor
embryo developmental rate to the blastocyst stage do significantly correlate with
implantation potential of euploid embryos [32], suggesting that the commonly used
parameters of blastocyst evaluation are not good indicators to achieve this aim.
Thus, future researches are required to identify noninvasive biomarkers of repro-
ductive potential and to further enhance selection beyond euploidy assessment.

Several studies are currently in the pipeline aiming at investigating the correla-
tion between implantation and the -omic sciences world. Genomic, transcriptomic,
exomic, methylomic, miRNomic, proteomic, metabolomic, and spent culture media
analysis studies represent an unexplored source of knowledge that can help us fill-
ing the gap between failure and success of a PGS cycle. If we expect mainly a
decrease in costs and an increase in throughput from new advances in the field of
CCS-based PGS, the prospect to further increase the outcomes of a PGS cycle
resides in these new tools of analysis. The future in blastocyst developmental com-
petence assessment is yet to come and we expect it to be fruitful.
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Chapter 8

Polar Body Diagnosis (PBD): An Alternative
and Supplement to Preimplantation Diagnosis
for Single Embryo Transfer

Bruno Imthurn, Wolfgang Berger, Ervin Macas, Istvan Magyar,
Beatrice Oneda, Anita Rauch, and Min Xie

Introduction

Polar body biopsy (PBB) and diagnosis (PBD), the earliest form of preimplantation
genetic diagnosis (PGD) and prenatal diagnosis (PND), was developed in response
to two main factors: (1) for countries with legal restrictions against embryo biopsy
and/or testing and (2) for couples with ethical concerns against the genetic testing
of cleaved embryos.

Interest in PBD grew dramatically after prospectively randomized studies
reported no benefit in analysing a limited number of chromosomes in day 3 embryos
with fluorescent in situ hybridization (FISH) for aneuploidy screening [1, 2]. In
contrast to blastomeres, polar bodies (PBs) do not exhibit mosaic problems and are
not necessary for the fertilization process and normal embryo development. Thus,
they can be removed and tested. Human PBD was described for the first time as
early as 1990 by Verlinsky et al. [3]. However, it took some time to develop this
method of testing, also known as preconception genetic diagnosis.

Whether PBD provides more accurate genetic information than PGD derived
from cleaved eight-cell-stage embryos or blastocysts (due to lack of mosaicism in
PBs) remains under debate [4]. What is undisputed, however, is that PBD offers
limited information, i.e. information on the maternal genome only. In addition, both
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the workload and the cost of PBD are much higher than for PGD of cleaved embryos
or the trophectoderm of blastocysts, as only a fraction of mature oocytes develop to
embryos and blastocysts that are worth testing.

Indications and Genetic Counselling

PBD provides genetic information from the maternal side only. Nevertheless, mater-
nal meiosis is the major contributor to embryonic aneuploidy [5]. In addition, PB
analysis circumvents possible diagnostic errors arising from chromosomal mosaics
caused by post-zygotic chromosome instability—a common event which occurs
early during human embryogenesis [6]. In vitro fertilization (IVF) and preimplanta-
tion genetic diagnosis (PGD)/preimplantation genetic screening (PGS) are complex
and extensive processes which are best managed using a multidisciplinary approach.
If a couple is considering PGD/PGS, they need to receive expert consultation and
should receive detailed information to help them understand these demanding pro-
cedures [7]. The European Society for Human Reproduction and Embryology
(ESHRE) Preimplantation Genetic Diagnosis Consortium stated that, in order to
offer a good clinical service, centres providing PGD should involve the medical
expertise of both assisted reproduction and clinical genetics departments [8]. Those
offering genetic counselling should be appropriately qualified, e.g. be a medically
qualified clinical geneticist or genetic counsellor. The counselling must be non-
directive and address family history, reasons for requesting PGD/PGS, a review of
the diagnosis, help with understanding the risks, a review of reproductive options,
an explanation of the treatment, and a discussion of the advantages and disadvan-
tages related to the various techniques, as well as the respective legal situation,
procedure costs, and how much of the cost is likely to be covered by health
insurance.

Indications for PGD by PBD

PGD using PBs is indicated for couples at risk of transmitting a known maternal
genetic abnormality to their offspring. In order to reduce the risk of inheriting the
maternal genetic condition and/or a late pregnancy termination (following prenatal
testing), solely non-carrier zygotes are considered for transfer after PGD tests.
Primary candidates for PGD by PBD are:

* Women who are carriers of an X-linked disorder

*  Women who are carriers of chromosome translocations. Translocations are com-
mon causes of implantation failure, recurrent pregnancy loss, and of mental/
physical features in offspring [9]

* Women who are carriers of recessive or dominant diseases, including cancer
predisposition disorders and mitochondrial disorders [10, 11].
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Chromosome aneuploidies, which occur most often during female gametogenesis,
are the major cause of pregnancy failure and loss and of abnormal live births follow-
ing both natural conception and IVF [12, 13]. The aim of PGS is to allow the trans-
fer of embryos without aneuploidy, thereby increasing implantation and clinical
pregnancy rates, reducing the incidence of miscarriage, avoiding abnormal preg-
nancy, and increasing the live birth rate. Primary candidates for PGS are:

*  Women of advanced age
* Couples with a history of unexplained recurrent miscarriage
* Couples with repeated implantation failure

Polar Body Diagnosis: Description of Technique

Information and Treatment in the Fertility Centre

Couples are referred to (or themselves contact) a fertility centre with the ability to
test polar bodies for PGD, if the female partner is a known carrier of a serious inher-
ited disease or if they are already parents of an affected offspring with a genetic
disease of maternal origin [14]. PGS for aneuploidy testing upon assisted infertility
treatment is offered largely due to advanced maternal age (>37 years) or due to a
history of unexplained recurrent miscarriage. The idea is to select euploid oocytes
in situations with an increased incidence of aneuploidy, thus improving pregnancy
and delivery chances. Initially promising results were reported with the established,
but not very precise, FISH analysis of five chromosomes— 13, 16, 18,21, and 22—
at this centre [15] and elsewhere [16]. However, this genetic test method was widely
abandoned after the publication of two prospectively randomized studies with dis-
appointing findings [1, 2]. This precaution for PBD was taken despite the fact that
the investigations were accomplished not with PBs but with blastomeres of cleaved
eight-cell-stage embryos. A revival of PGS with the comprehensive testing of all
available PB chromosomes using array comparative genomic hybridization (array-
CGH) is possible and plausible. PBD with array-CGH has also led to pregnancies
and deliveries in our group (personal communication). However, the results of the
ESTEEM PB study (ESHRE Study into The Evaluation of oocyte Euploidy by
Microarray analysis) must be awaited before array-CGH-PGS can again be rou-
tinely recommended for PB aneuploidy screening.

Before embarking on any intervention, couples are informed by an infertility
specialist about the techniques of intracytoplasmic sperm injection (ICSI) and
PBD. The procedure involves opening of the zona pellucida and is always com-
bined with ICSI to avoid polyspermia. This includes discussion of the procedure;
chances of success; limitations of the procedure, including the weaknesses of the
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genetic testing; costs; and potential alternatives. This is crucial as many patients do
not consider the possibility of misdiagnosis and estimate the chances of success for
a pregnancy with an unaffected child as unrealistically high. The cost issue is a dif-
ficult matter, especially in Switzerland. Here the costs of neither ICSI nor biopsy
and genetic analysis are included in the catalogue of services of the public health
system (or any private insurance). It is not a rare occurrence for young couples with
limited financial resources to have to withdraw their interest in the costly PBD pro-
cedure, especially when they realize that prenatal testing and an abortion (if
required) are fully reimbursed.

If patients agree to PBD, they are referred to a geneticist for thorough genetic
counselling and preparation for the genetic analysis of the planned PBD. Following
clearance from the genetic institute, controlled ovarian hyperstimulation (COH) is
started as described earlier [17] with the aim of harvesting at least 10 eggs.
Increasingly, the antagonist protocol as proposed by Griesinger et al. [18] is used.
This protocol almost completely prevents the development of severe ovarian hyper-
stimulation syndrome —the most dangerous complication of a COH, which occurs
more often as more follicles grow and oocytes mature.

In the early years of PBD, immediate analysis of the PBs with a reliable genetic
result within a few hours was necessary to replace an unaffected embryo in the fresh
cycle. This very short time was required as the legal situation in countries such as
Switzerland allows no more than three pronuclear stage eggs (PN) cultured to
cleaved embryos, embryo selection practices are not permitted, and no cleavage
stage (2-3 day) embryos can be frozen, thus requiring all embryos to be transferred.
Hence, the results of the FISH analysis had to be available before the onset of syn-
gamy of the pronuclei. To enlarge this time window by freezing of the fertilized
oocyte was not an option, as cryopreservation of biopsied PNs with the slow-
freezing protocol was less than optimal [19]. However, the introduction of vitrifica-
tion—a novel ultra-rapid freezing technology —resulted in sustainable relief [20].
With this technique, the PBs may be biopsied and the corresponding PNs are subse-
quently vitrified and stored until the result of the genetic investigation is available.
If the number of testable oocytes is too small due to either a poor stimulation
response or a low fertilization rate, a second round of hormonal stimulation and
oocyte pickup can be discussed before the genetic analysis.

After obtaining the genetic data, the results are reviewed with the couple. It is the
couple (and not the geneticist nor the infertility specialist) who finally decides about
the future of the tested oocytes.

In our unit, the embryo transfer takes place in context of an artificial thawing
cycle. After endometrial preparation with estradiol (Estrofem® N 3 x2 mg/day
orally; start at cycle day 1) and the additional PBD application of micronized
progesterone (Utrogestan® 1,000 mg/day vaginally) when the endometrium
reaches at least 8 mm thickness, one or two PNs are warmed and 1-2 days later
are transferred as two- to eight-cell-stage embryos. The implantation rate is com-
parable to the implantation rate in the conventional thawing cycle without PBD,
which is 25.1 % in our unit (Limoni C, FIVNAT-CH, Swiss National IVF Registry,
10.3.2014).
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Due to the low number of centres performing PBD, only anecdotal reports exist
regarding the incidence of misdiagnosis using this technique [21]. However, all
patients must be informed before PBD and at the time of very early pregnancy about
the possibility of prenatal diagnosis to confirm the PBD result.

Polar Body Biopsy Technique

Obtaining an intact PB is the most demanding part of the overall PB testing proce-
dure. In fact, technical problems may arise during any phase of the procedure,
resulting in the loss or lysis of PBs, or even oocyte injury. This chapter provides an
overview of the most technically difficult aspects with the aim of providing the
reader with a complete theoretical knowledge about the technique of the PB biopsy
procedure.

Chronology

In contrast to blastomere- or trophectoderm-based PGD where timing of biopsy is
extendable, the timing of PB biopsy is defined precisely and depends mainly on the
method of genetic testing being performed. For FISH-based testing, for instance,
the most optimal time to accomplish the simultaneous biopsy of both PBs seems to
be at the time of fertilization check, or about 16—18 h after ICSI [22]. However, one
should keep in mind that the DNA of the first polar body (PB1) will degrade gradu-
ally after fertilization, so postponing the biopsy for 16—18 h following insemination
could sometimes make proper interpretation of FISH results difficult. Conversely,
fragmentation (an additional consequence of PB1 ageing) is less problematic
because any dilemma in distinguishing PB1 from PB2 morphologically can be
resolved easily later with FISH; PB1 chromosomes are represented by paired chro-
matids, each of which produces a hybridization signal; PB2 gives only a single
signal for each chromatid [22].

On the other hand, the introduction of array-CGH into clinical practice has
initiated a different timing of PB biopsy which actually fits exactly with the tim-
ing of biopsy for PGD of single gene (Mendelian